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Abstract

Organic synthesis products are widely used in the daily life beginning with medicinal, sweet preparations,
lacs, dyes up to plastic, rubber, etc. Benzene that is amongst the top ten largest of the biggest substances of
the chemical industry being highly liquid and high priced products. In this regard, this product is manufactured
both at petrochemical enterprises and their by-product coking plants. Coal crude benzene contains unsaturated
and sulphur compounds and it is required to preliminarily purify it from these undesirable impurities to
obtain pure products from it. Even insignificant amounts of sulphur in benzene and toluene when using
them in organic synthesis processes cause fast poisoning of the catalyst, and resinous substances formed
resulting from polymerization of unsaturated compounds cover the catalyst surface and thereby deactivate
it. Analysis of the published works on treatment methods of coal crude benzene from unsaturated and
sulphur compounds was performed in the present review. The advantages and shortages of the known
methods were considered. Prospects of catalytic ozone treatment of coal crude benzene were demonstrated..
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Fig. 1. Sources of aromatic hydrocarbons in the world.

Fig. 2. Dynamics of manufacturing benzene in Russia.

MAJOR TECHNOLOGIES OF BENZENE MANUFACTURE

AND CONSUMPTION AREAS

Benzene is among top ten substances of the
chemical industry being a highly liquid and ex-
pensive product and is widely used in organic
synthesis [1�3].

Manufacturing benzene is based on process-
ing of a variety of raw components: the prod-
uct of catalytic reforming, pyrolysis gasoline,
vapour-phase cracking, and crude benzene of
by-product coke plants (Fig. 1) [4].

Depending on preparation and destination
technology, the following benzene grades are
distinguished: petroleum and high purity coal,
for synthesis, highest, first, for nitration, tech-
nical, crude [5].

Global demand for benzene is currently over
40 million tons a year and its major volume (over
95 %) is manufactured from petrochemical raw
materials, as a rule, using hydrofining technol-
ogy. At the same time, four plants operate on
coal-tar raw material in Europe (Germany, Po-
land, Czechia, and Belgium). The world leaders
in manufacturing benzene are Exxon Mobil
Chemical, Dow Chemical, and Shell Chemical
companies.

Russian processing companies produced in 2015
approximately 1.38 million tons of benzene, herewith,
the proportion of coal benzene reached 25 % (Fig. 2).

According to research, manufacturing ben-
zene in Russia increased by 5 % from 2010 to
2014. It is noteworthy, annual production vol-
umes of benzene in this period reached 1073�
1214 t. An increase of production volumes in
2015 was 13.8 % [6].

The following JSCs are the major produc-
ers of coal benzene in Russia: Altay-Koks (45
thousand t), Severstal′, Koks, Kuznetsk Metal-
lurgical Combine, West Siberian Metallurgical
Complex (80 thousand t), Novolipetsk Metal-
lurgical Combine (400 thousand t), Mechel and
Magnitogorsk Metallurgical Combine (Fig. 3).

Over 95 % benzene produced in Russia is
consumed inside of the country. Finland, main-
ly buying crude (impure) benzene from metal-
lurgical companies, is the largest importer of
Russia Benzene. Russia annually imports almost
15 thousand tons of benzene (mainly from the
Ukraine and Kazakhstan), which is less than
2 % from production volumes (Fig. 4) [2].

It is expected that the annual demand for
benzene will increase for almost 4 %, since the
market of the final products, such as polysty-
rene, polycarbonates, phenol resins and nylon
is quickly developed [3]. Average prices of pro-
ducers for benzene increased by 31.8 % over a
period of 2011�2014: from 23365.4 to 30.7963
rub./t. The peak increase of average prices by
producers was registered in 2013 and was 15.1 %.
The expected level of manufacturing benzene
in Russia reaches 1.3 million t in 2016, includ-
ing by-product coke � about 140 thousand t,
and consumption � 1.19 million t.

Crude coal benzene is required to prelimi-
narily purify from unsaturated and sulphur com-
pounds, since even insignificant sulphur impuri-
ties in benzene and toluene used in organic syn-
thesis processes cause fast poisoning of a cata-
lyst, and resinous substances formed as a result
of polymerization of unsaturated compounds coat
the catalyst surface and deactivate it.

The present review is devoted to analysis of
the known purification methods of coal crude
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Fig. 3. Manufacturing benzene in Russia.

Fig. 4. Benzene consumption in Russia: 1 � Nizhnekamskneftekhim JSC, 2 � Salavatnefteorgsintez JSC, 3 � Kuybyshevazot
JSC; 4 � Kemerovoazot JSC; 5 � Sibur-Perm JSC; 6 � Ufaorgsintez JSC; 7 � Shchekinazot JSC;
8 � Omsk Kauchuk JSC; 9 � Samaraorgsintez JSC; 10 � Orgsintez JSC (Kazan′); 11 � Saratovorgsintez Ltd.;
12 � Promsintez JSC (Chapaevsk); 13 � Angar, Rinko-Yukos Co.; 14 � Kirishinefteorgsintez Ltd.

benzene. An opportunity to use its catalytic ozone
treatment was demonstrated.

Composition and properties of coal crude
benzene

Coal crude benzene is a mixture of aromatic
hydrocarbons, mainly benzene (55�57 %), tolu-
ene (10�18 %), xylene (2.5�6.0 %), trimethylben-
zenes and ethyltoluenes (1.0�2.0 %), unsaturated
compounds (cyclopentadiene, styrene, indene in
total, 7�10 %). Sulphur compounds (carbon bisul-
phide, thiophene), saturated hydrocarbons, phe-

nol, pyridine enter into the composition of coal
crude benzene as admixtures [4, 5].

It is isolated from coke oven gas through
adsorption at atmospheric pressure by scrub-
bing oils of coal or oil origin followed by evapo-
ration with live steam and distillation with iso-
lating the product with the end boiling point of
200 °Ñ. It presents a transparent liquid from the
light colour to dark brown, does not contain
suspended particles, with the smell of hydro-
carbons. The boiling point is 150�200 °Ñ, the
freezing point is from �20 to �25 °Ñ, the densi-
ty at 20 °Ñ is 0.9 kg/dm3 [7].
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The yield of coal crude benzene at coking coals
is varied within 0.8�1.1 % per initial anhydrous coal
and on average is about 1 %. According to the yield
and composition, coal crude benzene obtainable at
various plants is almost identical, which is driven
by uniformity of instrumentation of the coking
process and high end temperature of pyrolysis in
a coking chamber. Minor changes in the composi-
tion and yield of crude benzene are due to the
nature of coked coals, the temperature mode of
coking and the design of coking furnaces.

Effect of benzene and its derivatives
on the environment

The major sources of the anthropogenic im-
pact on the atmospheric air, water and soil re-
sources are enterprises that perform extraction
and processing of hard coal. By-product coke
plants send to dumps significant amounts of sour
tar formed when processing of coal crude ben-
zene, which leads to pollution of the environment
and degradation (destruction) of ecological sys-
tems. For this reason, development of alternative
and ecological methods of low-tonnage treatment
coal crude benzene is of actual relevance.

METHODS OF TREATMENT CRUDE BENZENE

Processing of coal crude benzene suggests
the isolation from it of pure aromatic hydro-
carbons: benzene, toluene, a solvent (a mixture
of di- and trimethylbenzenes) that is a BTX
fraction, as well as indene-coumarone fraction
(ICF). To prepare pure products from benzene
its preliminary treatment from unsaturated and
sulphur compounds that exert negative effects
in organic synthesis processes is required [8].

In this regard, any processing scheme in-
cludes preliminary preparation stages that en-
sure the removal until the required depth of
admixtures of sulphurous unsaturated and sat-
urated hydrocarbons. Quality requirements of
pure products of benzene series are regulated
by State Standard GOST 84448�78.

Sulphuric acid refining

Analysis of methods for isolating and treat-
ment coal benzene demonstrates that brand new

processes have not been developed, and per-
fection of the sulphuric acid method is proposed
to perform by treatment narrow fractions and
its addition by the stage of extractive rectifica-
tion to isolate thiophene concentrates and non-
aromatic hydrocarbons [9, 10]. Implementing
these proposals allowed increasing the efficien-
cy of the sulphuric acid method [11, 12]. Sour
tar is also proposed to use for treatment crude
benzene [13]. Methods for treatment crude ben-
zene based on using acid agents are widely
known. Crude benzene containing thiophene and
unsaturated compounds is treated with sulphu-
ric acid in the presence of phenols and aliphat-
ic aldehydes, the content of which in the acid
layer is 5�15 % [14].

The sulphuric acid method of treatment coal
crude benzene dominates so far in the by-prod-
uct-coking industry. Difficulties with the prep-
aration of deep treatment grades of benzene
and waste utilization emerged in the middle of
the last century were overcome due to imple-
mentation of continuous cleaning using static
mixers [15] and the application of two-stage
treatment sulphuric acid with additives of un-
saturated compounds instead of treatment ole-
um [16], the development of recycling technol-
ogies of acid tar and still bottoms as air-oil emul-
sions supplied to a batch [17]. Currently, the
sulphuric acid refining is applied in two options �
for treatment a BTX fraction [18] and when
preparing benzene for synthesis [19].

Typically, crude benzene is preliminarily sep-
arated for the light part that boils out before
150 °Ñ and the residue (heavy benzene). After
separation of low-boiling hydrocarbons, the pres-
ence of which complicates treatment, the resi-
due that is a fraction of benzene-toluene-xylene-
solvent (BTXS) is directed to sulphuric acid re-
fining. Treatment is performed in a continuous
process in the system of static mixers (one option is
vapour mixers). Sulphuric acid in this process acts
as a catalyst. The consumption of concentrated sul-
phuric acid reaches 70 kg/t of raw materials.

The purified fraction after separation from
the spent acid, acid tar, neutralization, and
steam stripping is separated for marketable
products: benzene, toluene, a mixture of xylenes
and an aromatic solvent that is a solvent. Here-
with, benzene meets market requirements for
nitration. To increase the depth of treatment
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from thiophene benzene is subjected to repeat-
ed treatment with sulphuric acid with additives
of unsaturated compounds and extracting rec-
tification to decrease the content of saturated
hydrocarbon impurities.

The total losses during treatment are usual-
ly 3�5 %. The yield of clean products under
operational conditions is 91�93 % from the
amount of benzene distilled of before 180 °Ñ,
which is driven by significant losses during pro-
cessing the head fraction.

Excessive losses of clean products, the for-
mation of production wastes as sour tar and
the preparation of spent (regenerable) acid, the
use of which for the production of ammonium
sulphate is difficult, are referred to disadvan-
tages of sulphuric acid refining [20].

Catalytic hydrorefining

Catalytic hydrogenation that, alongside with
deep treatment from sulphur and unsaturated
compounds, ensures deep removal of hydrocar-
bons is one of the methods of treatment coal
crude benzene.

Hydrogenation treatment methods are based
on hydrogenation reactions of sulphur and un-
saturated compounds admixtures to gaseous or
volatile compounds separated from benzene
hydrocarbons by simple methods. Treatment of
benzene hydrocarbons in the presence of hy-
drogen in the gas phase over a catalyst is per-
formed under pressure. Hydrogen-containing
gases, alongside with hydrogen, are used as a
hydrogenation agent, in particular, coke-oven
gas with a hydrogen content of no less than
60 % � in the by-product coking industry. Pro-
cess conditions (temperature, pressure, hydro-
gen/raw materials molar ratio, contact time,
catalyst type) are selected in such a way to en-
sure almost entirely hydrogenolysis of sulphur,
unsaturated, oxygen- and nitrogen-containing
impurities and exclude the course of hydroge-
nation reactions of aromatic hydrocarbons. Hy-
drogen is mainly consumed for destructive hy-
drogenation of thiophene and carbon disulphide
and hydrogenation of cyclopentadiene and sty-
rene. Practically, amounts of the consumed hy-
drogen-containing gas and the gas discharged
into the fuel system are approximately equal

(150�180 m3/t of raw materials). The waste gas
is depleted in hydrogen from 58�60 to 48�50 vol.
% and enriched in methane, butane, ethane,
water vapours, hydrogen sulphide.

A plenty of options of catalytic hydrorefin-
ing coal crude benzene is known. The most com-
mon from them is medium temperature (350�
380 °Ñ) hydrorefining that was performed in the
USSR as early as 1968, which ensures the prep-
aration of benzene with a content of thiophene
of 0.0001�0.0004 % and the crystallization tem-
perature of 530�535 °Ñ [21]. A method for hy-
drorefining at 250�400 °Ñ and 25�60 atm pres-
sure in the presence of a catalyst containing 0.3
mass % Pd over Al2O3 is known [22]. The meth-
od requires complex instrumental design and use
of costly catalysts, and therefore, is uneconomi-
cal. Other technological solutions that allow ob-
taining benzene by hydrorefining without involv-
ing additional technologies are also known: de-
creasing of pressure to 10 atm at 480�500 °Ñ [23,
24], using zeolite-containing catalyst at 450�
480 °Ñ at the second stage [25] or at 475�480 °Ñ
using mixtures of crude benzene/naphthalene
fraction as raw materials for hydrorefining [26].

A reduction in the content of impurities, the
amount of which and thiophene increases in the
hydrorefining process up to a level of the re-
quired norm for high-grade benzene after pu-
rification was reached with increasing a tem-
perature to 400 °Ñ and using extractive rectifi-
cation at the stage of isolation of benzene [27].

The process in a high-temperature hydrore-
fining installation is carried out over an alumo-
cobalt-molybdenum catalyst under 4 MPa pres-
sure and a temperature above 550 °Ñ. This cre-
ates the conditions for hydrocracking of satu-
rated hydrocarbons, and consequently, for im-
proving the quality of benzene and increasing
its yield to 98 % [20, 28�35].

To obtain benzene products not containing sat-
urated hydrocarbons combination of catalytic hy-
drorefining with extractive rectification is fore-
seen [36].

There are numerous works on developing
hydrorefining catalysts. For example, a series
of works [37�42] is devoted to the development
of platinum catalysts for hydrodesulphurization.

Hydrogenation treatment methods allow
minimizing the content of sulphur, unsaturat-
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ed impurities, and in a number of modifica-
tions of the process � and saturated com-
pounds, and obtaining high quality products
almost without residuals. Disadvantages of the
methods are related to high capital costs be-
cause of the need to conduct operations under
pressures up to 40 atm at high temperatures
(to 400 °Ñ) and use hydrogen or purified hy-
drogen-containing gases. In this regard, pro-
cess benefits are better displayed for large cen-
tralized installations.

Physicochemical treatment methods

The following methods refer to physical
methods: rectification (azeotropic), crystalliza-
tion [45], adsorption (chemisorption) [46], treat-
ment with anhydrous aluminium chloride and
its complexes at 35�80 °Ñ [47], treatment with
gaseous or liquid hydrogen fluoride at increased
or normal pressures, boron trifluoride or its
complexes [48], gas chlorine treatment under
anhydrous conditions [49, 50], oxidative  treat-
ment with active oxygen, hydrogen peroxide
or electrochemical oxidation over an anode [51,
52],  over a skeletal nickel catalyst [53], treat-
ment with mercury [54], sulphuryl chloride
in the presence of pyridine or its derivatives
[55], extraction with phenylacetonitrile [56],
treatment with sodium or potassium metal or
their alloys at increased temperatures and
pressures [57].

The physicochemical methods turned out
unsuitable for separation, since thiophene and
benzene form mixed crystals [59]. The reagents
proposed for the chemical treatment do not
ensure the required treatment depth; process-
es are notable for duration and multiple repeti-
tions of treatment operations and therefore did
not find industrial applications.

Physicochemical methods make up another
group of techniques, the base of which is the
principle of the chemical impact for thiophene
followed by physical separation of benzene and
products of thiophene rectification. The vast
number of works related to physicochemical
methods is devoted to methods of treatment for
benzene from saturated and heteroatomic hy-
drocarbons by extractive rectification and liq-
uid extraction techniques [59].

Use of oxidative methods

There is a thorough research in the area of
developing non-traditional desulphurization pro-
cesses. Since the composition of undesirable pe-
troleum and coal liquid products is similar, the
regularities obtained [60] are advisable to con-
sider when developing ozonolysis technology of
coal crude benzene.

Currently, many methods for oxidative des-
ulphurization of petroleum products that sug-
gest their direct treatment by oxidation and
subsequent extraction or adsorption isolation of
polar oxidation products (sulphones and sulphox-
ides) or their thermal decomposition to sulphur
dioxide and a hydrocarbon are known [61�63].

Oxidation of sulphur compounds of oil frac-
tions by hydrogen peroxide and alkyl hydrop-
eroxides was considered in works [64�74] using
various catalysts: Mo, V and W compounds, or-
ganic acids, etc. Despite a high treatment de-
gree from sulphur compounds, these processes
have not been technically applied in industry
because of a high cost of oxidants and the for-
mation of stable water-oil emulsions.

Presently, methods of desulphurization of oil
products have been proposed using ionic liq-
uids containing Cu (I) and Ag (I) ions [64�75].
Owing to the formation of π-complexes of Cu
and Ag ions with thiophene derivatives, adsorp-
tion of ions and subsequent regeneration of ionic
liquids by low molecular mass paraffinic hy-
drocarbons happen. Combination of this meth-
od with oxidation in the presence of hydrogen
peroxide allows removing from a mixture (oil
products) to 99 mass % of sulphur; however,
lack of large-tonnage productions of ionic liq-
uids hinders its application.

Methods of deep treatment of diesel fuels
from total sulphur are known. Thus, deep de-
sulphurization in work [64] was reached due to
combination of electrochemical catalytic
and liquid-phase plasma oxidation in the pres-
ence of oxygen at 85 °Ñ with extraction of sul-
phur oxidation products.

Oxidation methods of black oil fuel with air
oxygen are known, with an increase in the yield
of light low sulphur distillates during subsequent
cracking of the oxidation reaction mixture [76�
81]. However, the oxidation process is performed
at a high temperature (450 °Ñ) and increased
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pressure, which is unsafe due to the danger of
ignition of oil products.

Promising research on desulphurization was
performed using ozonation of oil products. This
oxidation method is based on selective electro-
philic addition of ozone to sulphur compounds
and polycyclic arenes entering into the compo-
sition of fuel fractions [64, 82]. The method al-
lows desulphurization heavy oil fractions, de-
stroying condensed sulphur compounds and
polyarene structures without using catalysts and
hydrogen-containing gas [64, 83�90]. Research
was related to extraction of oxidized sulphur
compounds using extraction and thermal meth-
ods of their removal [91�97].

CATALYTIC OZONE TREATMENT  OF COAL CRUDE BENZENE

Reaction of hydrocarbons with ozone

Works [62, 83, 84, 88, and 98] demonstrate
an opportunity of a significant increase in the
yield of distillate fractions from oils and natu-
ral bitumens, as well as from brown coal lique-
faction products at relatively low-temperature
thermal destruction initiated by ozonides and
sulphoxides.

Two mechanisms of chemical transformations
are probable during ozonation of organic sub-
stances: electrophilic addition of ozone at
π-bonds in molecules of unsaturated compounds
or reactions proceeding by the radical-chain
mechanism. The probability of the availability
of the both reactions types during ozonation of
crude benzene is almost the same [99].

Ozone is able to interact with any organic
compounds either entering with them into elec-
trophilic addition or radical-chain reactions.

Electrophilic addition reactions. Addition
reactions of ozone at π-bonds in molecules of
unsaturated and aromatic hydrocarbons and
heteroorganic compounds are specific and most
important in practical terms.

Ozone in unsaturated compounds is added
to the O�C bond with the formation of ozo-
nides that are easily destroyed during heating
or under the action of chemical reactants. This
enables to sort of cut the hydrocarbon skeleton
along the place of the double bond. Ozonides are
unstable and already at room temperature, break

up into two fragments, one of which contains
the carbonyl group, the second one � a bipolar
ion. The formation of the end products happens
resulting from connection of fragments after a
change in their mutual orientation and during
various transformations of the bipolar ion [100].

Typically, other functional groups react slow-
er than C=C bonds. Reacting with ozone, aro-
matic compounds also form ozonides [101, 102].
Benzene reacts with difficulty, since the for-
mation of intermediate and final compounds is
related to the violation of the π-conjugated sys-
tem and requires significant energy costs (in
an inert medium, K = 0.06 L/(mol ⋅ s)). As a re-
sult, saturated ozonides that decompose under
the action of temperature with the formation
of glyoxalic acid are the final product.

Oxidative radical-chain reaction. All aromat-
ic hydrocarbons and heteroatomic compounds
containing unsaturated fragments in molecules
may be subjected to radical-chain oxidative re-
arrangements during treatment with ozone/ox-
ygen mixtures. Ozone molecules act as an oxi-
dizing agent, and salts initiate chain reactions.
As a result, various carboxylic acids, carbonyl
compounds, alcohols and peroxides are formed.
The attack of free radicals in oxidative processes
may be oriented at any C�H bonds in saturat-
ed fragments of molecules. As a result, hydro-
gen atoms split off and appropriate peroxide
radicals are formed. Decay of the latter con-
tributes to generation of new alkyl, alkoxyl and
other radicals that continue the development
of the chain process, as well as of various mo-
lecular products. Hydrogen separation from the
initial molecule is the limiting step of the oxi-
dation process.

Oxidation at primary carbon atoms in satu-
rated fragments of molecules proceeds extreme-
ly slowly (oxidation rates of C5�C14 n-alkanes
change from 0.015 to 0.036 L/(mol ⋅ s)). The oxi-
dation rate of methyl groups increases abruptly,
when they are bound directly with aromatic rings
and increases symbatically to the number of such
substituents (e. g ., for toluene,
K = 0.17 L/(mol ⋅ s)), and for hexamethylbenzene �
245 L/(mol ⋅ s). During splitting of the C�C π-bond,
aromatic acids (derivatives of benzoic, naphthen-
ic acids, and etc.) and aliphatic or alicyclic acids
and aldehydes are formed in the carbon chain.
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Oxidation of alcohols and ethers proceeds
with breaking the C�H bond and is accompa-
nied by the formation of mixtures of aldehydes,
ketones, acids, esters and peroxides.

Reaction with sulphur compounds. Work [99]
describes reactions with unsaturated sulphides,
disulphides and polysulphides. It was demon-
strated that sulphides reacted easily with ozone
(rate constant K = (1.5�1.9) ⋅ 103 L/mol ⋅ s)). It is
noteworthy that the rate constant for the inter-
action of ozone and sulphides is comparable with
that for phenols (1 ⋅ 103 L/(mol ⋅ s)) and signifi-
cantly exceeds the rate constant of oxidation of
the CH2 group in alkyl substituents, as  well as
the rate constant of oxidation of aromatic hy-
drocarbons (0.06�0.5 L/(mol ⋅ s)). Appropriately,
one can suggest that the reaction mainly pro-
ceeds at the sulphur atom. The major product
of the first reaction stage is sulphoxide that fur-
ther can be oxidized to sulphone but with a sig-
nificantly (in 50�100 times) lower rate.

Based on the results of work [103], a reaction
scheme, at the first stage of which an electron
transfer from the sulphur atom to the ozone
molecule occurs and an ion pair is formed, was
proposed. An ion pair acts as a primary product
in reactions of sulphides with hydroperoxides.
The final products are sulphoxides and sulphones
in a solution saturated with oxygen [103�105].

According to data of works [106�115], ozone
reacts with substances of the dibenzothiophenes
series by the principle of electrophilic addition.
Sulphoxides, sulphones and other oxidation prod-
ucts formed resulting from oxidation, as noted
earlier, can be isolated using extraction or ther-
mal decomposition (due to low thermal stability)
with the release of sulphur dioxide [116, 117].

Thus, the following major reactions character-
izing ozone depletion potential can be distinguished:

1. Electrophilic reaction of ozone with C=C
bonds of unsaturated compounds (K = 5 ⋅ 105

L/(mol ⋅ s)).
2. Electrophilic reaction of ozone with C=C

bonds of benzene (K = 0.06 L/(mol ⋅ s)).
3. Radical oxidation reactions of alkyl substit-

uents on aromatic rings (K = 0.1�0.5 L/(mol ⋅ s)).
4. Interaction of ozone with compounds con-

taining S heteroatoms (thiophene, sulphide
groups, K = 1 ⋅ 103 L/(mol ⋅ s)).

5. Considering the presence in benzene of a
mixture of saturated, aromatic, alkylated and

heteroaromatic hydrocarbons, as well as sul-
phur-containing compounds, one needs to se-
lect such oxidation conditions, at which the ozo-
nolysis reaction will not affect the major com-
ponent that is benzene.

Catalytic ozonolysis

Based on carried out analysis of existing
methods for treatment coal crude benzene and
the fact that the composition of undesirable im-
purities in target products of oil processing and
by-product cake industries is approximately the
same, ozonation may become one of the possible
methods for treatment coal crude benzene.

In this regard, works [118, 119] studied the
effect of ozonolysis for a change in component
composition of coal crude benzene. Analysis of
the composition of ozonation products suggests
that reactions of ozone with crude benzene com-
ponents (benzene, toluene, and xylene) mainly
proceed without destruction of aromatic cycles.
Radical reactions proceeding on the π-atom to
the aromatic cycle without disturbing the cy-
cle, moreover, their probability increases with
a rise in the number of substituents. Unsatur-
ated hydrocarbons react with ozone by the elec-
trophilic addition mechanism to the C=C bond
with the formation of mono- and dicarboxylic
aliphatic acids and aldehydes or turn into poly-
mer-like cross-linked structures. Sulphur com-
pounds react with ozone forming SO2 and sul-
phoxides. The use of preliminary   followed by
adsorption refining even without additional dis-
tillation contributes to an increase of the con-
tent (approximately by 30 %) in crude benzene
of the most valuable target component (benzene)
and a decrease in the content of side products.

Works [120�122) demonstrated an opportu-
nity to remove sulphur and unsaturated com-
pounds by catalytic ozonolysis. Samples applied
on Al2O3 containing separately magnesium
chromite, platinum or palladium as active com-
ponents were selected as catalysts. It was dem-
onstrated that accumulation of carbon frag-
ments happened during ozone catalytic desul-
phurization of benzene fractions that is due to
adsorption of sulphur-containing molecules in
the catalyst surface, as well as to the oxidation
process of condensed hydrocarbon fragments of
raw materials. Thermogravimetric analysis dem-
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onstrated that these products were removed
from the catalyst surface in a temperature range
of 200�400 °C. Herewith, according to X-ray
structural analysis, the phase composition of
catalysts during oxidation of benzene fractions
with ozone-oxygen mixture did not change,
therefore, a catalyst regeneration process allows
restoring the catalyst activity and prolonging
its operation time, which is especially relevant
for processes with using catalysts based on ex-
pensive precious metals. The maximum remov-
al degree of sulphur compounds is observed in
the presence of applied magnesium chromite.
The conversion level of sulphur compounds was
90 %. As a whole, the results demonstrated pros-
pects for further studies.

CONCLUSION

Analysis of methods for treatment coal crude
benzene from unsaturated and sulphur
compounds proposed over recent years
demonstrates that the improvement of existing
sulphuric and catalytic hydrorefining
technologies was the major research area.

There is active research in the area of the
development of non-traditional desulphurization
processes. Oxidation of impurities with ozone is
one of the areas of petrochemistry. Since the
composition of undesirable substances of oil and
coal liquid products is similar, the regularities
obtained should be considered when developing
technologies for ozonolysis of coal crude benzene.
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