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Abstract—The conversion of coal and coal tar over iron–magnesium oxide catalyst produced from natural
high-magnesia siderite is investigated. The use of this catalyst in the thermal processing of coal tar increases
the yield of lighter fractions (by factors as large as 1.7) and decreases the yield of heavier fractions (by factors
as large as 1.8). The catalytic pyrolysis of coal increases the total yield of the lightest materials (by a factor of
1.1–2.3). The nonmagnetic fraction of the solid residue may be added to coking batch, while the magnetic
fraction may be used in sintering.
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The ore reserves in the Bakal fields (Chelyabinsk
region, Russia) exceed 1 billion t. This ore has high
magnesium content (≥10%). In addition, the ore and
its roasting products form a common crystal lattice.
Traditional enrichment methods (such as magnetiza-
tion on roasting and subsequent magnetic separation)
are unable to separate components with common
crystal lattice. Hence, the magnesium-oxide content
in the concentrate is very high. High magnesium-
oxide content is undesirable for blast-furnace use (in
particular, because of the highly viscous slag formed in
the blast furnace [1]), and so concentrate based on
Bakal siderites is used in limited amounts in hot-metal
production.

However, this deficiency may be regarded as a ben-
efit if the high-magnesia siderite is used to produce a
catalyst containing iron and magnesium oxides. The
product obtained in the processing of high-magnesia
siderite catalyzes the conversion of ethanol by water
vapor and the gasification of carbon (as its dioxide), as
established in [2–8].

Further research on the catalytic properties of the
products of complex processing of high-magnesia
siderites: in the Chelyabinsk region, there are large
reserves of high-magnesia siderite ore and lignite, as

well as coke-plant wastes, whose use is difficult at
present for lack of effective and economical processing
methods [9–12].

To develop such technology, we may investigate the
catalytic conversion of coal concentrates from the
Kuznetsk Basin and coal tar from the coke plant at
PAO MMK.

In the present work, we investigate the conversion
of coal and coal tar over iron–magnesium oxide cata-
lyst produced from high-magnesia siderite.

CHARACTERISTICS OF MATERIALS
Catalyst

Table 1 summarizes the composition of the initial
high-magnesia siderite ore and the iron–magnesium
oxide catalyst. Electron-microscope and X-ray dif-
fraction data indicate that the roasting products of
high-magnesia siderite ore include not only magne-
sioferrite (MgFe2O4) but also a magnesiowüstite solid
solution [FeO]x ⋅ [MgO]1 – x. Small quantities of mag-
nesium oxide in periclase form are also formed. Iron is
not only present in magnesioferrite and magnesiowüs-
tite but also in magnetite (Fe3O4). The thermal-
decomposition product has magnetic properties. The
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Table 1. Composition of the basic components of the initial
ore and the iron–magnesium oxide catalyst

* Calcination losses.

Material
Content, wt %

CL*
Fe (total) FeO Fe2O3 SiO2 CaO MgO

Initial ore 27.4 34.0 1.4 3.2 7.3 12.9 35.9
Catalyst 51.6 21.9 49.4 2.5 1.7 17.8 3.5
iron–magnesium oxide catalyst is the magnetic com-
ponent of the product of ore roasting. After crushing
and classification, we obtain the >0.5–2.0 mm class
[13–16].

Coal

Concentrate from GZh gas–bituminous
Raspadsk coal from the Kuznetsk Basin is subjected
to pyrolysis [17].

This concentrate is characterized by relatively high
yield of volatiles (37.7%). On heating, the concentrate
may pass to the plastic state and undergo sintering. In
the experiments, we use a relatively large coal fraction
(>1–2 mm). The results of technical analysis are given
in Table 2.

Coal Tar

We use coal tar from the coke plant at PAO MMK.
Its composition and properties are summarized in
Table 3.
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Table 2. Technical analysis of Raspadsk coal concentrate fro

Coal rank

Cha

moisture content Wr ash content Ad yield of v

GZh 9.0 8.8 3

Table 3. Characteristics of coal tar

Fraction Yield from tar,
wt %

Boiling limits,
°С

Light 0.2–0.8 <170
Phenolic 1.7–2.0 170–210
Naphthalene 8.0–10.0 210–230
Heavy (absorbing) 8.0–10.0 230–270
Anthracene 20.0–25.0 270–360

(and up to 400)
Pitch 50.0–65.0 >360
The mass of the material subjected to conversion
(coal or coal tar) is 100 g, and the maximum catalyst
mass is 60 g. In Fig. 1, we show the experimental appa-
ratus.

Gaseous Products

The gaseous products are analyzed by gas-adsorp-
tion chromatography on a Chromatec Crystal 5000
system using a 3 m × 2 mm HayeSepQ packed column
(for CO2 determination) and a 3 m × 2 mm NaX
packed column with a Carboxen (0.5 m × 2 mm) pre-
column (for CO determination). The carrier gas for the
HayeSepQ packed column is helium (15 mL/min); for
the NaX and Carboxen columns, we use argon
(20 mL/min). The volume of the gas sample intro-
duced is 1 mL. To determine the yield of the compo-
nents, we analyze the gas mixture by means of ther-
mal-conduction sensors. The chromatograms are
analyzed by means of Chromatec Analytic software. In
quantitative analysis, we use absolute graduation by
means of calibration mixtures. Each chromatographic
measurement is made three times. The results are sta-
tistically analyzed and averaged.

Liquid Products

The products of coal pyrolysis are identified by
means of a Chromatec Crystal 5000 chromatographic
system with a ZB5-ms capillary column (5% phenyl
arylene + 95% dimethyl polysiloxane), with linear
heating at 6°C/min. The carrier gas is nitrogen
(15 mL/min, P = 100 kPa). Chromatographic analysis
lasts 60 min.
m the Kuznetsk Basin

racteristics, %

olatiles Vdaf Stot
vitrinite reflection 

coefficient Ro

content of vitrinized 
components Vt

7.7 0.94 0.875 87

Density at 20°C,
kg/m3 Components

900–960 Benzene and its homologs
1000–1010 Phenols, pyridine bases
1010–1020 Naphthalene, thionaphthene
1050–1070 Methyl naphthalene, acenaphthene
1080–1130 Anthracene, phenanthrene, carbazole

1200–1300 Pyrene and other highly condensed 
aromatic compounds
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Fig. 1. Experimental apparatus: (1) tubular electrical furnace; (2) electric plate; (3) device for microprobing of liquid; (4) evapo-
ration bulb; (5) autotransformers; (6) catalyst layer; (7) thermocouples; (8) secondary instrument; (9) descending cooling tube;
(10) intake flask; (11) coil; (12) cooling mixture; (13) cooled intake flask; (14) gas meter.
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Table 4. Yield of products in coal pyrolysis

Catalyst mass, g
Yield

gas, L liquid products, g semicoke, g

0 10.0 14.4 75.0
10 11.5 14.8 76.5
20 10.0 13.3 79.0
30 12.3 13.3 77.1

Table 5. Group composition of liquid products

Group Retention 
time, min

Group content, %, with catalyst mass

0 g 10 g 20 g 30 g

1 0–10 0.527 0.701 0.951 1.959
2 10–20 55.732 62.910 56.552 57.581
3 20–30 38.045 33.031 38.217 36.105
4 30–40 5.013 2.812 3.601 3.883
5 40–50 0.655 0.546 0.586 0.452
6 50–60 0.028 0.000 0.093 0.020
In determining the content of the components, we
use absolute calibration with respect to a standard
mixture of polycyclic aromatic hydrocarbons. Materi-
als absent from the standard mixture are identified
qualitatively by means of systems of retention indices
[18]. Their content is quantitatively estimated by the
normalization of areas.

RESULTS AND DISCUSSION
Research on coal gasification has shown that mild

roasting of high-magnesia siderite produces a material
capable of catalyzing the gasification of carbon as its
dioxide [7, 8].

On gasification of coal in the presence of iron–
magnesium oxide catalyst, we observe a deeper catalytic
effect than in experiments with gasification of
a mechanical mixture of precarbonized coal and iron–
magnesium oxide catalyst. This indicates that the plas-
tic layer increases the coal–catalyst contact in gasifica-
tion and increases the gasification by a factor of 2–4.

That finding helps determine the next step in inves-
tigating the catalytic conversion of carbon-bearing
materials. Since the contact with the catalyst is great-
est when the carbon-bearing material passes to the
plastic state, whereas the contact area declines on
heating to the temperatures of semicoke formation and
on gasification, the next step is to study catalytic pro-
cesses in the temperature range where the carbon-
bearing material has liquid mobility. In the first stage,
the selected process is the catalytic pyrolysis of the car-
bon-bearing material (coal or coal tar).

We investigate the pyrolysis of coal in the presence
of iron–magnesium oxide catalyst and also the pyrol-
ysis of coal tar in the presence of iron–magnesium
oxide catalyst. Coal tar is selected with a view to its use
as a plasticizer in the pyrolysis of coal.
Coal Pyrolysis

In pyrolysis, the coal is heated to 600°C at
10 K/min, with the continuous sampling of liquid and
gaseous reaction products. In this series of experi-
ments, the catalyst mass varies from 10 to 30 g. Table 4
presents the yield of gaseous and liquid products and
the solid residue.

The catalyst has practically no effect on the quan-
titative ratio of the conversion products (gaseous, liq-
uid, and solid phases), whereas chromatographic
analysis of the liquid products indicates increase in
their content of light fractions and decrease in the con-
tent of heavy fractions (Table 5). The light (low-boil-
COKE AND CHEMISTRY  Vol. 62  No. 10  2019
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Fig. 2. Yield of coal-tar fractions as a function of catalyst
mass.
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ing) fractions correspond to groups retained for up to
10 min (group 1) and for 10–20 min (group 2). Anal-
ogously, in terms of the retention time, we identify the
medium fraction (groups 3 and 4) and the heavy frac-
tion (Table 5, groups 5 and 6). This classification is
based on the linear relation established between the
retention time and boiling point of the materials.

The greater yield of light fractions than in the non-
catalytic process may be explained by the destruction
of heavier fractions and the redistribution of the
destruction products among the other groups.

The content of the light fraction increases by a fac-
tor of 1.1–2.3, with increase in the content of 1-non-
ene, tert-butylcyclohexane, phenol, 2,6-xylenol, cis-
decalin, and quinoline, in particular. At the same
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Fig. 3. Chromatogram of the products of coal-tar processin
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time, the proportion of the medium fraction decreases
by a factor of 1.1–1.5, with decrease in the content of
1-methylnaphthalene, 2-methylbiphenyl, acenaphth-
ylene, 4-methylbiphenyl, f luorene, and 4,4-dimethyl-
biphenyl, in particular. For the other identified com-
ponents, the effect of catalysis is less significant. The
lack of selectivity may be the result of inadequate and
unstable contact between the coal and the iron–mag-
nesium oxide catalyst. To improve contact, the quan-
tity of liquid phase may be increased, either by adjust-
ing the coal/catalyst ratio in favor of coal (with conse-
quent increase in the content of plastic mass) or by
adding a plasticizer, such as coal tar.

Conversion of Coal Tar

In Fig. 2, we illustrate the thermal transformation
of coal tar in the presence of iron–magnesium oxide
catalyst. Samples of the condensing fractions 1–7 are
taken continuously in the course of coal-tar conver-
sion (without stopping the process). The fractions are
identified on the basis of the boiling point. The maxi-
mum temperature is 500°C; the tar mass is 100 g; and
the catalyst mass is 15–60 g [19].

Ignition of the catalyst is observed above 230°C.
The greatest increase in the yield is seen for fraction 3,
while the greatest decrease is seen for fraction 6. In
Fig. 3, we show chromatograms of these fractions; the
series of identified materials is noted. The content of
these components is presented in Table 6. The process
is relatively noncatalytic. In the presence of iron–
magnesium oxide catalyst, we note change in the light
fraction (retention time less than 20 min) on account
of increase in naphthalene, while the change in the
medium fraction (retention time 20–40 min) is mainly
due to the destruction of phenanthrene (Table 6).

A promising next step is to investigate the com-
bined pyrolysis of coal and a plasticizer (coal tar) over
g: (a) fraction 3 (230–270°C); (b) fraction 6 (410–450°C).
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Table 6. Content of identified components in fractions 3
and 6

Material
Retention 

time, min

Content, %,

with different catalyst mass

fraction 3 fraction 6

0 g 60 g 0 g 60 g

Naphthalene 18.3 12.760 17.899 1.240 0.198

Acenaphthene 24.9 0.265 0.346 0.055 0.032

Phenanthrene 31.9 2.300 2.503 7.603 0.817

Anthracene 32.1 0.604 0.700 2.336 0.330

Fluoranthene 36.9 0.670 0.867 6.393 4.097

Pyrene 37.8 0.435 0.563 5.251 4.120
iron–magnesium oxide catalyst produced from high-
magnesia siderite ore. The solid residue (an analog of
semicoke) formed in the experiments after pyrolysis
with the catalyst may be added to sintering batch and
used as a lean additive in coking batch. This conclu-
sion is reached after dry magnetic separation of the
solid residue into magnetic and nonmagnetic fractions
and determination of their ash and carbon content,
with the following results.

1. The mass ratio of the magnetic and nonmagnetic
components is 2 : 1.

2. The ash content of the solid residue Aa = 22%; it
contains 78% C.

3. For the magnetic fraction, Aa = 28%; 72% C
(component for sintering batch).

4. For the nonmagnetic fraction, Aa = 13%; 87% C
(component for coking batch).

CONCLUSIONS

1. In the presence of iron–magnesium oxide cata-
lyst, the total yield of the light fraction (retention time
less than 20 min) in coal pyrolysis is increased by a fac-
tor of 1.1–2.3.

2. In the presence of iron–magnesium oxide cata-
lyst, the greatest increase in the yield in the thermal
conversion of coal tar is seen for the fraction that boils
in the range 230–270°C (by a factor of 1.7), while the
greatest decrease is seen for the fraction that boils in
the range 410–450°C (by a factor of 1.8). The
increased content of the light fraction (230–270°C) is
mainly due to the 1.4-fold increase in naphthalene
content.

3. By dry magnetic separation, the solid residue
formed on pyrolysis in the presence of iron–magne-
sium oxide catalyst may be divided into a magnetic
fraction (suitable for use in sintering batch) and a non-
magnetic fraction (suitable for use in coking batch).
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