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Abstract

High calcium volatile ash species resulted from brown coal of the Berezovka open pit mine of the
Kansk-Achinsk coal field selectively sampled from different ash collecting points (convection mine, premix
chamber and each of four fields of electrical filters) at the Berezovka Heat and Electric Power Plant
(BHEPP-1) were investigated. Differences are established between these intermediate products in chemical
composition, dispersity, cementing properties. Within the system of volatile ash chemical classification the
types were determined. It was demonstrated, that the ash of the Berezovka, Nazarovo coal taken from 1�
4th fields of electrical filters differ from all known kinds of ash by an extremely high content of calcium.
From ÑàÎ�Àl2O3�SiO2 phase diagram it follows, that the ash from electrical filters could result in the
formation of hydraulically active phases similar to the basic phases of Portland cement clinker. In this
case, owing to the difference in the ash composition, the ratio between these phases should change. Along-
side with different dispersity level, this allows obtaining Portland cement with special properties on their
basis. Six fractions of high purity magnetic microspheres were obtained, their chemical composition, quan-
titative phase composition and morphology were investigated, including the contribution of different glob-
ule types and structural texture features of the material; the methods of application, trends in of chang-
ing the structure and morphology with the change in fraction size were determined.
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INTRODUCTION

In the world practice, volatile ash (VA) of
heat and electric power plants (HEPP) are ap-
plied instead of  natural raw material in the
manufacture of Portland cement clinker and
composite cements [1, 2]. This allows not only
lowering the expenses for grinding the compo-
nents due to high ash dispersity level, but also
improving  a number of ware properties in the
use of VA as a mineral additive to cements:
lowering thermal emission, shrinkage and swell-
ing deformation, improve protective properties
against gamma and neutron radiation, increas-
ing resistance  against corrosive media [3�5].

A steady trend of the last decade in the
world is represented by improving ash quality

due to the stabilization of their dispersity level
and composition with the help of selective sam-
pling [6, 7] or in the units for conditioning ash
species (pneumoclassification, sieving, drying,
grinding) [8]. Selective sampling in the system
of ash collecting promotes the stabilization of
ash granulometric, chemical, phase composi-
tion; therefore they represent intermediate
products with constant quality. For example,
the authors of [6] demonstrated the differenc-
es between aluminosiliceous ash species sam-
pled from different fields of electrical filters
(EF): particle size and the content of quartz
decreases from 1st to 3rd to field, the amount
of the amorphous phase grows, whereas the
content of Àl2O3 raises and the fraction of SiO2

decreases in the composition.
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For improving the properties of VA in the
application as a filling material in cements, we
selected much finer, chemically active fractions
from the last three fields of EF [7]. Using the
apparatus for pneumatic classification a prod-
uct from VA is obtained that consists of 90 %
particles with the size <5 µm, and of the 5�
45 µm fraction that can be used as a filling ma-
terial in polymer and a rubber industry [8]. The
presence of microspherical components in VA
promotes improving the plasticity of cement mor-
tars, whereas in obtaining polymeric products this
promotes moving the flow in the course of ex-
trusion and casting procedures. In the rubber in-
dustry of the Republic of South Africa and the
manufacture of  plastics,  they apply narrow VA
fractions as a functional filling material to obtain
the products of first-rate quality [7].

For obtaining cements, VA with the in-
creased content of calcium are most promis-
ing, since this promotes decreasing ÑÎ2 emis-
sions in the manufacture of clinker due to re-
placing a carbonate component. Besides,  the
presence of cementing properties allows reduc-
ing the fraction of cement in cementing com-
positions or creating cementless cementing mix-
tures [9]. In the aggregate with the influence
of microspherical particles, the application of
high calcium VA as a substitute of cement in
concrete modifies its properties, both in mo-
bile, and in hardened condition, with improved
placeability characteristics, shrinkage deforma-
tions, resistance against temperature impact and
abrasion [10].

The key factors influencing the properties of
microspheres in the course of hydration and
hardening, behaviour in solid phase compositions
and resistance against corrosive media, are pre-
sented by mineral phase composition and dis-
persity level. In this case,  alumina-siliceous ash
species are remarkable for weak microsphere
crystalline phase structure dependence on the
microsphere dispersity level and for close reac-
tivity with respect to HF [11]. However, for fine
fractions of high calcium ash microspheres it was
identified as a minimum three types of micro-
spheres differing by the content of calcium, re-
activity with respect to acidic reagents and, to
all appearance, by cementing properties [12].

One of the most widespread modifications
of VA microspherical components resulting

from powdered coal combustion at heat power
plants are presented by magnetic microspheres
(MM) characterized by a high content of iron.
The composition of MM differs to a consider-
able extent for alumina siliceous and high cal-
cium ash [13, 14], which is demonstrated by
the differences in the amount, structure and
properties of magnetic ferrospinel phase and
vitreous phase, the morphology of micro-
spheres and the methods of their use.

The purpose of the present work consisted
in studying the composition, dispersity level and
morphology of intermediate products resulted
from selective sampling high calcium VA of
the Berezovka open-pit mine of the Kansk-
Achinsk coalfield (KAC) and MM isolated from
them, as well as studies on the potentialities
of their application in obtaining special cements
and magnetic microspherical materials.

EXPERIMENTAL

Research objects

As the subject of inquiry, we have chosen
VA obtained in the course of the combustion
of powdered B2 grade brown coal from the
Berezovka open-pit mine of KAC. Samples were
selectively taken in the system of ash collect-
ing at the BHEPP-1 that belongs to the largest
HEPP of Siberia with the power of 1460 MW,
the consumption of coal being 4.535 million
t/year and the VA production about 300 thou-
sand t/year. The combustion was carried out
in steam generating units P-67 with solid slag
removal at the temperature of 1350�1450 °Ñ.
The ash level of the Berezovka coal was ap-
proximately equal to 7 % [15]. The fraction of
volatile ash species is ≥95 %, that of slag is
≤5 %. The collecting of ash species was carried
out using EGD2-128-9-6-4-200-5 electrical fil-
ters with the efficiency coefficient of 98.5 %.
The sampling of ash intermediate products was
performed in the convection mine (CM), pre-
mix chamber (PC) as well as from each of four
EF fields (1st�4th field) with the yield of 3.8,
5.1, 50.4, 25.5, 10.1 and 5.1 %, respectively.

The magnetic concentrate was isolated at the
BHEPP-1 from joined products taken from CM
and 1st EF field, its bulk density amounting to
about 2.0 g/cm3, the content of Fe2O3 is equal
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Fig. 1. Granulometric composition of the magnetic
concentrate.

to 84.5 %. The granulometric composition of the
concentrate is presented mainly by coarse frac-
tions (Fig. 1), which allows obtaining high-pu-
rity fractions of MM according to three-stage
scheme: 1) sieving the concentrate into six frac-
tions; 2) dry magnetic separation of each frac-
tion using 138Ò separator  at the magnetic field
intensity amounting to 0.3 Ò; 3) reference siev-
ing each fraction. The yield of  MM narrow frac-
tions decreased with decreasing the particle size
from 90 % for the fraction of 0.4�0.2 mm down
to 44 % for the fraction <0.05 mm.

Methods of investigation

The sampling and preparation for the anal-
ysis was carried out according to the State Stan-
dards GOST 23148�98 [16] and the GOST
26565�85 [17]. The granulometric composition
of materials was determined using the method
of dry sifting a sample according to the GOST
18318�94 [18] on vibration apparatus VP-S/220,
using a kit of sieves with mesh size amounting
to 0.4, 0.2, 0.16, 0.1, 0.063, 0.05 mm. Particle
size distribution was studied with the help of a
Fritsch laser particle sizers Analysette Micro-
Tec 22 plus.

The macroelemental composition and the
calcination loss (CL) of  intermediate products
and the MM were determined using the methods
of  chemical analysis according to the GOST
5382�91 [19].

XRD patterns were registered using a PAN-
alytical X�Pert PRO MPD system with a sec-
ondary graphite monochromator and solid-state

detector includes an active pixel matrix. For
minimizing the effect of microabsorption of
ferriferous phases we used CoKα radiation. The
phase identification was performed with the use
of an interactive search system [20]. The quan-
titative phase analysis was performed with the
use of the Rietveld approach [21] and the meth-
od of minimizing derivative difference [22]. For
determining of the content of an amorphous
phase we used NaCl internal standard.

Studying the morphology on powder sam-
ples and polished cuts obtained by fixing mi-
crospheres in epoxide resin and by final pol-
ishing by 3Ì micropowder, were carried out
using a LOMO Biolam optical microscope with
Panasonic digital CCTV camera,  as well as the
method of using a LEO 1455 VP scanning elec-
tron microscope at accelerating voltage of 20
kV and with resolution up to 30 nm and a Tes-
la BS 350 SEM for 30 kV accelerating voltage.

RESULTS AND DISCUSSION

Ash intermediate product

The studies on ash chemical composition tak-
en from six points of ash collecting demon-
strated a considerable difference in the content
of SiO2, Fe2O3, CaO, SO3, Na2O and in the CL
value (Table 1). In particular, in going from CM
to the 4th to field of EF one can observe re-
ducing the content of SiO2 (2.3-fold) and of
Fe2O3 (3.3-fold), however, there is an increase
in the content of SO3 (100 times) and Na2O (4.8
times). The content of CaO is much lower in
the products taken from CM (25.27 %) and PC
(36.53 %), as compared to EF ash species (41.21�
45.88 %). On the contrary, the highest CL val-
ues are observed in the products from CM
(25.46 %) and PC (14.28 %) as compared to ash
species from EF (6.3�12.2 %), exhibiting no
steady tendency as a whole. The content of
components K2O, TiO2 and MnO amounts to less
than 0.5 % and, to all appearance, their influ-
ence upon ash properties is minimal.

A high content of calcium in ash species
resulted from HEPP coal is observed, as a rule,
only for low grade coal species (B1�B3), and
not all the coal species of these grades are char-
acterized by a high content of calcium in ash
[23, 24]. Ash species with the content of ÑàÎ
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TABLE 1

Chemical composition of intermediate products - volatile ash species from the Berezovka HEPP-1, mass %

Components Point of sampling

Convection mine Premix chamber Field of electrical filters

1 2 3 4

SiO2   26.18   19.02 19.58 15.40 11.85 11.26

Al2O3     8.15     7.05   9.86   9.45   8.41   9.87

Fe2O3   10.70   11.10   5.62   4.58   4.45   3.39

CaO   25.27   36.53 45.88 43.69 45.1 41.21

MgO     3.42     4.20   4.36   4.94   5.72   4.50

Na2O     0.40     0.40   0.79   0.86   0.88   1.91

K2O     0.47     0.24   0.31   0.33   0.24   0.36

TiO2     0.10     0.33   0.13   0.05   0.10   0.06

MnO     0.30     0.30 � � � �

SO3     0.15     7.10   6.67 10.99 10.56 15.78

CL 25.46 14.28 6.30 9.20 12.20 11.20

Σ 100.28 100.32 99.51 99.50 99.51 99.54

R = CaO/ SiO2     0.97    1.92   2.34   2.84   3.81   3.66

Fig. 2. Classification of volatile ash species according to
chemical composition [9] into four types (S  �  alumina
siliceous,  FS  �  ferroaluminate siliceous,  CS  �  calcium-
alumina siliceous;  FCS  �  iron- calcium-alumina siliceous):
1 � ash species taken from HEPPs of the European
Community [9]; 2 � ash species from Russian HEPPs [13,
23, 24]; 3 � intermediate products from BHEPP-1.

>40 % occur very seldom, and their structure,
properties and scopes are studied to a lesser
extent. This is indicated also by data from the
diagram of volatile ash classification (Fig. 2) [9]:
the overwhelming part of ash species of 37
heat plants of the European Community [9] and
46 HEPPs of Russia and CIS countries [14, 23,

24] belongs to alumina siliceous ash (type S,
Sialic) which contain more than 77 % of sum
SiO2 + Al2O3 + K2O + TiO2 + P2O5, mainly due
to a high (>70 %) content of SiO2 + Al2O3. With-
in the narrow area located near the border with
type S, there are ash compositions such as FS
(Ferrisialic) which are characterized by an in-
creased content of Fe2O3 (11�19 %). Ash species
with an increased content of calcium � type
CS (Calsialic) � exhibit a wide composition; they
include also ash species resulted from brown coal
of the Irsha-Borodino and Berezovka open-pit
mines of KAC. Ash species from 1st and 2nd
EF fields from coal of the Nazarovo open-pit
mine [24] belong to FCS (Ferricalsialic) type.

Volatile ash species of selective sampling
from BHEPP-1 belong to different types: those
taken from CM and PC belong to FCS type;
those taken from 1st�4th EF fields belong to
CS type. In this case, ash species from 1st�4th
EF fields resulted from the coal of the Bere-
zovka and Nazarovo open-pit mines have no
analogues in this diagram,  since in their com-
position there is a maximal total content of (CaO
+ MgO + SO3 + Na2O + MnO), first of all, due
to CaO. In the ash species with a high content
of ÑàÎ there can be phases similar to the phas-
es Portland cement (PC) clinker formed. The
cementing properties of PC are caused by the
content and properties of active clinker phas-
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Fig. 3. State diagram for CaO�Al2O3�SiO2 system [27] with indicated compositions: 1 � ash species from the European
Community HEPPs [9], 2 � ash species from Russian HEPPs [13, 23, 24], 3 � intermediate products from BHEPP-1,
4 � Portland cement clinker [26].

es: Ñà3SiO5 (42�65 %), Ñà2SiO4 (10�50 %), alu-
minates (mainly Ñà3Al2O6 �  2�15 %) and calci-
um alumoferrite Ca4Al2Fe2O10 (10�25 %) [25, 26].
Basing on the chemical composition of clinker,
one can conclude that the phase formation,
determining its properties proceeds mainly in
CaO�Al2O3�SiO2 system whose componential
content in the clinker exceeds 85 %. The major-
ity of VA belongs to such systems, too.

For understanding phase formation under
equilibrium crystallization, there were points
put on the CaO�Al2O3�SiO2 phase diagram [27]
corresponding to different ash intermediate
product compositions (Fig. 3). One can see that
phase formation in ash species strongly differs,
mainly, due to the differences in chemical com-
position. As it follows from data presented in
Fig. 3, the products closest to Portland cement

clinker were taken from with 2nd�4th EF fields.
Hence, in the course of phase formation, hy-
draulically active clinker phases such as
Ñà3SiO5, Ñà2SiO4 and Ñà3Al2O6 would be
formed therein. The development of the tech-
nology including directed phase formation,
would allow one to use these products in full
volume (120 thousand t/year) for obtaining clin-
ker or composite PC.

A similar set of phases could be formed also
in the case of ash species from 1st EF field,
however Ñà2SiO4 would prevail therein. The
amount of such ash species at the BHEPP-1
amounts to about 150 thousand t/year, which
in the aggregate with the products of 2nd�4th
EF fields would allow 90 % reducing the an-
nual supply of ash species for warehousing at
an  ash disposal area. In the ash species with
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PC from active phases there could be only
Ñà2SiO4 formation possible, whereas in the case
of CM ash species its formation is excluded.
Hence, for the use of high calcium VA in ob-
taining the cementing materials it is necessary
to carry out a selective taking of dry ash spe-
cies from different points of an ash collecting
installation at HEPP, which allows guarantee-
ing the quality of intermediate product and
purposeful phase formation, including the ra-
tio between hydraulically active phases.

The formation of phases in the ash species
under investigation is influenced by the pres-
ence of SO3 resulting in the linkage of the part
of  calcium into sulphate and sulphoaluminate.
According to the GOST 31108�2003 [25], the
content of SO3 in constructional cements should
not exceed 4 %. At the same time, the outlook
of  obtaining belite-sulphoaluminate cements on
the basis of ash with a high content of calci-
um compounds and SO3 was demonstrated for
the temperature of sintering lower (1100�
1350 °C) than the temperature of obtaining clin-
ker (1450�1500 °C) [28, 29]. In their structure,
calcium silicates are presented by belite Ña2SiO4,
whereas the content of ÑaS04 ranges from 0.1
to 17 %. The cements obtained are character-
ized by increased stability in corrosive media.
At a high content of Ca3SiO5 therein (more than
57 %) they can be used in obtaining unshrink-
able and extensible cements.

One of requirements for VA consists also in
the CL value which according to the GOST
31108�2003 [25], reflects the underfiring
content and should amount to less than 5 %. The
authors of [30, 31] demonstrated that the
dehydration and/or decomposition of such
minerals as portlandite, calcite, anhydrite and
dolomite could result in a considerable error (5�
500 %) in determining the content of unburned
carbon. They proposed a thermogravimetric
method which allows one to determine the
contribution of carbon and mass loss due to
the reactions of dehydration and
decarbonization. Studies via the methods of
thermal analysis [32] demonstrated that the
content of carbon amounted to 7.25 and 7.36 %
for CM and PC ash species, respectively,
whereas for ash species from 1st�4th EF fields
the main contribution to CL value is made by
different forms of bound water: there is mass

loss from 3 to 7 % observed at the temperature
ranging from 80 to 440 îÑ caused by the storage
of ash species in humid atmosphere, as well as
decomposition of  a calcium carbonate (the mass
loss from 2.5 to 5 % at the temperature values
ranging from 500 to 720 °C), whereas the
content of carbon particles did not exceed 1 %.

Thus, for ash from 1st�4th EF fields, the
possibility of realizing phase formation with
obtaining clinker phases was demonstrated at
the temperature values below the temperature
of obtaining PC clinker. Due to the differences
in the structure of these ash species, they can
be used as the components of cements with
special properties. For example, in high-early-
strength PC there should prevail tricalcium sil-
icate and aluminate;  in sulphate-resistant ce-
ment, on the contrary, the fraction of these
compounds should be lower as compared to the
fraction of dicalcium silicates and vitreous phas-
es; in oil-well cement there should be contained
more tricalcium silicate and calcium alumofer-
rite, whereas unshrinkable and extensible ce-
ments should be characterized by an increased
content of calcium sulphate and sulphoalumi-
nate [26,  33,  34].

It is known, that dispersity level of cements
determines the activity of the latter in the
course of the hydration and the formation of
a fine-dispersed hydrosilicate matrix whose
properties modulate the strength cement stone
[35]. In particular, the fraction of 0�5 µm size

Fig. 4. Cumulative and differential size distribution for
particles in the intermediate products of BHEPP-1 taken
from 1st�4th fields of electrical filters (curves 1�4,
respectively).
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TABLE 2

Hydraulic activity of the  mixture  additive/Ca(OH)2/

gypsum according to the GOST 25094�94 [36] (additive
mass being 50 g, the mass of Ca (OH)2 and gypsum

being of 12.5 and 1.78 g, respectively)

Additives Time of  beginning Solidification

solidification, h time, h

400 Grade cement 0.62 3.66

Intermediate products:

   1st EF field 0.50 1.58

   3rd EF field 0.68 0.90

   4th EF field 0.61 0.65

TABLE 3

Chemical and phase composition of the six fractions of magnetic microspheres, mass % (CL= 0)

Fractions, Chemical composition Phase composition

mm SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3 Spinel Hematite  Quartz Vitreous phase

    0.4�0.2 4.00 1.90 85.20 8.69 1.00 0.25 0.07 0.18 0.25 64.7 10.1 1.3 23.8

  0.2�0.16 2.48 1.20 88.42 7.43 0.81 0.20 0.05 0.19 0.21 63.6 18.7 1.3 16.4

0.16�0.1 1.26 0.83 92.52 4.90 1.30 0.11 0.04 0.17 0.27 65.8 24.6 0.7 9.0

    0.1�0.063 1.30 0.92 90.47 6.60 0.90 0.20 0.06 0.18 0.28 54.8 22.6 0.5 22.1

0.063�0.05 1.35 1.02 89.25 6.70 0.81 0.24 0.10 0.12 0.28 44.6 35.6 0.5 19.3

      <0.05 0.64 0.92 89.12 8.81 0.60 0.10 0.05 0.16 0.25 38.2 37.5 0.4 23.8

exerts crucial influence within the first hours
of hardening; the fraction with particle size
of 5�10 µm influences the strength of prod-
ucts within 3�7 days, whereas the fraction of
10�20 µm determines the strength for the 28th
day. The variation in the sizes of particles al-
lows one to obtain different grades of cements.

The studies on granulometric composition
revealed a considerable difference in the dis-
persity level between CM and PC ash and VA
taken from the 1st�4th EF fields. So, the con-
tent of  the fraction with particle size <0.063 mm
amounts to less than 26 % in the case of CM,
less than 46 %  for PC and more than 95 %  for
the ash taken from 1st�4th  EF fields [32]. In
going from the 1st to the 4th EF field the dis-
persity level of ash increases, which is indi-
cated by data obtained with the help of the
laser analyzer of  particles (Fig. 4). One can see
that the maximum of distribution correspond-
ing to 20�30 µm for the product taken from
the 1st EF field is displaced towards 5�6 µm
for the products taken from 2nd and 3rd fields
and towards 3�4 µm for the products taken
from 4th EF field. Within the same series, the
contribution of particles submicron size increas-
es. From these data it follows, that the disper-
sity level for ash taken from EF is comparable
with those for PC, whereas the selective sam-
pling allows one to obtain products with preset
dispersity level, which is promising for making
the cements of different grades, including fast-
hardening and high-strength ones.

For ash species taken from the 1st, 3rd and
4th EF fields, according to the GOST 25094�
94 [36], the testing of hydraulic activity con-
cerning the time of cementation for the mix-
tures ash/CaO/gypsum = 28 : 7 : 1 with add-
ing water to gain the density of normal paste.

The time of beginning the cementation of mix-
tures with ash species is comparable to those
for cement of Ì400 grade (Table 2), whereas
the period of cementation was much shorter
decreasing from 1.35 to 0.39 h for ash in going
from the 1st to 4th field. The major factor in
this case, to all appearance, consists in increas-
ing the dispersity level of ash going from the
1st to 4th field.

Thus, data concerning the chemical compo-
sition, dispersity levels, the hydraulic activity
of ash species resulting selective sampling, as
well as a comparative analysis of  their compo-
sition and the composition of PC clinker allow
one to conclude that ash species from the 1st�
4th EF fields can be completely used for ob-
taining cements. Their total yield amounts to
approximately 270 hundred t/year, which
amounts to, for example, more than 35 % of
the productivity of the Krasnoyarsk Cement
Plant. Moreover, it would allow lowering the
discharge of VA to ash-disposal area by 90 %.
Selective sampling of ash products allows one
to stabilize their structure, dispersity level,
properties as well as to create efficient tech-
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nologies for obtaining on their basis PC, includ-
ing cements with special properties.

Magnetic microspheres

As it follows from data presented in Table 3,
from high calcium ash intermediate products
we obtained MM with the mass fractions of
Fe2O3 equal to 85.2�92.52 % and an increased
mass fraction of ÑàÎ (4.9�8.8 %) as compared
to known microspheres [14, 23, 37�41]. At the
same time, the content of SiO2 and Al2O3 therein
is much lower. At a close chemical composition,
the difference in the properties of microspheres
is determined by phase-mineral composition and
texture-structural characteristics of the mate-
rial of microspheres. The main phase of all the
fractions of MM is presented by spinel phase on
the base of magnetite whose mass fraction
amounts to 38.2�65.8 % (see Table 3).

As against the mentioned papers [13, 14,
38, 40, 41], a high content of hematite α-Fe2O3

is inherent in the samples under investigation
which content increases from 10.1 to 37.5
mass % with the reduction of fraction size and
the decrease of the amount of ferrospinel phase.
It should be noted that for microspheres the
mass fraction of amorphous phase (9�23.8 %)
is high, too, thus it contains more iron and cal-
cium as compared to vitreous phase of the mi-
crospheres described in [39, 42].

The parameter of the unit cell for ferrospinel
phase for the MM under investigation (8.395�
8.3994 Å) is equal or exceeds that for magne-
tite (8.396 Å). A low (<1 mass %) content of
Al2O3 and high (11�34 mass %) content of he-
matite are inherent in them, which could re-
sult in the formation of unsubstituted magne-
tite as well as the formation of faulted struc-
ture with oxygen vacancies.

The formation of microspherical globules
occurs at the high temperature stage due to a
complete or partial fusion of the material of
microspheres, whereas the structural texture
features depend, mainly, on the processes of
phase formation inside a globule. It should be
noted, that owing to the temperature gradient
and features of  phenomena occurring at the
interface, surface structures could differ from
the bulk ones, which to a greater extent is ex-
hibited for coarse fractions of microspheres.

As against known data concerning the de-
scription of  individual globules,  the studies on
a number of  narrow microsphere fractions with
maximal iron content (83�92 % Fe2O3) allowed
establishing some tendencies in changing their
morphological features observed as the diame-
ter of globules reduced. According to the type
of globules it was demonstrated that in the case
of coarse fractions (>0.1 mm), plerospheres are
the most typical, i. e. the globules with an ex-
ternal shell of  different thickness and structure
with an internal cavity filled by spheres,  crys-
tallites and carbon particles of much smaller size.
The formation of plerospheres occurs under the
conditions of significant temperature gradient,
when the external layer has time for melting,
whereas separate particles or units of sintered
particles capsulate inside [43]. The thickness of
plerosphere shell can range from 0.03dm up to
0.75dm (dm is the diameter of a microsphere).

Plerospheres those have thin shell with
different texture (Fig. 5, à), are inherent in the
most coarse fractions of microspheres (0.4�0.2
and 0.2�0.16 mm). With reducing the fraction
size, the contribution of thin-walled modifica-
tions decreases, the amount of plerospheres with
thick dense or porous shell (see Fig. 5, b) and
globules having a small cavity in the centre or
in other sites of a microsphere. In the studies
of individual plerospheres it was demonstrated
[39] that the MM could be encapsulated in a shell
composed of aluminium silicate (the content of
Fe2O3 <5.46 %). At the same time, the authors
of [38] demonstrated that the shells of mag-
netic plerospheres consist of ferrospinel crystals
densely and homogeneously distributed within
the Ca�Fe or Ca�Fe�Al basic glass.

As against the known data, in the microspheres
under investigation there is a type of globules with
concentric shells for the first time identified (see
Fig. 5, c, d). They are observed for all the frac-
tions, in this case the thickness of the shell in-
creases as the diameter of microspheres decreas-
es. Their textural features are similar to bulky mi-
crospheres, as well as plerospheres and can be dif-
ferent for different shells of one globule.

Among bulky globules of coarse fractions,
the greatest contribution is made by globules
with mixed and, in particular, with non-uni-
form structure, which is inherent in MM ash
species from power plants [38�40, 44�46]. They
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Fig. 6. Electron microscope images for bulky globules with different surface microstructure: a, b � block-like;
c, d � skeletal-dendrite; e � granular; g � mixed non-uniform ones.

Fig. 5. Electron microscope images for plerospheres (a, b) and concentric globules (c, d).
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differ in the shape and size of crystalline indi-
viduals as well as in the amount and arrange-
ment within the space of a microsphere.

With decreasing the size of microspheres, the
contribution of globules with different shape of
microstructures homogeneous enough (Fig. 6) in-
creases. In particular, a block-like shape is ob-
served which is formed, in opinion of the au-
thors of [38], by crystallites whose growth oc-
curs on the face {100} for cubic crystals of mag-
netite (ferrospinel) (see Fig. 6, à) or on the face
{111} for octahedral crystals (see Fig. 6, b). Their
size reaches 10�20 µm; in this case they have a
maximal contact between each other.

With prevailing the growth rate of crystal
individuals in one of the directions, there is
the formation of crystallites is observed spa-
tially oriented as skeletal, dendritic and skele-
tal-dendrite shapes (see Fig. 6, c, d). The stud-
ies of microspheres of 0.063�0.05 mm fraction
in the form of polished cuts using method SEM
method (Fig. 7) demonstrated that these struc-

tures range within all the globule volume, which
was demonstrated also for individual globules
by the authors of [38, 40, 42, 44].

Point crystallization with the formation of
grains isolated from each other results in the
formation  of a granular structure, wherein
crystalline individuals could considerably differ
in shape and size, both for different globules,
and within the range of one globule. In the
microspheres under investigation there are ho-
mogeneous enough granular structures observed
(see Fig. 6, e) with the size of grains from
submicronic to approximately 10 µm, which cor-
responds to data from [39, 44, 46]. The globules
with mixed non-uniform structure (see Fig. 6, å)
are most widespread ones.

Thus, studying the shapes of crystal indi-
viduals and the structures of MM allows one to
draw a conclusion on their wide variety, in-
herent in power-plant ash resulting from pow-
dered coal combustion. As against known struc-
tures data concerning the description of  indi-
vidual globules,  the investigation of  some nar-
row MM fractions with maximal content of iron
(83�92 % Fe2O3) has allowed establishing some
tendencies in changing their morphological fea-
tures observed as the diameter of microspher-
ical globules decreases. In particular, for coarse
fractions of microspheres, globules with mixed
and non-uniform structure are most typical.
With the reduction of diameter, microspheres
become to occur with more ordered and homo-
geneous texture such as block-like, skeletal,
dendritic, coarse-grained and fine-grained.

Highly ferriferous MM with the maximal
content of ferriferous phases are most promis-
ing as catalysts or high-temperature carriers
for catalysts applied in the processes of oxida-
tive methane dimerization [47], oxidation of
hydrocarbons [48], in heavy oil and black oil
pyrolysis [49], for the decomposition of liquid
radioactive waste products based on tribu-
tylphosphate with the immobilization of radio-
nuclides within the structure of iron phosphate
ceramics [50]. One of the ways for perfecting
their properties could consist in high-perfor-
mance separation according to the morphologi-
cal types, whereas a necessary precondition for
this consists in studying the features of the
morphology and microstructure of magnetic
microspherical globules.

Fig. 7. Electron microscope images for polished cut of
magnetic microspheres for 0.063�0.05 µm fraction:
a � block-like, b � skeletal-dendrite ones.
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CONCLUSION

1. High-calcium volatile ash species of brown
the coal from the Berezovka open-pit mine of
the Kansk-Achinsk basin selectively sampled
from different points of the ash collecting unit
at the BHEPP-1 (convection mine, premix
chamber and each of four electrical filter fields)
were studied. Considerable differences between
these intermediate products in the chemical
composition the dispersity level, cementing
properties were demonstrated. Within the sys-
tem of chemical classification for volatile ash
species, their types were determined and it is
established, that ash species resulted from the
Berezovka, Nazarovo coal taken from the 1st�
4th  EF fields differ from all known ash species
in an extremely high content of calcium.

The analysis of  SiO2 phase diagram has dem-
onstrated that only the products from 1st�4th
EF fields could result in the formation of hy-
draulically the active phases similar to the ba-
sic phases of the Portland cement clinker. Se-
lective sampling of ash products allows one to
stabilize their composition, dispersity level,
properties as well as to create efficient tech-
nologies for obtaining on their basis PC, includ-
ing cements with special properties.

2. In this paper, the composition and mor-
phology of six high purity MM fractions iso-
lated from CM and 1st EF field ash species were
investigated. It was demonstrated that, as
against known microspheres, they are inher-
ent in a maximal content of iron (85.2�92.52
mass % Fe2O3) and calcium. Phase composition,
alongside with the main ferrospinel phase (38.2�
65.8 mass %), is characterized by a high con-
tent of hematite (10.1�37.5 mass %) and vitre-
ous phase (9�23.8 mass %). The morphology of
globules, including the contribution of differ-
ent type globules were investigated, including
structural and texture features of the material
of microspheres.

It was demonstrated that in the case of
coarse fractions (>0.1 mm), the most typical ones
are presented by plerospheres with the shells
of different thickness and with prevailing thin-
walled modifications. For the first time, a type
of globules with concentric shells was identi-
fied. With decreasing the size of fractions (<0.1

mm), there is thickening the shell of plero-
spheres and concentric globules observed, bulky
globules are prevailing, with different micro-
structure � block-like, dendritic, skeletal-den-
drite, fine-grained and coarse-grained one.
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