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Scanning electron microscopy, energy dispersion spectroscopy, X-ray diffractometry and magnetometry
methods were used to investigate the structure and magnetic properties of iron ore and schungite rock.
The results show the existence of external size effect in iron ore concentrate. It is related with the penetra-
tion of iron nanoparticles from equipment surfaces onto the powder surface, which increases specific mag-
netic saturation of the powder by 1.6 times compared with pure magnetite. As a result of internal size ef-
fect in schungite powder its reactivity decreases by 800 °C and after heat treatment of the powder its spe-
cific magnetic saturation increases by seven times. Considering the application of size effects the investi-
gated powders and waste natural mineral powders are recommended to be used in the production of com-
posite materials.
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1. INTRODUCTION

Size effects are phenomena that are demonstrated
in technologically notable changes in physical-chemical
properties and reactivity depending on the number of
atoms and molecules in a substance particle [1]. Size
effects are usually related with nanoparticles with a
size of up to 100 nm. However these effects should not
be limited to this size. For instance, melting tempera-
ture of 100 nm nanoparticles of silver is by 123 K less
than that of bulk metal. Small additives of nanoparti-
cles with extremely small sizes of 1-5 nm can result in
a significant size effect of the composition built up from
microparticles. Size effects can be internal and exter-
nal. Internal effect is related with specific changes in
bulk and surface properties of both individual particles
and their ensembles resulting from self-organization
process. External effect is a dependent response to an
external field or force action independent from the in-
ternal effect [2].

Ore processing makes an intensive use of internal
size effect — a significant change in the Gibbs energy of
a surface that develops during the dispersion of miner-
als. A notable positive change in the thermodynamic
parameter in dispersion process is a driver of the ab-
sorption of flotation reagents on the surface of minerals
[3]. According to [4] when MgSO4 and Na2SO4 are float-
ed by means of anionic or cation collectors the best flo-
tation effect is observed in MgSO4 salt that disrupts
water structure on the power surface. Thus, the proper-
ties determined by structural organization of anionic
and cation hydration water should be characterized as
the internal size effect.

In thermodynamic method the reactivity of a
substance is defined by Gibbs energy. It describes the
ability of a substance to transit to another phase or
enter into a reaction, and shows that the system is far
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from its equilibrium state. An increase in the
dispersion of a substance increases its reactivity [1] and
results in the deviation of the system from its
equilibrium state. The size of particles “plays the role”
of temperature, i.e. it activates particles. So the size of
particles is a thermodynamic parameter like pressure,
volume or temperature of a system.

In the process of its concentration iron ore gets in
touch with equipment parts made from iron alloys. It is
not only ore that is crushed up. Equipment materials
affected by vibration, friction and load impacts also
become dispersed and can get into iron-ore concentrate.
Moreover, iron-ore powder gets additionally activated as
a result of the yield of metastable structures onto the
surface of ore particles. Report [5] about the discovery of
superparamagnetic magnetite nanoparticles with a size
of 2-14 nm in the mineralized areas of Colorada iron-ore
deposit field in the south of Mexico.

Schungite rocks (Karelia), like iron ore, are very dif-
ferent in their material composition. Carbonaceous
substance, that is present in the ore, makes up a ma-
trix with unevenly distributed grains of quartz and
sometimes of mice, calcium or magnesium carbonates,
ferric oxide, as well as such microelements as Cu, Zn,
Ni and Cr [6]. It is considered that at a temperature
below 1300 °C there are no any notable signs of
schungite rock transformation. Schungite powder with
65 % carbon content was processed into silicized carbon
at a temperature of 1450 °C. In contrast to ferromag-
netic properties of iron ore, schungite matter has dia-
magnetic properties [6].

In this paper we investigate internal and external
size effects that can change magnetic properties of iron
ore and schungite mineral powders. There are also
some recommendations regarding the use of new mate-
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rials with size effects as a result of reprocessing already
dispersed minerals.

2. MATERIALS AND METHODS
2.1 Materials

Ore powder and “dry concentrate” (from Mikhailov-
sky GOK — Ore Mining and Processing Enterprise,
Kursk Region, Russia) were used. Ore powder had grey
color. Dry concentrate was black like magnetite.
Schungite rock was from Zazhogin field (Karelia, Rus-
sia). It was milled in the laboratory without any contact
with Fe. At the last stage of its processing it was grind-
ed in an agathic mortar down to the state of black-color
fine powder.

2.2 Methods

X-ray powder diffractometer EMMA (Enhanced
Multi-Materials Analyzer) was used. Its accelerating
voltage is 60 kV, current — 80 mA and radiation power
— 2 kW. Ceramic tube with Cu anode and bent graphite
monochromator generates radiation on the line Ka with
a wave length of 0.154 nm. By means of collimators the
diameter of X-ray radiation spot can vary within the
range of 0.4+12 mm. Angle of reflection changes in the
range of — 30 — 150°. Elevation scan rate changes dis-
cretely with a preset rate (from 0.14 to 60 degrees/min),
elevation scan pitch is A26=0.03°. With panoramic
spectrum scanning the rate can reach 60°/min. The
diffractometer is computer controlled.

Scanning electron microscope (SEM) with LEO 1455
VP Carl Zeiss X-ray spectrum analyzer was used to
measure the size of ore powder and concentrate parti-
cles and define elemental composition of the powders.
Analyzer’s pencil beam (electron probe) with a diameter
of 1 um scans the powder surface. When beam electrons
get into the sample they knock out electrons from atom-
ic shells and cause X-ray radiation. Each element radi-
ates with its own specific frequency set and thereby can
be identified. The concentration of elements is evaluat-
ed by radiation intensity.

Magnetic studies were conducted with the help of a
universal measuring system — Cryogenic high field
measurement system [7].

3. RESULTS AND DISCUSSION

3.1 Structure and Magnetic Properties of Iron
Ore and “Dry Concentrate” Powders

According to SEM data the sizes of particles in both
powders varies in the range of 0.5-50 um. If we assume
that all particles are of cubic shape with cube edges
within the said dimensions, then according to calcula-
tions specific surface of the powder will vary in the
range of 1200-0.12 m?2/cm3.

As X-ray diffraction pattern shows that ore powder
was composed from Fe203 13.5 % and SiOz2 86.5 %. Dry
concentrate contained FesOs 63.7 %, Fe203 3.9 % and
S102 32.4 %. Bragg reflection angles for Fe2Os corre-
spond to rhombohedral a-Fe203 (JCPDS card Ne 33-
0664). Ore powder X-ray diffraction pattern showed
that there were no peaks matching yFe20s (JCPDS
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card Ne39-1346) and Fe3Os (JCPDS card Ne89-4319)
with spinel cubic structure. For dry concentrate powder
the peak (311) with angle 360 matched FesOs4 peak
(311) of the reference pattern (JCPDS card Ne89-4319)
at the same angle, however, there were no other peaks
matching the same reference pattern.

In order to determine FesOs4 in ore powder, the
powders were investigated for the Verwey transition.
The transition metal-dielectric is observed in metal at
the Verwey temperature of 120 K with an increase in
electrical resistivity by two orders. In ore and dry con-
centrate powders the Verwey transition was observed
at a temperature of 125 K. Specific magnetization jump
at the phase transition in the ore powder was equal to
0.08 A-m%/kg, while in the dry concentrate it was by 120
times more and amounted 9.5 A-m?/kg.

The studies of field dependency of the magnetiza-
tion of ore powder and dry concentrate Fig. 1a, b pro-
duced very interesting results. Specific magnetization
saturation of dry concentrate appeared to be equal to
150 A-m?/kg, (Fig. 1b). It was much bigger than that of
individual magnetite. Specific saturation magnetiza-
tion of magnetite at a temperature close to 0 K is
98 A-m?/kg, and at room temperature it is 92 A-m%kg
(Bushow, 2006) [8]. Specific magnetization saturation
of ore powder was 7.5 A-m?kg. Specific magnetization
saturation of dry concentrate powder was 20 times
more than that of ore powder and 1.6 times more than
that of magnetite. Let’s try to explain this interesting
phenomenon.
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Fig. 1 — Dependency of specific magnetization on the imposed
field of concentrate powder

According to the magnetization values obtained for
samples it is possible to estimate mass concentration of
their magnetic components:

@, =—, 3.1)

o
O-S
where @mn is mass concentration of magnetic material
(magnetite in our case), o is specific saturation
magnetization of a sample, and o is specific saturation
magnetization of magnetite.

The measurements of specific saturation
magnetization of dry concentrate showed that,
obviously, the studied samples contained a substance
with a bigger specific magnetization than that of mag-
netite. It is possible to assume that ore and concentrate
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powders contain a small amount of pure iron that, ac-
cording to research data obtained by different scholars,
may vary within the range of 225-245 A-m?/kg [9]. In
the process of ore crushing and dry or wet magnetic
separation those iron parts of crushers and separators
that contact with ore wear off with their fractions
getting into ore or concentrate powder. Iron reference
diffraction patterns (JCPDS card 87-0721) have
reflections (110), (200) at angles 44.78 and 65.030. The
same reflections 110) 35.10 and (200) 420 are observed
in ore powder. In concentrate powder the reflection
(110) 360 is notably smaller, while the reflection (200)
disappears completely and is replaced by the reflection
(400) that is typical of FesO4. It was found that X-ray
diffraction was not able to measure the sizes of pure
iron particles and their concentration in the dry
concentrate due to their extreme smallness.

Fig. 2a, b shows how the concentration of elements
in powders changes in the scanning line of 112.95 um.

Fig. 2 — Dependency of element concentration along powders
scanning line. Brown — iron content, green — silicon content,
red — oxygen content. a — in iron ore powder, b — in concentrate
powder

The data was obtained with the help of LEO 1455
VP X-ray analyzer. Such elements as Fe, Si, O, Mg, Al
and K were found in 200 points located at a distance of
0.568 um from each other. As Fig. 2 a shows, in ore
powder there are six areas with predominating silicon
content and only two areas with predominating iron
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content. On the contrary, in dry concentrate powder
(Fig. 2b) there are five areas with predominating silicon
content and only two areas where silicon predominates.
Tabular representation of functions (Fig. 2b)
obtained by means of LEO 1455 in 200 points permitted
to determine a mean ratio of iron weight concentration
to the weight concentration of oxygen m(Fe)/m(O) in dry
concentrate powder in the scanning line (Table 1) and to
compare it with that in FesO4, which equaled 2.62.

Table 1 — Ore concentration of the powder with Fe, comparing
with the amount of Fe in Fe3O4, along the scanning line* by
the electron beam with a beam size of 1 um

Reaching of
. ncentrat
wm m(©0) ¢F9304 along the scan-
ning line, %
1 0-12,49 4,95 2,0 11,0
2 34,62-44,26 3,92 1,5 8,5
3 51,08-56,19 4,66 1,8 4,5
4 70,95-77,76 4,10 1,6 6,0
5 | 77,76-111,24 47,3 18,0 30,0

*Scanning interval 0,568 um. Total 200 points.

The ratio m (Fe)/m (O) in pure phases of oxides
equals Fe203 (2.3), Fe3O4 (2.6), and FeO (3.5). The Ta-
ble shows that in all five scanning spans the desired
ratio is bigger than in FesO4 and other ferric oxides. In
the scanning line 77.76-111.24 um the content of Fe in
the concentrate powder is by 18 times more compared
with Fe304. The calculated values should be even big-
ger considering that in that scanning line oxygen was a
part of quartz as well. Such saturation of the surfaces
of concentrate particles by iron nanoparticles coming
from equipment parts significantly improves magnetic
properties of the dry concentrate, and that is clearly
demonstrated in the specific saturation magnetization
experiment. There is external size effect.

Due to its outstanding magnetic properties the con-
centrate produced at MGOK can be used to clean water
or land surfaces from oil and oil products by means of
magnetic field. Moreover, it can be used to remove ra-
dioactive or toxic contaminations. According to the pro-
posed know-how [10] the sorptive agent is mixed with
oil or oil products. This composition becomes magnet-
ized. Then it can be collected by means of magnetic
devices that generate magnetic field. After that oil is
separated from magnetic particles by magnetic separa-
tors, the powder is calcined and can be re-used for wa-
ter cleaning operations.

3.2 Structure and Magnetic
Schungite Rock Powder

Properties of

According to SEM data the sizes of particles in
schungite rock powder vary from 0.1 to 500 um. The
content of Si and C in the mineral changes significant-
ly, though it dominates in comparison with other ele-
ments. Except Si and C the rock also contains oxygen
and small amounts of Al, K, Na, Mg, S, Fe and Ti. Con-
sidering that K, Na and Mg are parts of carbonates,
the investigated sample had very small fraction of such
compounds, only about 2 %. Judging by the profiligram,
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like the one shown in Fig. 2, in microvolumes of up to
0.23 um the content of microelements changes signifi-
cantly. It is possible to find a microvolume with Si
90 %, and the rest will be Ti and Fe. There are micro-
volumes with C 45 % or Si 45 %, etc. The results of el-
emental analysis allow us to conclude that schungite
rock powder, like iron ore powder, i1s a micro-
heterogeneous system consisting of phases with differ-
ent elemental composition.

Fig. 3 shows diffraction patterns of the powder. The
greatest intensity peak at 26 =26.69° (Fig. 3a) can be
attributed to hexagonal graphite. After the sample was
heated (Fig. 3b) the peak intensity seriously dropped
from 5500 to 3500 a. u., which indicates the involve-
ment of the graphite phase in the reduction of element
compounds, for example, ferric oxides. This conclusion
is verified by the appearance of micro-areas containing
pure iron in schungite rock [11] Fig. 3a, b shows that
after heating the powder and its subsequent cooling,
reflections of all phases are shifting towards small an-
gles. It allows us to conclude that elemental crystalline
cells in the powder get bigger reaching the size of ele-
mental cells of the corresponding phases in individual
state. The intensity of reflections in the after heating-
cooling diffraction pattern decreases, and that indicates
the development of “dry” redox reactions at 510 °C,
which are accompanied by the release of gas with
strong smell.
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Fig. 3 — Diffraction patterns of schungite rock powders: a —
before heating, b — after heating
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Fig. 4 shows the results of experimental studies of
specific magnetization temperature dependences. The
values of specific magnetization o of the dependences
(Fig. 4) prove that the initial substance is a paramag-
netic as its specific magnetization is much less than
0.3-0.5 A m2?/kg. After heating up to 850 K the devel-
opment of the dependences o= f(T) will take the form
that is typical of a weak magnetic substance having a
small magnetic moment at room temperature. When
crushed the reactivity of schungite rock decreases from
1300 to 510 °C. Internal size effect becomes apparent.
The formation of new substances increases magnetic
properties of schungite powder by seven times [12].
Heat-treated schungite powder with improved protec-
tivity against microwave radiation propagation [13] can
be used in construction industry.
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Fig. 4 — Changes in the specific magnetization of schungite
powders under heating and cooling conditions.o — heating, A —
cooling, y%¢— heating, m — cooling

With their potential size effects mineral powders
can be important raw materials for the production of
different composite materials with desired properties.
The rate of size effects can be controlled by doping the
surface of a powder by the milling equipment material
by dissolving oxides with either acid or alkali solutions
[14], or by hydrolysis of mineral salts [15], or by “dry”
chemical reactions with treating powders by means of
electro-magnetic radiation or laser [16]. Today the fam-
ily of well-researched natural mineral formations with
potential size effects [17] includes native gold and pla-
tinoids (with cluster sizes from 50 to 150 nm) from so
called non-placer accumulations. Other minerals of the
kind are commercial diamonds (ballas or carbonado),
rare-earth kularit aggregates, opals and quartz, ocean
bottom concretionary formations, leucoxene dioxide
aggregates, preserved dump pits of ore mining and pro-
cessing enterprises, ilmenite and zirconium concen-
trates.

4. CONCLUSIONS

The investigation of iron ore and schungite powders
show that their particles are structured as micro-
heterogeneous systems. The powders are characterized
by the presence of size effects. In the process of crush-
ing and other production operations iron nanoparticles
are transferred from equipment surfaces onto the sur-
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faces of iron ore concentrate microparticles thus in-
creasing specific magnetization of the dry concentrate.
Due to its important magnetic properties iron concen-
trate produced at ore mining and processing enterprises
can be used to clean water or land surfaces from oil or oil
products by means of magnetic field. Moreover, it can be
used to remove radioactive or toxic contaminations.
When schungite rock powder is heated up to
510 °C, internal size effect develops, which is demon-
strated in a decrease of the onset temperature of “dry”
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redox reactions. A structural change in schungite rock
powder is accompanied by the increase of its specific
magnetization by seven times. Heat-treated schungite
rock powder can be used in construction industry as a
protection against microwave radiation propagation.

Mineral powders with their potential size effects
can be a very important raw material for the produc-
tion of different composite materials with desired prop-
erties.

Bausuune pasmepHbix 3¢hhpeKTOR Ha CBOIICTBA IIepepadaThIBA€MOU KeJIe3HOH PYAbl U
IIYHTUTOBOM HOPOIBI

10.A. Mupropoxn!, C.I'. Emensanos!, B.M. ®enocox?, C.B. Bonsmannaa3

1 HOz0-3anadrbiii 2ocyoapcmeennbiii ynusepcumem, yu. 50nem Oxmabpsa, 94, 305044 Kypck, Poccus
2 Hayurno-npaxmuueckuii uenmp HAH Benapycu no mamepuanogederuio, Hnecmumym pusurku meepoo2o mena u
nostynposoorurxos HAH Benapycu, yn. I1. Bposku, 19, 220072 Munck, Pecnybnurxa Benapyco
3 Cymcruti 2ocydapecmeennniii ynusepcumem, yu. Pumckoeo-Kopcakosa, 2, 40007 Cymbt, Ykpaurna

Jlnst mecomeoBaHus CTPYKTYPBI M MATHUTHBIX CBOMCTB JKEJIE3HOM PY/Ibl U IIYHTUTOBOM ITOPOIHL OBLIN HC-
TI0JIb30BAHBI METOJbI CKAHUPYIOMIEH JJIEKTPOHHOM MHKPOCKOINH, 9HEPIOJUCIEPCHOHHON CIEKTPOCKOIIHH,
PEHTIeHOBCKOHM Au(PPAKTOMETPUN U MarHUTOMeTpuu. Pe3ysbrarsl IIOKA3bIBAIOT HAJIWYNE BHEIIHEro paa-
MepHOro aderTa B #KeIe30PYAHOM KOHIIEHTPATe. ITO CBA3AHO ¢ IPOHUKHOBEHWEM HAHOYACTHIIL jKeJie3a C
TIOBEPXHOCTU 000PYIOBAHUS HA IIOBEPXHOCTH IIOPOIIKA, UYTO YBEJIMYUBAET YAEJIbHY MAarHUTHYIO HACHIIIEH-
HOCTB IIOpOIIKA B 1,6 pas3a 0 CpaBHEHHUIO C YNUCTHIM MarHeTUTOM. B pe3ysibraTe BHyTpeHHEr0 pa3MepHOro
adperTa B IIyHIUTOBOM IIOPOIIKE €r0 peaKI[HOHHAas CIocobHOCTh yMmeHbmaeres Kk 800 °C u mocite Tepmude-
CKOM 06pabOTKM IOPOIIIKA ero yaeabHAas MACHUTHAsS HACHIIIEHHOCTH yBeJNYuBaercs B ceMb pas. C yuerom
IIpUMEeHEeHUs pas3MepHBIX 9 deKTOB, HCCIeOBAHHBIE ITOPOIIKH U OTPAOOTAHHbIE IIPUPOTHBIE MUHEPAJIbHEIE
TIOPOIIKY PEKOMEHIYIOTCS IJIS UCIIOJIB30BAHUSA B IIPOU3BOJICTBE KOMIIOSUITMOHHBIX MaTEPHAJIOB.

Kmiouessie cioBa: Pasmepnsiit adpderr, Ousnueckne n xumudeckre Meronsl, 1lopomok, Hanouacturisr,
Henesuas pyna, [llyarurosas mopoaa, Crpykrypa, YaenbHas HAMATHAYEHHOCTD.

Bruius poamipHux edpeKTiB Ha BJIACTUBOCTI 3aJI1i3HOI pyau i IIyHTiTOBOM mmopoau
npu ix mepepooii

10.0. Mupropox?, C.I'. Emensanos!, B.M. ®emocox?, C.B. Bonbmaminas

1 ITieoerno-3axionuli Oepacasrull yrigepcumem, 8yi. 50 nem Oxmsabpsa, 94, 305044 Kypcovk, Pocis
2 Haykoeso-npaxmuuruil yenmp HAH Binopyci 3 mamepianoznascmaea, Incmumym ¢isuku maepdo2o mina i Hanie-
nposionurxie HAH Binopyci, syn. I1. Bposku, 19, 220072 Mincvk, Pecnybnixa Binopyco
3 Cymcruli Oepocasruil yHisepcumem, 8ysi. Pumcorozo-Kopcakrosa, 2, 40007 Cymu, Yrpaina

Jlnst mocimipreHHST CTPYKTYPH 1 MATHITHUX BJIACTHBOCTEH 3aJIi3HOI Py/JaX 1 IIYHTITOBOI ITOPOAY OyJIv BH-
KOPHCTAHI METOJM CKAHYIUYO0l MIKPOCKOITI, eJIEKTPOHHOI MIKPOCKOIIi, €HeproJIuCIIepCiiHol CIIeKTPOCKOTTIT,
peHTreHOBCKOI gudparromerpii 1 maraitomerpii. PeaysisraTi nmokasyors HAsIBHICTH 30BHINTHBOTO PO3MIPHO-
r0 epexTy B 3asi30pysHOMY KoHIIeHTpaTi. 1le moB'ss3aH0 3 IPOHNKHEHHSIM HAHOYACTUHOK 3aJ1i3a 3 IIOBePXHI
obJyiaHaHHS HA [OBEPXHIO IIOPOIIKY, 10 301IbIIy€e MUTOMY MAarHITHY HaCUYEHICTb HOPOImKy B 1,6 pasu 1mo-
PIBHSIHO 3 YMCTHM MAarHETHUTOM. B pe3ysbTari BHYTPINIHBOTO PO3MIPHOTO €(EeKTy B IIYHTITOBOMY IIOPOIIKY
#ioro peakiritina 3gatHicTh 3MeHinyerbes g0 800 °C 1 micsiss TepMivyHOT 00POOKM TOPOIIKY HOro IUTOMA MAaT-
HITHA HACHUYEHICTH 30LJIBIIMYETHCS Y CIM pasiB. 3 ypaxyBaHHSIM PO3MIpHUX e(eKTIB JOCIKeH] ITOPOIIKY 1
BIAIIPAIbOBAHI IPUPOIHI MiHEPAJIbHI ITOPOIIKY PEKOMEH/IYIOTHCS JIJIsI BUKOPHUCTAHHS y BHPOOHUIITBI KOM-

THO3UIIIMHUX MaTepiais.

Kmiouosi ciosa: Poamipuuit edexr, @ismuni Ta ximiumi metomu, [lopommor, 3amisua pyma, Hamouactuagm,
Iynrirosa mopoxa, Crpyrrypa, [Iluroma HamaruiveHicTh
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