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Measuring the iron oxide in Shubarkol deposit coal

Comprehensive development of mineral resources is one of the main objectives of a state. An important role
for its solution is the import substitution of expensive colombian coals used in the production of industrial sil-
icon, with shubarkol coals having similar characteristics. One of the main geological tasks is to study the dis-
tribution of iron oxide in coals, which affects to the technology of ore-thermal production of silicon. Re-
searches have shown that expensive chemical analyzes of iron oxide, with high accuracy, do not allow them
to be used promptly when forming a batch of coal at the enterprise. To solve the urgent task of an express as-
sessment of the content of iron oxide in coal we have been developed a method and device that implements
the induction principle of measuring the magnetic characteristics of coal. The method is based on the transi-
tion of the oxide of two-valence iron into a complex oxide of trivalent during ashing. The discrepancy be-
tween the measurement results according to the Kazakhstan state standard GOST 10538-87 and the developed
method is within the permissible range of this standard. The device is being used at Shubarkol Komir JSC
Company. It received certificate of metrological certification No. 9912 and is authorized as a measurement
instrument in the Republic of Kazakhstan.
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Introduction

Shubarkol Komir JSC company would be interested in supplying its products to RusAl and Tau-Ken
Temir LLP as a substitute for Colombian coal for silicon production. To assess this possibility,
Centrgeolanalit LLP conducted a study to check the ash content of coal benches and the iron oxide content in
coal ash. The findings suggest that:

1. The ash content of coal benches varies from 1.5 % to 4.0 %, and its iron oxide content varies from
0.9 to 1.5 kg/t, which enables to use Shubarkol coal as a substitute for Colombian coal;

2. Seam extension in areas where the iron oxide content is within the required limits is about 500 m in
the Western Area, which is 40 % of the extension of mining, whereas in the Central Area it is about
1100 mm, which is 20 %;

3. Since mining is carried out according to the annual plan, mining in areas with low iron oxide content
may not coincide with the time of coal shipment to RusAl.

4. Few samples does not give certainty about the iron oxide content over the entire seam extension as
this indicator is variable both along strike and at depth.

In this regard, it is difficult to forecast the average iron oxide content in coal during mining and to
quickly monitor its grade during production and shipping to consumer, which is associated with high cost of
chemical analyzes and their duration. It was concluded that meeting technological requirements for the iron
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oxide content in coal within the established limits (up to 1.5 kg/t) for shipment to RusAl and Tau-Ken Temir
enterprises is costly and difficult.

Sources of iron oxide in coal

The main minerals in the coals of Shubarkol deposit are vitrinized matter, and to a lesser extent semi-
vitrinized and fusainized matter. The reflection index of vitrinite is 0.50-0.62 %. As per Kazakhstan state
standard GOST-25543, they relate to stone type, grade D (long flame), subgroup DV (long flame, vitrinite).
According to ST RK ISO 11760, coals are subbituminous of low grade A, high vitrinite grade.

As per GOST 11022-95, there had been checked the ash content of coals which varies in individual
seams within 4.2-20.1 % with extreme values for individual seams of 1.7-31.0 %. The ash content and min-
eral composition of raw coal is determined by occurrence of rock interlayers in the seams and is dependent
on its impurity degree. The average ash content in the Upper Level coals varies from 8.7 to 8.9 % (Western
area), 11.9-12.7 % (Central area) and 10.9-12.1 % (Eastern area).

One of the iron sources in coal are interlayers and lenses of siderite (FeCOs) 62.1 % FeO and 37.99 %
CO,, which are developed mostly in the central part of the overburden rock section.

As an iron oxide carbonate, siderite is formed in reduction conditions, i.e. in conditions of oxygen defi-
ciency and decomposition of organic residues with the formation of carbon dioxide and hydrogen sulfide due
to protein substances. The source of ferruginization of weathering crust sandstones and hematite-goethite
nodules in the deposit is ferric oxide (Fe,0;), which is formed during the siderite oxidation and forms «iron
caps» (outliers), consisting of goethite (60-80 %), hematite (20-35 %) with the following chemical composi-
tion (%): Fe,0; — 87-88 %, FeO < 0.25; MnO — 0.4-0.6; SiO, — 3.4; Al,O; — 0.7; TiO, — 0.03; P,0Os —
0.2; Siota — 0.2.

The coal seams of the Upper and Lower Levels are characterized by interlayers of coal saturated with
siderite spherolith, resulting in coals acquiring a granular structure [1].

Quite often, iron pyrite disulfide (II) (FeS,) is found in the coals of the deposit, filling cracks and pre-
sent in the form of oolites confined to gelified matter.

The Upper Horizon seams are characterized by an unusual mineral association, oolites in the form of
loose formations consisting of a pelitomorphic mixture of pyrite, quartz and an amorphous organic matter
represented by a gelified substance.

The average content of iron sulfides in raw coals of the Upper Level is 0.14 %, and 0.2 % in the Lower
Level.

In total (excluding hydroxides), there are four natural iron oxides 2-Fe,O; (hematite), Fe;O4 (magnet-
ite), y-Fe,O; (maghemite), Fe;_ O (wustite).

Hematite is an antiferromagnet and has weak ferromagnetism below the Néel point (948 K). In magnet-
ite, all bivalent iron ions are in an octahedral environment, and trivalent ions are divided in half between the
octahedral and tetrahedral environment (Fe*")[Fe*” Fe*"]O,. The ratio Fe*"/Fe’'= 0.5.

The values of magnetic moments are dependent on the number of uncompensated electrons in the
3d-electron shell of iron ions, which explains ferromagnetic properties of magnetite. It acquires paramagnetic
properties above the Curie temperature 7= 850 K. With a decrease in temperature in a constant magnetic
field, magnetite acquires induced and thermo-remanent magnetization, which occurs during coal ashing
(1150 K). Maghemite contains only trivalent iron cations. At temperatures below 7= 840-986 K, it is a
ferromagnet. Hematite, magnetite, maghemite and wustite are practically not found in coal, but magnetite is
of interest as a newly formed mineral appearing during the ashing and transition of bivalent iron to trivalent
iron.

The carbonaceous type of siderite (FeCOs) can have calcium, cobalt, zinc and manganite minerals. Iron
oxide (II) (Fe,O3) 86—89 %, water (H,O) 10—14 % are quickly eroded with transition to limonite. Oxidizing,
it transfers to brown iron ore nFe,0; + nH,O [1].

Goethite produces pseudomorphs in pyrite, marcasite and other sulfides, in siderite, magnetite, hematite
and ferruginous silicates.

The oxygen content in coals of the deposit varies from 3 to 5 %, which indicates that they belong to the
demethanization zone and the oxidation zone of iron-containing minerals (silicates, sulfides, iron minerals)
which is characterized by active water-gas exchange, creating conditions for the release and transfer of oxi-
dation products to coal seams. This is also evidenced by high nitrogen content. According to the hermetic
glasses data, at a depth of 40—115 m they exceed 90 %, rising to 95-97 %, and according to core samples in
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the depth interval 43-200 m it varies from 38-55 % to 95-97 %. The average methane content is 2.5 %,
which confirms the conclusion about coal demethanization accross the entire deposit.

The carbon dioxide content in the Upper Level seams at depths from 40 to 100 m is 60—30 %, whereas
to the basin center it decreases to 20—10 %. The hydrogen content at depths of up to 100 m does not exceed
1 %.

The average value of the moisture mass fraction (GOST 8858-76), which was estimated by the maxi-
mum moisture capacity (Wp.%), for the Upper seam is 15.3 with extreme values of 8.0-28.4, while it does
not depend on the ash content of coal.

Under such conditions, there occurs oxidation of Fe*” coming into the coal seam from overlying rocks
as products of decomposition of iron-containing minerals up to Fe*" by reaction exemplified by iron oxide
(II) both with moisture and without it:

4FeO + 2nH20 + 02 — 2(F6203 nH20)
and at temperatures above 300—500° C (ashing)
6FecO + Oz — FC304

Measurement of the mass fraction of iron oxide in coal ash samples according to GOST 10538-87 is
done by photogrammetry with orthofentrolin, whereas measurement of iron content is carried out in ash
samples after coal ashing according to GOST 11022-95 at a temperature of (815+10) °C in an air atmosphere
with active interaction with oxygen.

Magnetite (Fe;0,) is formed in coals and their ashes, which is a complex oxide that simultaneously con-
tains II and III valence iron. In the presence of constant magnetic field of the Earth, conditions are created for
the acquisition of induced magnetization by this oxide, and during thermostatic magnetization ashing the
magnetic moment arises, which is determined by the mass fraction of Fe;0,.

All this provides the basis for using the induction method for assessing iron oxide in coal.

There are chemical and physical methods (X-ray fluorescence, atomic emission) for determining chem-
ical composition of coal, ash, including iron oxides (III) regulated by GOST: 10538-87, P 55879-2013,
P 54237-2010 (ASTMD 6349-2008) [1].

These methods are characterized by long-term measurement process, which is unacceptable when pre-
paring coal as a carbon reducing agent for transportation to the consumer.

Induction method in coal iron oxide test

In this regard, we have developed a device for rapid analysis of the iron oxide (III) concentration in coal
by its magnetic susceptibility. Pieces of works [1, 2] on achievements in induction method for measuring the
magnetic susceptibility of samples in feed-through coil by changing the introduced complex resistance ena-
bled us to elaborate on the subject and create the device.

To measure extreme low values of magnetic susceptibility with high accuracy, it was necessary to con-
sider many influences. A sample to be magnetically measured is placed to an inductor, while the winding
inductance changes in proportion to the magnetic susceptibility of the sample [1, 2].

To measure little changes in inductance, we used a bridge method which uses two identical inductors,
with the sample placed into one of them. Identical secondary coils are wound on the coils, with their wind-
ings connected in series and in opposite phases for mutual compensation of the signal induced to them in the
absence of the measured sample. An equivalent chart of the measuring unit is shown in Figure 1.
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Figure 1. An equivalent chart of the measuring unit
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In this circuit, generator G1 excites an alternating sinusoidal electric current in the circuit G1, R1, L1,
L2, and resistor R1 displays the total active resistance of the winding wire L1 (measuring) and L2 (compen-
sation).

As per the Kirchhoff's second law:

U =IR1+ [joLl1+ [j®oL2, )
where ® is angular frequency of alternating current, [ is current in the circuit of primary windings. Second-
ary voltages:

Uy =ljolk; U, =ljoLk, (2)
where £ is transformation ratio.

As aresult, a useful error signal will be:

AU = [joLk — [joL,k = [jok(L, —L,) . (3)

From formula (3) it follows that the error voltage depends on the difference of inductance of the meas-
uring and compensation (reference) coils, but does not depend on active resistance of the winding, which
helps to avoid problems associated with temperature dependence of the coil.

Due to extremely small size of the relative magnitude of the change in coils inductance when introduc-
ing the sample, measurement of the useful error signal appears to be a difficult task. Additional difficulty is
impossibility of full compensation of the secondary voltage due to misalignment of the voltages both in am-
plitude and in phase due to influence of inter-turn and inter-winding capacitance. To solve this problem, it
was decided to abandon exact compensation of voltages and the use of a zero indicator. Instead, the error
signal is digitized using a high-precision analog-to-digital converter. The chart of the error signal processing
unit is shown in Figure 2.

Reference  Switch

signal

:I\ A/D CPU
Input converter
signal

Figure 2. Error signal processing unit

Analysis of tracer amounts of heavy metals using traditional physicochemical methods (atomic absorp-
tion, polarography, photometry, etc.) requires preliminary preparation of the sample because metals in most
objects are in a bound state. They form fairly strong organic complexes that hinder to accurately reproduce
and determine their content. Therefore, it is necessary to deconstruct the organic component of the coal sam-
ple in order to identify the target elements in the form of stable inorganic compounds convenient for subse-
quent analysis [2].

Destruction of organic components is performed by ashing, i.e. burning a sample in a muftle furnace,
and wet ashing, which is heating with acid oxidizing agents. Preparation for heavy metal analysis in samples
of complex composition by these methods sometimes takes 8—10 hours and about 80-90 % of the total test-
ing time. In most cases, errors of the experimental results are made at this stage [2].

To reduce the time of sample preparation, we used partial ashing process which includes:

— weighing by 10 g of coal and placing in a crucible with a lid;

— crucibles are quickly placed to the zone of stable temperature of the furnace heated to (900+5) °C,
kept for 10 minutes (the temperature that fell when the crucibles were placed to the furnace should
again reach (900+5) °C in no more than 4 min.);

— a support with the crucibles is taken away from the furnace, cooled on a metal or asbestos plate to
room temperature;

— the test sample is transferred from the crucible to a sealed polyethylene container, which is placed to a
flask for putting into the measuring coil of the device and analyzed in accordance with the developed
procedure.

The developed PIKOZ-1 device and the method of induction-based measurement of the iron oxide con-

tent in coal are introduced in a coal mine of Shubarkol Komir JSC.
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The results of measurements of the iron oxide content in coal according to GOST 10538-87 and using
induction-based method are presented in the Table which suggests that the observed discrepancy in results is
within acceptable limits (GOST 10538-87). The time of one measurement as per GOST 10538-87 (using
chemical method) was 14 hours, and the induction method took 0.5 hours, which reduces the time of coal test
for iron oxide content by 48 times. This is a crucial factor when preparing coal before shipment.

Table
Results of measuring iron oxide in coal by analytical and induction methods
Certificate # Content of Fe;0y4, (kg/t) Mass fraction of Fe;Oy4, (%) Discrepancy
GOST 10538-87 Induction method GOST 10538-87 Induction method (%) abs.

1453 2.08 1.78 0.208 0.178 0.03
1024 0.77 2.05 0.077 0.205 0.13
1021 1.02 2.66 0.102 0.266 0.16
1598 2.33 2.71 0.233 0.271 0.04
1239 4.36 4.23 0.436 0.423 0.01
1539 1.50 1.32 0.150 0.132 0.02
1201 2.33 2.28 0.233 0.288 0.06
1221 2.67 2.70 0.267 0.270 0.01
1454 1.63 1.74 0.163 0.174 0.01
1271 10.77 11.09 1.077 1.109 0.03
1342 8.73 8.64 0.873 0.864 0.01
191 1.47 1.48 0.147 0.148 0.001

The error of analytical measurement according to GOST 1053857 for iron oxide from 5 to 10 %
should be 0.4 % absolute or 7.7 % relative. For a mean iron oxide content of 3.35 % the resulting error is
0.2 % absolute found by analytical and induction methods.

Conclusion

For rapid measuring of the concentration of iron oxide in coal, the PIKOZH-1 method and device have
been developed. The device was introduced at Shubarkol Komir JSC, Certificate No. 9912 on metrological
certification as a measuring instrument with the right to be used in the Republic of Kazakhstan was received
for it. It can be offered to organizations working on supplies of unique coal of the Shubarkol type in order to
use it as a carbon reducing agent in the production of silicon and aluminum.

The resulting error in the measurement of iron oxide in coals meets the requirements of the Kazakhstan
state standard GOST 10538-57 and is 0.2 % abs.

The work was carried out under the program of the Ministry of Education and Science of Kazakhstan,
Grants # 0118PK000063 and No. @.0781.
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IIIy0apkeJ1 KeH OpHbI KOMipJepiHaeri TeMip OKCHAIH aHBIKTAY

[Maiimanel Ka3bamapiaspl KeIMICHAI WUrepy MEMIICKeTTiH 0acTbl MiHAeTTepiHiH Oipi Gonbin Tabbutaabl. OHBI
IICIIYA€ MAaHBI3bl POJ OHEPKACINTIK KPEMHUI OHIIpICIHAEC KOJIAHBUIATHIH KbIMOAT KOJYMOHSIIBIK
KeMIipJIepiH UMIOPTHIH yKcac cunarramanapsl Oap IllybGapken kemipiepiHe aaMacTbipy OOJBIT TaObUIAIBI.
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Heri3ri reoforusuiblK MiHACTTEPAIH Oipi — KPEeMHHIIIH KSH TEPMHUSUIBIK OHAIPY TEXHOJIOTHSCBIHA dcep
eTeTiH KeMipjeri Temip OKCHIiHIH TapainyblH 3epTrey. JKyprizinren 3eprreyiep KepCeTKeHAeH, Temip
OKCHIIHIH KbIMOAT XMMMSUIBIK TalliayJiapbl )KOFapbl JIQJAIKIEH, OJapAbl KOCIIOPBIHAA KOMip MapTHACHIH
KaJIBINTACTEIPY Ke3iHAe JKelel KOoJaHyFa MYMKIHIIK Oepmeiini. ©O3eKTi MoceleHi HIemly YIIiH KeMipaeri
TeMip OKCHAIHIH KYpaMbIH Xe#en Oaramaynbl YIIH KOMIpHiH MarHUTTIK CHIIATTaMalapblH eJIIeYyHiH
HMHITYKIWSIIBIK TIPUHINITH JKY3€Te achIpaThlH 9JiC IeH ammapar jkacajabsl. By ozmic exi BaJeHTTI TeMipaiH
OKCHJIIH ycakTay Ke3iHJAe KypJeni YIIBaleHTTI TOTHIFbIHA aiHanmelpyra Herizgenaren. [OCT 10538-87
OoiibIHIIA Oy HOTHIXKENIepi MEH O3IpJICHIeH OMIC apachlHIArbl COMKECCI3K pyKcaT eTiNreH aeHreiire
coiikec keneni. Kypoutrbl «llly6apken Kemip» AK kocimopubinza xosinansuiaasl. Kasakcran Pecny0mmka-
CBIHJAFbI OJIIIeY Kypaubl peTinae Merposiorusubik Ceprudukarray Typanst Ne 9912 kyanik Gepinai.

Kinm ce30ep.: xeMip, Kyi, TeMip OKCHJI, MarHUTTEHI€HIIK, WHAYKIHUAIBIK KaTyLIKajiap, KOHLEHTPALUSIHbI
enmiey.

A.Jl. Mayceimbaena, S.0K. baiicaros, B.C. IlopTHOB,
B.M. IOpos, C.A. I'yuenko, A. AMaHTeIABIKbI3bI

Omnpenenenne okcuaa xkejuesa B yriasix Mecropoxaenus llly6apkoan

KoMmekcHOe 0CBOEHHE MHHEPAIBHBIX PECYPCOB SIBISIETCS OAHOM M3 INIAaBHBIX 3a[a4 rocyaapcTsa. BakHyro
ponb ISl €€ PelleHUs] UMEEeT MMIIOPTO3aMeIlEHHE JOPOTOCTOSIMIMX KOTyMOMHCKHX YrieHd, HMCHONb3yeMbIX
TIPU TOJIy9€HUN TEXHUYECKOTO KPEMHHS, ITy0apKOIbCKIMH YTIISIMH, UMEIOIINMU CXOIHBIC XapaKTEePUCTHKH.
OpHOM W3 IIaBHBIX IEOJIOTMYECKHMX 3alad SBJIACTCA H3Y4YCHUE DPACIpelesiecHHs B YIVIAX OKCUAA JKelle3a,
KOTOpPBII OKa3bIBA€T BIMSHUE HAa TEXHOJIOTHUIO PYAHOTEPMHUYECKOrO IMONIydeHUs KpeMmHus. IIpoBencHHbIE
HCCIICIOBAHUS IIOKa3ald, 4TO JOPOrOCTOAIIME XMMHYECKME aHalU3bl HA OKCHJ >Kele3a, IPU BBICOKOH
TOYHOCTH, HE MO3BOJIIOT ONEPATHUBHO UCIIOIB30BATh MX MPH (GOPMUPOBAHUH ITAPTUH YIJIS HA MPEATPUSITHH.
Jnis perieHns akTyaJbHOH 3a/1a4i — 3KCIPECCHOM OLICHKU COAEpKaHUi OKCHUIa JKese3a B yrie pa3paboTaHbl
crnoco0 1 mpubop, peanu3yromue HHIYKIHOHHBIN MPUHLUI U3MEPEHHsS MArHUTHBIX XapaKTEPUCTUK YTJeH.
Crnoco6 OCHOBaH Ha IEpeXojie OKCHJA IBYXBAJIEHTHOTO JKENie3a B CIOXKHBIM OKCHJl TPEXBaJEHTHOTO IPHU
o3oseHun. Pacxoxnenue pesynbratoB m3mepenuit mo 'OCTy 10538—87 u pa3paboTaHHOM METOIUKE JISKUT
B Ipesenax pomyctuMoctd. [IpuGop ucnonssyercs nHa npennpusituu AO «lllybapkons Komupy. IMomyden
Cepruduxar Ne 9912 0 METpOIOrHIeCcKoi aTTecTalluy Kak CpecTBO n3Mepenus B Pecrryommke Kasaxcran.

Knrouegvie cnosa: yriig, 30JbHOCTb, OKCHUJbI 3K€JI€3a, HAMAarHUW4Y€HHOCTb, WHAYKIIMOHHBIC KaTYIIKH,
U3MEPECHUC KOHHCHTpaHHfI.
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