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Abstract

Aim. The purpose is to determine the hazard class and hydraulic activity of the blast-furnace slag fractions and
substantiate the way of their utilization. The study deals with the blast furnace slags from Zaporizhstal, Dnieper
Metallurgical Combine (DMC), ArcelorMittal Kryvyi Rig, Illich Iron & Steel Works (Mariupol Metallurgical Combine -
MMC) and Alchevsk MC (AMC). Methods. The mineral composition of the slags was determined using X-ray phase
analysis on a Siemens D500 diffractometer. The elemental composition of the slag fractions was determined by
electron probe microanalysis on a JSM-6390 LV scanning electron microscope with an X-ray microanalysis system.
The hazard class was determined by calculating the toxicity indices. Results. In the fractions of blast furnace slags,
silicate minerals of three systems were found: Ca0-Si02, Ca0-Al203-Si02 and Ca0-Mg0-SiOz. The hydraulic activity
of slags is quite high, it is determined by the mass fraction of hydraulically active minerals: bredigite, larnite,
akermanite, pseudowollastonite; by titrimetry according to the amount of absorbed lime and the content of unbound
Ca0. The impurity elements S, F, Cl, P, Mn, and Ti were found in slags. The calculation of the total hazard indices
showed that all the studied fractions of blast furnace slags belong to hazard class III (moderately hazardous).
Conclusions. The analyzed slag fractions can be used as sorbents in the treatment of waste water and secondary raw
materials at roasting and hydration when producing binders, which ensures a decrease in the content of toxic
components in the finished product to comply with hazard class IV.
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TOKCUYHA ITIIPABJIIYHA AKTUBHICTH JOMEHHUX IIUVIAKIB IK OCHOBHI
KPUTEPII BUBOPY TEXHOJIOTTI IX YTUII3ALIT

Enina b. Xo6otoBal, H0nis C. KantoxkHas!, Bita B. lauenko?, Bacuis I. Jlapin2
WXapkiecvkuil HayioHabHULl a8moMmobiibHO -00podicHill yHisepcumem, gya. Apocaasa Mydpozo, 25, Xapkis, 61002, Ykpaina
ZXapwkoeckill HayioHaabHull yHisepcumem imeni B. H. Kapasina, na. Ceo6odu, 4, Xapkie, 61022, Ykpaina

AHoTanisa

MeTa. Bu3HaYuTH KJIac HeGe3NeKHU i riApaBjiyHy aKTUBHICTh ppaKLiiii JOMeHHHX IJIAKiB i OGIPYHTYBaTH HampsAM ix
yTuiaisanii. lociigKeHHs CTOCY€ETbCA AOMEHHMX IJIaKiB 3anopixkcrasi, /JHiNpoBCcbKOro MeTaaypriiiHoro KomGiHaTy
(AMK), ApcenopMirran Kpusmuii Pir, Mapiynonbcekoro MK i AnuyeBcbkoro MK. Metoau. MiHepa/ibHuUil ck/1aj ILIaKiB
BU3HA4Ya/Id 32 JONOMOrol peHTreHodasoBoro aHaxizy Ha gudppaxkrtomerpi Siemens D500. EneMeHTHUH cKJafj,
dpaxniii makiB BU3HaYa/au eleKTPOHHO-30HAOBUM MiKpoaHa/i30M Ha CKaHYH4YOMY e/JeKTPOHHOMY MiKpocKomi
JSM-6390 LV 3 cucTteMo010 MiKpOpeHTIreHOBCKOro aHaJjisy. Kiac HeGe3neku BU3Ha4Ya/iM NIPU PO3PaxyHKY iHAeKcCiB
TOKCHUYHOCTi i cymapHuX iHAeKciB HeGe3dneku. PesynbraTu. Y Ppaknisx AoMeHHUX LLJIaKiB BUABJIEHI cuiiKaTHIi
MiHepaau Tpbox cucreMm: Ca0-Si02, Ca0-Al203-Si0z2 i Ca0-MgO0-SiOz. lgpaB/iyHa aKTHUBHICTh HIJAKIiB AOCUTH
BHCOKA, BOHA BU3HA4YeHa N0 MacoBiid 4acrui rigpaB/iiyHO aKTUBHUX MiHepasiB: 6pej MriTa, JiapHiTa, oKkepMaHira,
NCBEeJ0BOJIACTOHITa; TUTPYBAaHHAM 3a KJIBKICTIO MOrJIMHEHOro BamHa i BMicToM He3B'sizaHoro CaO. flk eneMeHTH-
AoMilKM B miakax 3HaigeHi S, F, Cl, P, Mn i Ti. Bci gocnigxkxeHi ¢ppaxkuii someHHux muiakis BigHocsaTrbea ao Il kaacy
He6Ge3neku (momipHo HeGe3neyHi). BucHoBku. JlocmifkeHi makoBi ¢paknii MOXKyTh BUKOPHCTOBYBAaTHUCS B SIKOCTi
COpGeHTiB NpH OYMILEHHi CTiYHMX BOJ |1 BTOPMHHOI CHMPOBUHM Yy BHPOGHUITBI B'SUKy4MX MaTepiajaiB npu
BUNAJIIOBaHHI i rigparauii, mo 3a6e3nedyye 3HMKEHHSI BMICTy TOKCMYHMX KOMIOHEHTIB y roToBii mpoaykuii mo
BignoBigHocTi IV k/1acy HeGe3neKu.

Karwuvosi caoea: noMeHHUH 1saK; MiHepasI; TifpaBJiiuHa aKTHUBHICTb; TOKCHYHICTB; KJIac HeGe3NeKy; yTWiisalis; B XKy4ud
MaTepia.
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TOKCHUYHOCTb U THAPAB/IMYECKAA AKTUBHOCTb JOMEHHBIX IIIVTAKOB KAK

OCHOBHBIE KPUTEPUH BbIBOPA TEXHOJIOTUU UX YTUJIN3ALIUU
JnuHa b. Xo6otoBa*!, lOnus C. KantoxkHas!, Bura B. lanenko?, Bacuaunii U. Jlapun?
1 Xapokosckuli HAYUOHAALHBIT A8MOMOBUMBHO -A0POXNCHBIT YHUBepcumem, yA. Apocaasa Mydpozo, 25, Xapvkos, 61002,

YkpauHna
2XapvKosckull HAYUOHA/ILHYIL yHUsepcumem umenu B. H Kapaszuna, na. Ceo6odut, 4, Xapvkos, 61022, YkpauHa

AHHOTanusa

Iesb. Onpeae/nTh KJAACC ONACHOCTH M T PaBINYeCcKyl0 aKTUBHOCTh PpPaKIUil AOMEHHBIX IIJIAKOB U 06G0CHOBATb
Hanpas/ieHMe HX yTHIu3anuu. McciemoBaHue KacaeTcd JOMEHHBIX IIJIAKOB 3aloOpoOXKCTaaHd, /IHEempoOBCKOTO
MeTta/utypruyeckoro kom6unara (IMK), ApcesopMutran Kpusoii Por, Mapuynosabckoro MK u AnmuyeBckoro MK.
MeToAbl. MEHepa/IbHBIH COCTaB LIJIAKOB ONpeje/s/I4 C IOMOIbI0 peHTreHoda30Boro aHajausa Ha JudpaKTomeTpe
Siemens D500. dneMeHTHbIN cocTaB ¢paKnuil IMJIAKOB onpejessild 3JIEKTPOHHO-30HJ0BbIM MHKpPOAaHa/JIU30M Ha
CKaHUPYKIeM 3J1eKTPOHHOM MHKpockone JSM-6390 LV c cucreMoii MHKpPOPEHTreHOBCKOro aHaausa. Kiacc
ONACHOCTH onpeJe/is/Ii NPHU pacdeTe HHAECKCOB TOKCHYHOCTH M CyMMapHBIX MH/EKCOB OacHOCTH. PesybTaTtel. Bo
dpakuuax JoMeHHbIX HIJIAKOB OGHAPY>K€eHbl CUJIMKAaTHble MUHepaablTpex cucreM: Ca0 —Si0z, Ca0-Al203-Si02 uCa0-
Mg0-SiO2. 'mapaBanYeckass aKTUBHOCTb IIJIAKOB AOCTaTOYHO BBICOKA, OHA ompejesjieHa IO MacCOBOM JoJsie
rUJpaBjudyecKl aKTHBHBIX MHMHepasoB: O6peAMIrHTa, JApPHUTA, OKepPMaHHUTa, IICBeJOBO/IJIACTOHMUTA;
TUTPUMETPHYECKH IO KOJMYECTBY IOIJIOLLeHHON H3BeCTH M cojep>KaHHMI0 HecBA3aHHOM Ca0. Kak asemeH Thi-
npuMecy B niakax HageHnl S, F, Cl, P, Mn u Ti. Bce uccinegoBanHbie ¢ppaKkiyy JOMEHHbIX HIJIAKOB oTHOCATCA K 111
KJIaccy onacHOCTU (YMepeHHO onacHble). BbiBoabl. Uccies0BaHHBbIE IIJIAKOBble PpaKIMU MOTYT MCHO/Ib30BaThCA B
Ka4yecTBe COPGEHTOB NMPH OYHMCTKe CTOYHBIX BOA, U BTOP MYHOrO ChIPbSl B NPOU3BOJCTBE BLKYIIUX MaTepHaIoB NpHU
00)KHTre U TMJpaTaluy, YTO o6ecrie4yuBaeT CHIKeHHe CoJeprKaHUA TOKCUYHBIX KOMIIOHEHTOB B rOTOBOHM NPOAYKIMU
A0 cooTBeTCTBUA IV KJ1accy onmacHOCTH.

Kniouesbvie cno8a: JOMeHHBIH 1IJIaK; MUHepas; THApaBJNYecKass aKTHUBHOCTB; TOKCHYHOCTb; KJIACC OMACHOCTH; YTHIM3ALMSA;

BSKYILIMHA MaTepHasl.

Introduction

Solution of environmental problems,
introduction of processing and disposal of slag
dumps of metallurgical plants can save resources
and minimize environmental pollution [1]. The
directions of slag utilization are various.
Metallurgical slags are used as crushed stone for
road construction [2], concrete filler and a
component of the raw mix in the production of
various binders [3;4], as raw materials for
manufacturing glass and mineral wool [1]. The
hydraulic activity of granulated blast-furnace
slags of various storage periods decreases with
time [5]. In agriculture, slags are used for liming,
soil conditioning, increasing crop yields and
stabilizing heavy metals in soils [6]. The use of
slags as sorbents in wastewater treatment
technologies is promising [7-13]. Slags from the
production of Fe-Ni alloy have proved efficient in
the sorption of organic dyes [7; 8; 13], slags from
the production of cast iron and steel absorb
cations and anions from industrial waters and CO;
in a blast-furnace process [9; 10]. Activation of
blast furnace slag increases its sorption activity as
related to Pb and Cr ions [11]. The number of
surface calcium groups of blast furnace slag is
sufficient for binding phosphates; an increase in
the basicity of the slag reduces its sorption
capacity [12].

The chemical and mineralogical composition of
slags affects the direction of their disposal. The
number of polluting elements does not always
correspond to the chemical composition;

therefore, itis necessary tocarry outleaching tests
of slags, which predict their behaviour in various
environments [14]. The effect of non-ferrous
metallurgy slags on the environment is more
negative compared to slags from ferrous metals
production [14]. Granular blast-furnace slag and
concrete composite samples having it in their
content [3], converter slag and crushed blast-
furnace stones [15] have shown low eco- and
phytotoxicity. Most slags contain admixtures of
toxicelements: As, Pb, Cd, Co, Crand Ni [1]. Metals
Fe, Ti and Cu were found in the composition of the
Zaporizhstal dump blast furnace slag [16;17].
When steelmaking slag is used as crushed stone
for road construction, the activation of soil
pollution with heavy metals with an increase in
soil acidity has been proven [2]. Leaching of Zn
from granulated and dump blast furnace and
steelmaking slagand Pb from dump blast furnace
slagwasregistered [18]. Whenusingblast-furnace
slags as sorbents, the simultaneous inputof Al, Cd,
Co, and Hginto water wasrecorded [12].

The goal of the research is to determine the
hazard class and hydraulic activity of fractions of
blast furnace slags from metallurgical plants of
Ukraine, which makes it possible to substantiate
the direction of their utilization. This study deals
with the blast furnace slags from the Public Joint-
Stock Company (PJSC) “Zaporizhzhia
Metallurgical Plant “Zaporizhstal” (Zaporizhstal),
PJSC Dnieper Metallurgical Combine (DMC), PJSC
“ArcelorMittal Kryvyi Rig”, Private joint stock
company Illich Iron & Steel Works (Mariupol
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Metallurgical Combine - MMC) and Open Joint
Stock Company Alchevsky Metallurgical Combine
(AMC). Granulometric fractions of slags, which are
promising as a raw material component for the
production of binders [4], have been selected for
toxicological assessment.

Research objectives are determination of the
mineralogical and elemental composition of the
fractions of blast-furnace slags; calculation of the
total hazard index of slag fractions and their
assignment to a certain hazard class;
determination of hydraulic activity of the slag
fractions; substantiation of the direction for blast-
furnace slags utilization.

The novelty of the work lies in the assessment
of the toxicity and hydraulic activity of the
fractions of dump and granular slags, for which the
prospect of using as a raw material component of
the production of binders was preliminarily
determined, through the use of a set of
experimental and calculated research methods.

Materials and methods of research

The separation of slags into granulometric
fractions was carried out using a set of sieves.

The mineral composition of the slag fractions
was determined by means of X-ray phase analysis
[19] using a Siemens D500 powder diffractometer
in copper radiation with a  graphite
monochromator. Full-profile diffraction patterns
were measuredin theanglerange 5<26<100° with
a step of 0.02° and an accumulation time of 30 s.
The primary search for phases was performed
using the PDF-1 card index [20]; the calculation of
X-ray diffraction patterns was carried out
according to the Rietveld method using the
FullProfprogram [21].

The chemical elemental composition of the slag
fractions was determined by electron probe
microanalysis (EPMA) on aJSM-6390 LV scanning
electron microscope with an INCA micro-X-ray
analysis system. The errors in determining the
mass fractions of elements were 1.5-5.5 %.

The hydraulicactivity of the slag fractions was
determined by the amount of absorbed lime Ca0
from a 5.83 % CaO solution. In order to determine
the content of unbound CaO, the extracts from
blast furnace slags were obtained by keeping in
water for 3 days. CaO concentration was
determined by titrimetry with 1 N solution of HCL.

Methods to determine the hazard class of
industrial waste using the toxicity index. For a
quantitativeassessment of the slags impact on the
environment, a calculation method to determine
the hazard class of industrial waste using the
toxicity index was applied [22]. A calculation
option for the development of a technology for the

utilization and neutralization of industrial waste,
causing a decrease in their negative impact on the
soil has been chosen. Initially, the indices of K;
toxicity of chemical ingredients included in the
composition of slags were calculated:

- 1g(LDsy); ,
" (S+0.1F+C,)

where 1g(LDso) is the logarithm of the average
lethal dose of a chemical compound when
administered into the stomach; S is a coefficient
reflecting the solubility ofa chemical ingredient in
the water; F is the coefficient of volatility of the
substance; Cs is the amount of this compound in
the total waste mass, in t/t; iis the ordinal number
of theingredient.

If there are no LDso values for slag ingredients,
but it is known that industrial waste components
have a certain hazard classand are presentin the
air of the working area [23], then conventional
LDso values determined by the hazard class
indicators in the air of the working area are
substituted into formula (1): I hazard class 1gLDso
= 1.176 (Kz < 1.3); 11 -2.176 (Kz =1.3-3.3); l1I -
3.699 (Kx=3.4-10); IV-3.778 (Kz>10) [24].

After calculating K; for the ingredients of the
waste, no more than 3, butnot less than 2 leading
ones having the smallest K; are chosen. The
following conditions mustbe met: K1 < K2 < K3and
2K1> K3. The total hazard index K is calculated by
the formula:

(1)

1 2)

n

n

YK, N <3.

i=1

If the condition 2K1 > K3 is not met, then the
calculation of Ks is carried out according to the
values of K1 and K. After calculating the hazard
index, the hazard class of industrial waste is
determined. For the investigated fractions of
blast-furnace slags, the following conditions were
adopted [24]:

- Ca and Mg aluminosilicates belong to hazard
class Il in the air of the working area, therefore
1g(LDso) = 3.699; the above compounds are
insoluble and non-volatile (§= 0 and F= 0). Thus,
when calculating Kionly the content of minerals in
the slags of Csis taken intoaccount.

- calcite and gypsum belong to hazard class [Vin
the air of the working area, therefore
1g(LDs0)=3.778; the solubility coefficient S for
calciteis 0.000012,for gypsum - 0.002.

The greatest danger is the fibrogenic effect of
dust generated during the processing of
aluminosilicate rocks, gypsum and calcite in the
production of building materials. Entry through

K =



315

Journal of Chemistry and Technologies, 2021, 29(2), 312-320

the gastrointestinal tract and the transcutaneous
route are not important for determining the toxic
effect on the body. Therefore, we used indicators
of toxicity of harmful substancesin the air.
Mineralogical composition of blast-furnace slag
fractions. During the X-ray phase analysis, silicate
minerals of three systems were found in the
composition of blast-furnace slags (Table 1). The
minerals of the Ca0-SiO; system include rankinite
3Ca0-2Si02,  bredigite  a-2Ca0-Si02, and
pseudowollastonite o-Ca0-Si02 [25]. Rankinite
has no hydraulic properties. Bredigite is an a-
modification of belite with high hydraulic activity.

The hydraulic properties of the 3-modification are
less  pronounced. Pseudowollastonite is
metastable, which determines its hydraulic
activity during slow hardening [25].

Helenite 2Ca0-Al;03-Si02 belongs to the
ternary system Ca0-Al203-Si0O2 [24], it does not
possess  binding properties. Okermanite
2Ca0-Mg0-2Si02 belongs to the CaO-MgO-SiOz
system, it exhibits insignificant hydraulic activity.
Inaddition to magnesiumions, it may contain iron
(I1) and manganese ions [25]. Helenite and
okermanite are isostructural minerals in which
Mg and Al can be substituted by transition metals.

Table 1
Initial data for calculating toxicity indices of blast furnace slag components
Ne Phase Cs, t/t Ki
Zaporizhstal bump blast-furnace slag, fraction > 20 mm
1 *a-2Ca0-Si02 bredigite 0.272 13.6
2 2Ca0-Al203-Si02 helenite 0.41 9.02
3 *2Ca0-Mg0-2Si02 okermanite 0.034 108.8
4 *a-Ca0-Si02 pseudowollastonite 0.114 32.4
5 3Ca0-2Si02 rankinite 0.137 27.0
DMC bump blast-furnace slag, average sample
6 *Ca14Mg2(Si04)8 bredigite 0.078 47.4
7 CazAl2Si07 helenite 0.33 11.2
8 *Ca2MgSi207 okermanite 0.042 88.1
9 *CaSiO3 pseudowollastonite 0.165 22.4
10  CasSi207 rankinite 0.055 67.3
11 CasMgSi208 merwinite 0.24 15.4
ArcelorMittal bump blast-furnace slag, average sample
12 *Ca14Mgz(SiO4)8 bredigite 0.016 231.2
13 *Ca2zMgSi207 okermanite 0.1 36.1
14  CasSi207 rankinite 0.16 23.1
15  *B-CazSiO4 larnite 0.32 11.6
16  MnFe204 jacobsite 0.085 43.5
17  CazFe20s5 srebrodolskit 0.298 12.4
18  KAISi30s microcline 0.025 147.1
ArcelorMittal granulated blast-furnace slag, fraction >10 mm, colour
Cs, t/t Ki

white grey white grey
19  CaCO3 calcite 0.053 0.332 71.3 11.4
20  CaS oldhamite 0.0048 0.151 770.6 24.5
21 Ca2Al2SiO7 helenite 0.559 0.245 6,6 15.1
22 *CazMgSi207 okermanite 0.095 0.055 38.9 67.3
23 *CaSiO3 pseudowollastonite - 0.043 - 86.02
24 CasSi207 rankinite 0.289 0.048 12.8 77.06
25  KAISi308 microcline - 0.065 - 56.9

MMC bump blast-furnace slag, fraction 2.5-5.0 mm

26  SiO2 quarz 0.245 15.1
27  *Ca1sMgz(SiO4)8 bredigite 0.039 94.8
28  *CazMgSi207 okermanite 0.244 15.2
29  *CaSiO3 pseudowollastonite 0.0539 68.6
30  CasSi207 rankinite 0.12 30.8
31 KAISi308 microcline 0.15 24.7
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32 (Mgo.s6Feo.44)2(Si206) enstatite 0.085 43.5
33 Ko.94Nao.06Al1.83Fe0.17Mgo.03(Al0.91Si3.09010) (OH)1.6500.12 F0.23 muscovite 0.065 56.9
AMC bump blast-furnace slag, fraction >10 mm
34  CaCOs3 calcite 0.026 145.2
35  *Ca1sMgz(SiO4)8 bredigite 0.087 425
36  CazAl2Si07 helenite 0.318 11.63
37  *CazMgSi207 okermanite 0.147 25.2
38  *CaSiO3 pseudowollastonite 0.197 18.78
39  CasSi207 rankinite 0.138 26.8
40  CaS042H20 gypsum 0.038 94.45
41  KAISi308 microcline 0.027 137
42 Ca19.06(Als.g2Mg2.71Fe1.45Ti0.16)(Si04)10( Si207)40 (OH)(OH)e.56F 1.44) vesuvianite 0.011 336.27

* Hydraulically active minerals

It is interesting to compare the mineralogical
compositions of ArcelorMittal granulated and
dump blast-furnace slag. In the fraction >10 mmof
granular slag, whiteand grey samples are present.
In the white samples, the main minerals are
helenite and rankinite, and in the grey samples
these are calcite, helenite, and oldhamite. In terms
of the content of hydraulically active minerals, the
fractions are close: white — 9.5 % of okermanite;
grey — 5.5 % of okermanite and 4.3 % of
pseudowollastonite. The dumpslag contains more
hydraulically active minerals, 43.6 %: 10 % of
okermanite + 1.6 % of bredigite + 32 % of larnite,
and may show higher activity when interacting
with water. This refutes the opinion about the low
hydraulicactivity of dump blast furnace slags and
confirms the need for a mandatory assessment of
the hydraulic properties of slags before using
them in the production of binders.

Blast furnace slags can be used in the
production of binders in two main areas: 1. as a
raw material for the production of Portland
cement clinker; 2. in the production of slag
Portland cement (SPC) by joint grinding of cement
clinker and slag. In the first case, slag minerals
partially decompose with the formation of oxides
at high burning temperatures. In this case, the
hydraulic activity of slag minerals is of limited
importance. The oxide composition of blast-
furnace slags determines the choice of the first
direction of utilization, it should be close to the
oxide composition of the raw materials. According
to [26], the use of granulated slags in the
production of cements, concrete and mortars is
possible if the following conditions are met: the
ratio of oxides (CaO+Mg0)/Si02>1, the slag must
contain at least 67% by weight of the sum of
oxides (Ca0O+MgO+Si0z), the rest should be Al203
together with a smallamountof other compounds.
White fraction> 10 mm of granulated slag has the
following parameters: (Ca0O+Mg0)/Si0; =1.7;

(Ca0+Mg0+Si02) = 76.78 %. Grey fraction> 10
mm: (Ca0+Mg0)/SiO2 =2.38; (Ca0+MgO0+SiO2) =
54.78 %. On average, with a ratio of whiteand grey
fractions of 1: 1, the indicators are:
(Ca0+Mg0)/Si0: 2.04; (Ca0+Mg0+SiO2) = 65.78
%. Thus, the fraction> 10 mm of granulated slag
"ArcelorMittal" almost completely meets the
requirements [26].

Unground granulated slag used for the
production of cement must meet the requirements
[27]: (CaO+MgO+Al203)/Si02 > 1.2, the slag must
contain at least 67 % by weight of the sum of
oxides(CaO+MgO+Si0Oz). For white fraction >10

mm (CaO+MgO+Al203)/Si02=2.43; for grey
fraction (Ca0+Mg0+Al203)/Si02=3.01;  the
average value for the entire fraction

(Ca0+Mg0+Al»03)/Si02=2.72, which indicates the
compliance of the slag with the requirements [27].

The second option for the use of blast-furnace
slagsin the production of binders provides for the
presence of minerals with hydraulic propertiesin
their composition. The initial hydraulic potential
of the slagis used, since in the absence of burning,
the amounts of glassy and crystalline phases and
their = mineralogical composition remain
unchanged. During hardening, calcium silicates
are hydrated toform Ca hydrosilicates.

Impurity elements in blast furnace slags

The results of electron probe microanalysis are
in good agreement with the results of X-ray phase
analysis for most elements (Table 1). Deviations
are observed for impurity elements (Table 2).
Compounds of S, Cl, P, Mn and Ti, which are not
included in the composition of minerals, have
been identified in the composition of Zaporizhstal
blast-furnace slag. Discrepancies in the
mineralogical and elemental compositions of the
MMC blast-furnace slag are noted: the elemental
composition is free of F. However, according to X-
ray phase analysis, fluorine-containing minerals
are present. From this it can be assumed that F is
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replaced in these phases by hydroxyl groups. Sand
Mn are presentin elemental analysis. Itis possible
that S is present in the form of unstable Ca or Fe
sulfide or hydrosulfide. The resultsof the chemical
analysis of the AMC slag fraction >10 mm also
slightly differ from the data of X-ray phase

analysis. Elemental analysis additionally showed
the presence of Mn, Cl in the fraction at zero F,
registered in the vesuvianite mineral. Mass
fraction of S is higher than expected for gypsum
content.

Table 2

Results of electron probe microanalysis of blast furnace slag samples

Mass share of the element in slag fraction, %

Fe K Ti Mn S cl P
Zaporizhstal bump blast-furnace slag, fraction > 20 mm
0.18 0.33 0.10 2.64 0.08 -
DMC bump blast-furnace slag, average sample
0.38 0.42 0.22 0.36 1.95 - -
ArcelorMittal bump blast-furnace slag, average sample
15.38 0.28 0.19 5.34 0.80 - -
ArcelorMittal granulated blast-furnace slag, fraction >10 mm, white colour
- 0.25 - 0.61 - -
ArcelorMittal granulated blast-furnace slag, fraction >10 mm, grey colour
- 0.65 - 0.77 - -
MMC bump blast-furnace slag, fraction 2.5-5.0 mm
0.78 0.72 - 0.14 2.0 - 0.1
AMC bump blast-furnace slag, fraction >10 mm
1.77 0.39 0.23 0.05 1.98 0.19 -

Thus, it can be assumed thatimpurity elements in
the form of ions can be sorbed by the surface of
mineral particles or be present in the amorphous
partof the samples.

Assessment of the hazard of blast furnace slags
in terms of their further disposal was carried out
over silicates and aluminosilicates Ca (Mg) with a
high mass contribution. The detected impurity
elements cannot determine the danger of slags
due to their low toxicity and low content. Table 2
shows the initial data and calculated values of K; of
the slag components, according to which the total
slag hazard index was calculated. For the three
lowest toxicity indices K1, K2 and K3, the condition
2K1 > Ks; was not satisfied, therefore the total
hazard index was calculated using the values of K1
and K. For ArcelorMittal granulated blast-furnace
slag (fraction> 10 mm) K; are calculated
separately for ingredients of fraction >10 mm of
different colours (table 1). The total index is
determined based on the equal content of
fractions of different colours:

1
Ky = E(Km"'Kzz) =5.7.

Allinvestigated fractions of blast-furnace slags
belong to hazard class I1I, moderately hazardous
(Table 3). For almost all samples, Kz was
calculated using Ca and Mg silicates; for four slags,
one of the ingredients for calculating Kz was
helenite - Ca aluminosilicate. An exception is the
average sample of ArcelorMittal dump blast
furnace slag, for which Kz was calculated using
CazFe20s srebrodolskit. Aerosols of these
compounds have a fibrogenic effect without an
acute toxic effect, for them contact with the
respiratory organs and skin is possible, no control
of the air in the working area is necessary [23].

The degree of harmful effects of moderately
hazardous blast-furnace slags on the environment
is medium [28]. The ecological system at the
storage sites is disturbed, the recovery period is at
least 10 years after the reduction of the harmful
effects from the existing source.

Moderately hazardous blast furnace slags can
be utilized as sorbents and used in the production
of construction materials. Experimental results on
the determination of the hydraulicactivity of blast
furnace slags by the absorption of CaO (Table 3)
confirm this prediction.
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Table 3

Hydraulic activity for the absorption of CaO, the content of unbound CaO and the total hazard indices of blast
furnace slags

Slag, fraction Mass fraction of

The absorption of CaO (mg/g)

Ca0 content in

hydraulically at the time of contact ofblast slags, Total
. . . . hazard Hazard
active minerals furnace slags with a Ca(OH)2 determined by .
. - . L index Kz class
in slag, % solution per day. dissolution in
3 7 14 water, mg/g

Zaporizhstal, > 20mm 42.0 183.5 226.7 359.5 13.44 5.7 111
DMC, average sample 28.5 209.5 -97.2 -162 31.1 6.7 111
ArselorMittal dump, average 436 _712.6 _1058 _1134 84.9 6.0 I11
sample
ArselorMittal granulated, 197 32.4 _64.7 ~130 12.6 57 111
>10mm
MMC, 2.5-5.0 mm 33.7 227.5 3455 378 9.2 7.6 111
AMC, >5 mm 43.1 248.3 262.4 335 16.8 7.6 111

The samples of AMC, Zaporizhstal, MMC dump
blast furnace slags exhibit high hydraulic activity,
the absorption of CaO increases with time. The
absorption of CaO by MMC slag is most effective.
For dump and granulated ArcelorMittal slag and
DMC dump slag the reverse process of CaO
leaching from the solid phase is observed.
Moreover, the dissolution of CaO from the
ArcelorMittal waste blast-furnace slag is observed
throughout the entire time of contact of the slags
with the solution. ArcelorMittal granulated slag
and DMC dump slag absorb CaO for 3 days, then
release it. This phenomenon may be associated
with the excess content of unbound CaO in the
slags: free or included in minerals that react with
water. According to X-ray phase analysis, the
fraction >10 mm of ArcelorMittal granulated
blast-furnace slag contains 10 % of CaS, which
undergoes hydrolysis with the release of Ca(OH)z;
the dissolved fraction ofthe CaCOz mineral (19 %)
is partially hydrolyzed.

The content of unbound CaO lime in the slags
was determined by analyzing water extracts from
the slags. According to the results of Table 3, Ca0
dissolves from all slags with different intensity.
The investigated fractions of blast-furnace slags
canbearranged inarow according to the increase
in the content of unbound CaO form in them: MMC
< ArcelorMittal, granular < Zaporizhstal < AMC <
DMC < ArcelorMittal, dump. Since there is no
direct correlation between the CaO content and
the amount of hydraulically active minerals that
split off CaO during hydration, it can be concluded
thatthe DMC and ArcelorMittal blastfurnace slags
contain the greatestamount of free Ca0. The high
content of CaO determines the independent
hydraulic properties of the slag, since the Ca(OH)2
formed during hydration acts as an alkaline agent
on the glassy part of the slag.

Thus, the studied industrial waste can be used
as a secondary raw material in the construction
industry for processing and hydration. Inthis case,

conditions are provided to reduce the content of
toxic components in finished products to comply
with hazard class IV.

Conclusion

In the fractions of blast furnace slags, silicate
minerals of three systems were found: Ca0-SiO,,
Ca0-AI203-Si02 and Ca0-MgO0-Si0:. A sufficiently
high hydraulic activity of slag fractions was
determined in terms of the content of
hydraulically active minerals (bredigite, larnite,
okermanite, pseudowollastonite), and the content
of unbound Ca0. The impurity elementsS, F, Cl, P,
Mn, and Ti were found in slags. It was established
that all investigated fractions of blast-furnace
slags belong to hazard class III (moderately
hazardous).

The investigated slag fractions can be used as
sorbents during purification of waste water and as
secondary raw materials at burningand hydration
when producing binders, which ensures a
decrease in the content of toxic components in the
finished product to comply with hazard class IV.
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