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Abstract. Metallurgical slags accumulate in large quantities. For further disposal, they must have the certain technical properties. Among the main
factors there are chemical and mineral compositions of slags, which affect their final properties. Elemental composition of Zaporozhstal dump
blast furnace slag, determined by electron probe microanalysis, makes it possible to characterize the slag fractions in terms of toxicity. Potassium,
sodium, sulfur, chlorine, copper and titanium, which are not part of the minerals, are recorded by scanning electron microscope; this suggests that
they are sorbed by mineral particles surface. The maximum content of potassium, sodium and titanium is typical for the 2.5 — 5.0 mm fraction.
Slag contains an insignificant (less than 1 %) amount of metals — iron, titanium and copper, which belong to the third hazard class of the sub-
stance; this does not impede further use of the slag. The third hazard class of dump blast furnace slag has been identified. Volume activities and
effective volume activities of granulometric slag fractions have been determined by gamma-spectrometric method. “°K, ?*°Ra and 232Th natural
radio nuclides have been found. It has been proven that slag and its individual fractions belong to the first class of radiation hazard and can be
used in construction without restrictions. Zaporozhstal dump blast furnace slag is characterized by high hydraulic activity with an increase in
absorption of calcium oxide CaO over time. Dump blast furnace slag can be recommended for production of binders (Portland cement and slag
Portland cement) in terms of combination of chemical parameters: to moderately hazardous production wastes of the first class of radiation hazard
with manifestation of high hydraulic activity.
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- INTRODUCTION

Metallurgical slags accumulate in large quanti-
ties. For further disposal, they must have the necessary
technical properties, chemical and mineral composi-
tion. Metallurgical enterprises adjust the quality of slag
when choosing raw materials, optimizing the processing
of liquid slag and the entire technological process [1].
Granulated blast furnace and steelmaking slags are used
in civil and road construction, concrete and cement pro-
duction, as reinforcing stones for hydraulic structures,
during coastal stabilization as sorbents in wastewater
treatment [2]. The effect of various cooling conditions
on the properties of glassy steel slag in terms of their lea-
ching and volume stability was studied [3]. The changes
in the structure of steel slag reflect the process of gradual
dissolution and reaction of lime with SiO, to formation
of 3Ca0-Si0, [4].

The dump blast furnace slags are not so thoroughly
studied. They replace Portland cement in concrete mate-
rials aiming to increase durability and strength, conserve
resources and save energy [5]. A study of the physical and
chemical properties of blast furnace dust has shown its
suitability for asphalt mixtures in road construction [6].
In paper [7] the chemical composition, basicity, hydraulic
properties, melting temperature, and surface morphology
of the particles of blast-furnace and domed slag, which
determine the differences in their use, are compared. In
some cases, the hydraulic activity of dump blast furnace
slag is sufficient for use in the manufacture of binders:
pozzolanic cement, ash-slag-lime binder, and additives to
Portland cement [8, 9]. Hydraulic activity determines the
use of slag. On the example of granulated blast furnace
slags, a decrease in hydraulic activity over time is proved;
the obtained analytical dependence allows us to determine
the slag activity at a certain point in time [10]. The cool-
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ing method may affect the hydraulic properties of the slag,
which correlate with the glass phase content. A higher
concentration of amorphous compounds was recorded in
slags cooled by water or liquid nitrogen [11]. The heat
conservation time is a factor determining hydraulic activi-
ty, and the glass phase content depends on temperature of
the slag discharge [12].

The chemical composition significantly affects the la-
tent hydraulic activity of dump blast furnace slag. Opti-
mum hydraulic activity was recorded with the following
composition of slag 47 Ca0O:20 Al,O, :33 SiO, [13]. The
reactivity of blast furnace slag depends on the chemical
and particle size distribution, glass phase content, heat
of hydration, and microstructure development [14]. The
hydraulic activity of blast furnace slag can be increased
upon activation in several ways [15]: in a strongly alka-
line medium with pH > 1 or at pH = 11.8 — 12.2 with the
addition of calcium hydroxide and its soluble salts — chlo-
ride, bromide, nitrate, formate and acetate. The presence
of hydraulic activity of slags formed the basis for the de-
velopment of methods for producing slag-alkali binders
based on them [16].

Metallurgical slags contain impurities that can be toxic
and pose an environmental hazard. So, in the composition
of dump blast furnace slag, the following elements were de-
tected, mg/kg: Ba— 611, Pb — 8 [17]; secondary and micro-
elements: As, Au, Ba, Ce, Co, Cr, Cu, Fe, Hf, La, Mn, Mo,
Rb, Sb, Sc, Sm, V, W, and Zn [18]; S, P, Mn, Cr, Sr, Zn,
Ba, Ti [19]. No correlation was found between the mineral
composition, the crystalline fraction of the substance, the
structure of blast furnace and steel slag, and the concentra-
tion of impurity elements [20]. In the blast furnace slags
Nb concentrations vary widely, but do not exceed 15 mg/
kg, Ta concentration is <1 mg/kg, Sc <17 mg/kg, Y is about
30 mg/kg. Besides, rare earth elements were detected in
concentrations of 0.5 — 36.6 mg/kg [20].

The number of elements released into the environment
does not always correspond to the volumetric chemical
composition of the slags. Leaching metal impurities from
blast furnace slags is less intense than from non-ferrous
metallurgy slags resulting from the formation of an alka-
line medium in them [21]. Metals Cd, Co, Cr, Cu, Fe, Mn,
Ni, Pb, Se, V, and Zn were leached from steel slag. Co, Cr,
Cu, Fe, Mn, Ni, Pb, and Zn showed less leachability. Toxic
metals As, Cd, Se, and V were not leached using leaching
and toxicity tests [22]. Most metals are firmly bound to
the slag matrix; therefore, their concentration in soils near
slag dumps is lower than in slag [23].

Slags of various origins are concentrators of natural ra-
dionuclides (NR). The possibilities of using metallurgical
slag in civil and road construction according to radioactiv-
ity indicators are shown [24]. The concentrations of NR:
U, Th, and K in the slags of iron and steel production can
be compared with the radioactivity of limestone and do-
lomite. It was determined that the activity of NR is below
the maximum allowable levels established by the norms
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of Romania [18]. For waste blast furnace slag (UK) there
are 2!°Pb < 50 Bq/kg, ?*°Ra — 240 Bq/kg [17].

The purpose of the research is to study the toxicity and
hydraulic activity of Zaporozhstal dump blast furnace slag
as the parameters determining the slag resource value.

The objectives of the research are to study the ele-
mental and radionuclide composition of dump blast fur-
nace slag; to calculate the toxicity index and the hazard
class of the slag; to determine the hydraulic activity of
the slag.

[ RESEARCH METHODOLOGY

The elemental composition of dump waste blast fur-
nace slag was determined by electron probe microanalysis
using the JSM-6390 LV scanning electron microscope
with the INCA microroentgen analysis system.

The gamma-ray spectrometric analysis of slag was
carried out with the scintillation gamma-ray spectrometer
SEG-001.

The identification of the acidity of slag particle surface
layers was made with the pH-meter—the millivoltmeter
that contains a hard phase selective electrode and a modi-
fied reference electrode in polypropylene cases.

Hydraulic activity was determined by the amount of
absorbed lime CaO [25].

[ ELEMENTAL COMPOSITION OF DUMP
WASTE BLAST FURNACE SLAG

According to the results of electron probe microanal-
ysis, the elemental composition of slag fractions is cal-
culated (Table, Fig. 1). It reflects general content of the
elements which enter the composition of crystalline and
amorphous substances.

The results of microroentgen analysis of slag fractions
clearly correlate with the results of the X-ray and phase
analysis [26]. The chemical elements: K, Na, S, CI, Cu
and Ti, that are not part of the minerals, are registered with
a scanning electron microscope; it enables us to suggest
that mineral particle surfaces sorb them. For example, the
maximum content of K, Na and Ti is characteristic of the
fraction 2.5 — 5.0 mm. Zaporozhstal slag contains minor
amount (<1 %) of the compounds of metals Fe, Ti and Cu
(Table), which belong to the third class of a substance haz-
ard. However, it does not prevent slag from further utiliza-
tion.

[ A HAZARD CLASS OF ZAPOROZHSTAL
DUMP WASTE BLAST FURNACE SLAG

In order to quantitatively estimate the impact of dump
waste slag on the environment, the method to assess the
hazard class of industrial wastes is used, taking into con-
sideration a toxicity index [27]. Calculations indicate that
a toxicity index varies within a range of 4.3 — 5.4; it is
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Micro-X-ray analysis of Zaporozhstal
waste blast furnace slag fractions

MuKpOpeHTIeHOBCKHIT aHaIn3 (ppaKumii 0TBAJILHOTO
nomenHoro nuiaka ITAO «3anoposkeraaby»

Elemer.lt.all Blast furnace slag fraction, mm
composition
parameters <0.63 2.5-5.0 >20
Si 10.42 10.80 8.69
Ca 30.81 25.67 28.53
Al 1.65 1.87 1.10
Fe 0.92 0.66 0.18
S 2.12 2.04 2.64
Mg 0.84 0.97 0.72
K 0.53 0.57 0.33
Na 0.33 0.38 —
Cu 0.50 - -
Ti 0.17 0.18 0.10
Cl - - 0.08
(0] 51.70 51.69 57.63

hazard class III (moderately hazardous wastes), i. e. this
dump waste blast furnace slag can be used as secondary
raw materials in construction engineering.

-THE RADIONUCLIDE COMPOSITION OF ZAPOROZHSTAL
DUMP WASTE BLAST FURNACE SLAG

Slags accumulate NR. The gamma-ray spectrometric
method determines the specific activity of NR (C,) and
the effective specific activity (C,) of slag granulometric
fractions. The results are presented on Fig. 1. The natural
radionuclides discovered are as follows: 4°K, ??°Ra and
232Th. A major contribution to Cef is made by radionuclide
226Ra, the second contributor is 232Th.

In the work [28] it was shown that heterovalent iso-
morphic replacement in the structures of minerals of blast-
furnace slags in crystalline or amorphous state is the most
probable mechanism of NR accumulation.

A major contributor to the total activity of Zaporozhstal
dump waste blast furnace slag is isotope “°K, the second
contributor is ?>°Ra which contribution exceeds 20 % and
is hazardous because of radon release.

Slag fractions have different specific activation. The
exceeding of specific activation is marked for fractions
1.25 - 2.5 mm and 2.5 — 5.0 mm. The most radiation-free
fractions have the particles of a size more than 10 mm and
less than 0.63 mm. The least value of C,. and the low con-
tent of >*°Ra are more than 20 mm (74.3 Bqg/kg) for the
fraction of a particle size. According to C, ., slag and its
separate fractions, which are related to the first class of a
radioactive hazard (Cef <370 Bq/kg [29]), can be used in
construction engineering without restrictions.

0 0.5 1.0 1.5 20 25 30 35 keV
Full scale: 4045 cts; Cursor: 3.652 (6985 cts)
a
Ti Ti . Ee
5 6 keV
Full scale: 7415 cts; Cursor: 3.593 (1992 cts)
b
1R 9
1 2 3 4 5 6 kel

Full scale: 7415 cts; Cursor: 3.593 (1992 cts)
c
Fig. 1. Energy spectrum of dump blast furnace slag of fractions

less than 0.63 mm (a) — spectrum 3, 2.5 — 5.0 (6) — spectrum 5
and more than 20 mm () — spectrum 5

Puc. 1. DHepreTHyeckuii CeKTp OTBAIBHOTO TOMEHHOTO LIITaKa
¢bpaxunit menee 0,63 mum (a) — criextp 3, 2,5 — 5,0 (6) — criextp 5
u 6osee 20 MM (8) — criekTp 5

[} DETERMINATION OF ACIDITY
OF SLAG PARTICLE SURFACE LAYERS

Acidity slightly varies in slag fractions. More basic
is <0.63 mm fraction (pH = 9.67), 2.5 — 5.0 (pH = 9.11),
>20 (pH = 8.17).

- HYDRAULIC ACTIVITY OF ZAPOROZHSTAL
DUMP WASTE BLAST-FURNACE SLAG

The hydraulic activity of blast-furnace slags is an im-
portant factor determining the feasibility of their disposal
in the production of slag Portland cement. Experimental
results were obtained on determination of the hydraulic
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Fig. 2. Volume activity and effective volume activities for Zaporozhstal waste blast furnace slag fractions

Puc. 2. YnenbHast akTHBHOCTD U 3((eKTHBHAS yelbHas aKTHBHOCTb JUL (PaKInii 0TBaIbHOro goMeHHoro mutaka [TAO «3amopoxcraiby

activity of the slag fraction >20 mm by CaO absorption
value (mg/g) at a certain time of blast furnace slag contact
with Ca(OH),: 1 day — 184; 7 days — 227, 14 days — 360.
Zaporozhstal dump blast furnace slag shows high hydrau-
lic activity, CaO absorption increases in time. The content
of CaO in the slag, determined by dissolution in water, is
13.44 mg/g.

- CONCLUSIONS

Elemental slag composition that is determined by the
electron probe microanalysis enables to characterize its
fractions in terms of toxicity. The third hazard class of
dump waste blast furnace slag is determined.

A database containing data about natural radionuclides
in technogenic raw material is expanded. It is determined
that slag fractions contain 2**Ra, 232Th and *°K. It is proved
that slag has the first class of radioactive hazard, which
means the lack of restrictions to use technogenic raw mate-
rial in construction engineering.

Dump blast furnace slag Zaporozhstal exhibits high
hydraulic activity with an increase in CaO absorption over
time.

Zaporozhstal dump waste blast furnace slag can be re-
commended to produce binders: Portland cement and Port-
land slag cement — in the totality of chemical parameters:
relation to both moderately dangerous production wastes,
the first radiation hazard class and high hydraulic activity.
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TOKCUYECKHUE CBOMCTBA U THJIPABJIMYECKASI AKTUBHOCTH
OTBAJIBHOI'O JOMEHHOTI'O IIJIAKA

Xobomoea 3.b.\, Henamenxo M.HU.', Kanioxncnaa FO.C.\,
Ipaiisoponckaa H.B.\, lapun B.U.?

! XapbKoBCKHI HAMOHAJIBLHBINA aBTOMOOHILHO-10POKHbII YHHBEP-
cuTeT, XapbKoB, YKpanHa

2 XapbKOBCKHUi HAMOHANLHBI yHuBepcnTeT umenn B.H. Kapasuna,
XapbKoB, YKpanHa

Amwmauuﬂ. MeTaJ’IJ’IprI/I‘{eCKI/Ie [IJTAKH HAKATUTHBAIOTCS B OOJIBIIUX

konuuectBax. J{is manpHeiel yTUIH3alid OHN TOJKHBI 001a1aTh
HEOOXOIMMBIMU TEXHUYECKUMHE CBOMCTBaMHU. Kak OIMH M3 0CHOBHBIX
(hakTOpOB BBHICTYNACT XUMHUYECCKHH W MHHEPAIbHBIH COCTAaBBI IILIa-
KOB, OKa3bIBAIOIIUC BIUSHHUE HA HX KOHCYHBIC CBOMCTBA. DIIEMEHTHBIH
coCTaB OTBAJIBHOTO JIoMeHHoro 1uiaka [TAO «3amopokcraiby, omnpe-
JICNICHHBIH METOJIOM 3JICKTPOHHO-30HJI0BOTO MHKPOAHAIIH3a, M03BO-
JISIET OXapaKTepr30BaTh (hpaKinK MIIaKa C TOYKU 3PEHHST TOKCHYHOC-
TU. DIEMEHTHl Kalui, HaTpuii, cepa, XJop, Me/lb U THTaH, KOTOPHIE
HE BXOJAT B COCTAB MHUHEPAJIOB, 3aPErHCTPUPOBAHBI CKAHUPYHOIIMM
3NEKTPOHHBIM MUKPOCKOIIOM. DTO TTO3BOJISIET TPEMOIOKUTD, YTO OHU
COpOUPYIOTCSl TTIOBEPXHOCTHIO MHHEPAIbHBIX YacTHI. MakchuMalb-
HOE COIEp)KaHHe Kallisl, HATPUs M THTaHA XapaKTepHO JUIs (paKIuu
2,5—5,0 mm. llnak copepxut He3HaunTenbpHOE (MeHee | %) komude-
CTBO JKeJe3a, TUTAHA M ME/IH, KOTOPBIE OTHOCSTCS K TPEThEMY KJIaccy
OMACHOCTH BELIECTBA; 9TO HE MPEMATCTBYET JajbHEUIIEMY UCIIONB30-
BaHMIO 1UTaka. OnpeneneH TPeTUil K1acc OMacHOCTU OTBAJIBLHOTO J0-
MEHHOTO0 IUTaKa. ['aMMa-CrieKTpOMeTpHYeCKUM METOJIOM OTPE/IeTCHbBI
yACNbHBIC AKTUBHOCTHU U 3()(PEKTUBHBIC YIeIbHbIC AKTUBHOCTH IPaHy-
noMetpudeckux (paxuuii nuiaka. OOHApPYKEHbI IPUPOAHBIEC PAIHO-
mykmasl K, 2°Ra u 232Th. JlokasaHo, 4TO IUIAK M €T0 OT/ENbHBIE
(pakmu OTHOCATCS K HEPBOMY KJIACCy PaJMallIOHHON ONAacHOCTH U
MOT'YT OBITh HCIIOJNIB30BaHbI B CTPOUTENLCTBE 0€3 orpaHumdeHui. Ot-
BasIbHBIN JoMeHHbIH nutak [TAO «3amopoxcTaib) XapakTepusyeTcst

BBICOKO# THIPABIMYECKOI aKTHBHOCTBIO C YBEINYEHUEM MOTIIOICHHUS
oxcupa kanpiust CaO Bo BpemeHH. OTBaJIbHBINA JOMEHHBIH IITaK MO-
JKeT ObITh PEKOMEH/IOBAH JUTsl IIPOU3BOJCTBA BsUKYIHX (TTOPTIaH/ALE-
MEHTa M LUIAKOMOPTIAHALEMEHTa) MO COBOKYIHOCTH XHMHUYECKHX
[apaMeTpoB: 10 OTHOLICHHUIO K YMEPEHHO OIaCHBIM OTXOJaM IPOU3-
BOJICTBA, MIEPBOMY KJIACCY PaJMALMOHHON OMACHOCTU U MPOSIBICHUIO
BBICOKOM THAPABIMYECKON aKTUBHOCTH.

Kniouesvie cosa: 0TBABHBIN TOMEHHBIH IIJ1AK, SJIEMEHTHBII COCTaB, TOK-

CUYHOCTD, KJIAaCC OITAaCHOCTH BCULIECTBA, PAIMOAKTUBHOCTD, IIPUPOI-
HBI€ PaIUOHYKIIU/bI, THAPABINYECKass aKTUBHOCTD.
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