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Abstract
7Ke sXEMeFt oI tKis stXdy is Jlass SrodXFed Ey mi[ed metallXrJiFal Zaste Irom IerroniFNel
SrodXFtion, aimed Ior IXrtKer SrodXFtion oI Jlass-FeramiF. &KaraFteri]ation oI Zaste materials 
inFlXdes determination oI FKemiFal and mineraloJiFal FomSosition and standard leaFKinJ test. 
7Ke Zaste materials Fontain seYeral KeaYy metals ()e, Ni, Mn, =n, &r) ZKiFK e[Feed tKe aSSlied 
limits and Fan Ee Sotential Ka]ard to tKe soils. 2n tKe otKer Kand, tKe Zaste mi[tXre Fontains 
sXIIiFient amoXnt oI Jlass-IorminJ FomSonent - 6i22. 7Ke FomSonents in tKe Zaste mi[tXre 
aimed Ior Jlass SrodXFtion Zere in tKe ratio as tKey are SrodXFed in tKe )e-Ni smelter (Ilay 
asK�eleFtro-IXrnaFe slaJ�FonYerter slaJ   ���0��). 7Kermal FKaraFteri]ation oI tKe Jlass Zas 
SerIormed Ey means oI Kot staJe miFrosFoSy (+6M) and D7$ analysis, ZKere tKe temSeratXres 
oI sinterinJ, soIteninJ, smeltinJ and Frystalli]ation Zere determined. 7Ke resXlts KiJKliJKt tKat 
Iine-Frystalline Jlass-FeramiF ZitK KiJK Frystallinity Fan Ee oEtained. 6tandard leaFKinJ test Kas 
sKoZn tKat tKe FonFentration oI all KeaYy metals is EelloZ aSSlied limits Ior � to �00 times. 
7KXs, tKe SrodXFed Jlass is enYironmental saIety SrodXFt. 

Keywords : Ily asK, eleFtriF IXrnaFe slaJ, FonYerter slaJ, Jlass, Jlass-FeramiF

1. I ntroduction

DisSosal or staEili]ation oI Zaste 
materials Irom metallXrJiFal indXstry sXFK 
as slaJs, dXst, KydrometallXrJiFal Ey-
SrodXFts etF., is not an easy tasN EeFaXse oI 
tKe FomSle[ FomSosition and KiJK Fontent 
oI reJXlated KeaYy metals as Zell as 
diIIerent loFal FirFXmstanFes. 2Iten, 
reFoYery oI some metal Fan not Ee 
eFonomiF eIIiFient or tKe reFoYery 
SroFedXre SrodXFe neZ Zaste. DisSosal oI 
Zaste FontaininJ KeaYy metals Fan Ee 
Ka]ardoXs to enYironment. 9itriIiFation oI 
Ka]ardoXs Zastes, i.e. transIormation oI 
Zaste materials to Jlass Fan Ee Fonsidered
as an enYironmentally FomSatiEle 
staEili]ation SroFess. ,t is Fonsidered as an 
Xltimate metKod Ior immoEili]ation 
Ka]ardoXs Zastes, EeFaXse dXrinJ Jlass 

meltinJ, tKe KarmIXl elements are 
FKemiFally Eonded in a dXraEle amorSKoXs 
netZorN >�-3@. 7Kis  siJniIiFantly redXFes 
tKeir solXEility and, in addition, drastiFally 
deFreases Zaste in YolXme. 2n tKe otKer 
Kand, deSendinJ on tKe FomSosition, ZitK 
or ZitKoXt any additiYes, tKe Zaste-Eased 
Jlass Fan Ee transIormed to Jlass-FeramiF 
ZitK SroSerties FomSaraEle or Eetter tKan 
FommerFial ones. 7Kis is illXstrated Ey 
nXmeroXs researFKes IoFXsed on XsinJ slaJs 
oriJinated Irom iron and steel SrodXFtion 
Ior SrodXFtion oI Jlass or Jlass-FeramiF >�-
10@. 7Ke researFK oI .aramanoY and Fo-
ZorNers Zas direFted on SrodXFtion oI Jlass 
and Jlass FeramiF Irom Ey-SrodXFts 
oriJinated Irom ]inF and FoSSer 
KydrometallXrJiFal SrodXFtion >�1-15@. All 
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tKese stXdies KiJKliJKt Jood FKemiFal, 
SKysiFal and meFKaniFal SroSerties oI tKe 
SrodXFed Jlass or Jlass-FeramiF, Flose or 
eYen Eetter tKan tKose SrodXFed Irom YirJin 
raZ materials. Besides teFKniFal and 
eFonomiF eIIeFts, tKis roXte oI SroFessinJ 
metallXrJiFal Zaste materials Zas sKoZn as 
enYironmental eIIiFient. $FFordinJ to 
YarioXs standard leaFKinJ tests >�6@, tKe 
Jlass and Jlass-FeramiF SrodXFts Eased on 

metallXrJiFal Zaste, are enYironmental
Iriendly materials. 
7Ke aim oI tKis stXdy is YitriIiFation oI solid 
Zaste Irom IerroniFNel smeltinJ Slant, sXFK 
as dXst, slaJ Irom eleFtro-IXrnaFe and 
FonYerter slaJ. &KaraFteri]ation oI Zaste 
materials and SrodXFed Jlass is direFted to 
estimate tKeir SossiEility Ior IXrtKer 
SrodXFtion oI Jlass-FeramiF as Zell as to 
determine tKeir enYironmental imSaFt.

2. E x perimental

DXst (D), eleFtro-IXrnaFe slaJ (E)6) 
and FonYerter slaJ (&6) Irom IerroniFNel 
smeltinJ Slant in 5. MaFedonia, Zere Xsed 
as a raZ material Ior Jlass SrodXFtion. 7Keir 
annXal SrodXFtion is in ratio D�E)6�&6   
���0��. 7Ke Fontent oI diIIerent tySe oI 
Zaste Zas in tKis ratio ZitKin tKe Zaste 
mi[tXre aimed Ior YitriIiFation. 

&KemiFal FomSosition oI tKe Zaste 
materials Zas determined Ey ;-ray 
IlXoresFenFe (;5)) sSeFtrometer (Model 
;5) $5/ ��00). MineraloJiFal analysis 
Zas Farried oXt Ey ;-ray diIIraFtion metKod 
XsinJ PKiliSs AP D 15 diIIraFtometer, 

oSeratinJ at &X.Į-radiation. D iIIraFtion 
data Zere FolleFted at a Fonstant rate oI 
0.02o�s�1 oYer an anJle ranJe oI 2ș   5– 90o.

7o determine enYironmental imSaFt oI tKe 
Zaste materials, standard leaFKinJ test –
7&/P (7o[iFity C KaraFteristiF LeaFKinJ 
P roFedXre) Zas SerIormed. 6KoZn in 7aEle 
� are tKe leaFKinJ test Fonditions. 
&onFentrations oI KeaYy metals aIter testinJ 
Zere measXred Ey atomiF aEsorStion 
sSeFtrosFoSy ($$6) XsinJ tKe 
instrXmentation PerNin Elmer AA400.  

T ab le 1. L eaching conditions according to T C L P test

6olYent C H3C O O H
pH 5

9olXme oI tKe solXtion 2 L
WeiJKt oI solid SKase �00 J

s�l ratio �� 20
,ntensity 30 rSm
DXration 2� K

7o ForreFt tKe Fontent oI MJ2 and &r2O 3 in 
tKe Zaste mi[tXre (WM), standard Jlass 
(6*) SoZder Zas added in ratio WM�6*   
��3. Waste materials and tKe standard Jlass 
Zere KomoJeni]ed and melted in FKamEer 
IXrnaFe at ���0oC Ior � K. 

7Kermal FKaraFteristiFs oI tKe SrodXFed 
Jlass Zere stXdied Ey means oI Kot staJe 
miFrosFoSy (+6M) and diIIerential tKermal 
analysis (D7$). $ Jlass samSle Zas 
oEserYed in KeatinJ miFrosFoSe M,685$ 
HS M L. 7Ke samSle Zas Keated Irom 
amEient to �300oC ZitK KeatinJ rate oI
1o&āmin – 1.

DXrinJ tKe KeatinJ redXFtion oI dimensions 
and FKaraFteristiF temSeratXres Zere 

reForded. D7$ measXrements Zere 
SerIormed XsinJ a PerNin Elmer P Y R IS
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Diamond 7KermoJraYimetriF�DiIIerential 
7Kermal $naly]er. TKe stXdied material 
Zas Keated in tKe temSeratXre interYal oI 
25oC ÷ 1100o& Ey KeatinJ rate oI 20oC �min�1

air atmosSKere.

7Ke Jlass samSle Zas XnderJoinJ on 
standard 7&/P leaFKinJ test. 7Ke test 
Fonditions are tKe same as in SreYioXs Fase 
sKoZn in 7aEle �.

3 . R esults and discussion

&KemiFal FomSosition oI tKe Zaste 
materials is sKoZn in 7aEle 2. $ll Zaste 
materials KaYe KiJK amoXnt oI )e, 
esSeFially FonYerter slaJ (&6). 6o, tKese
Zastes FoXld Ee Xsed Ior )e e[traFtion, EXt, 
tKere is not smelter Ior iron SrodXFtion in 5, 
MaFedonia. 2nly in tKe dXst Ni Fontent is 
aSSroSriate to Ee retXrned in tKe )e-Ni 
SrodXFtion SroFess. $nnXal SrodXFtion oI 
tKese Zaste materials is �02.000 t dXst, 
1.135.000 t slaJ Irom eleFtro-IXrnaFe and 
�0�.000 t FonYerter slaJ. 7Ke ratio oI tKeir 
SrodXFtion is aSSro[imately D�E)6�&6   
���0��. 2n tKe otKer Kand, tKe dXst and slaJ 
Irom eleFtro-IXrnaFe Fontain KiJK enoXJK 

6i22 - Jlass IorminJ FomSonent. $lso, tKe 
Zaste mi[tXre Kas aSSroSriate Fontent oI 
6i22 (��.��) Ior Jlass IorminJ. BXt, MJ2 
and &r2O 3 is KiJK in tKe Zaste mi[tXre (��.� 
and 2.2 � resSeFtiYely) and Fan FaXse 
sSontaneoXs XnFontrolled Frystalli]ation. 
C r2O 3 is not solXEle in tKe Jlass, ZKile in 
loZer amoXnt Fan imSroYe tKe nXFleation 
dXrinJ transIormation oI Jlass to Jlass-
FeramiF. 7KXs, tKe FomSosition oI tKe Zaste 
mi[tXre sKoXld Ee ForreFted in order to 
redXFe tKe Fontent oI MJ2 and &r2O 3. For 
tKis SXrSose standard Jlass (6*) Zas added 
in tKe Zaste mi[tXre in ratio WM�6*   ��3. 

T ab le 2 . C omposition ( w t% )  of dust ( D) ,  slag from electro- furnace ( E FS) ,  conv erter slag ( C S) ,  w aste 
mix ture ( W M )  in ratio D: E FS: C S =  1: 10 : 1,  standard glass and ov erall glass mix ture in ratio W M : SG  

=  7 : 3

,tem D E)6 C S WM 6* *M
6i22 37.5 53 1.9 47.8 71.4 55
MJ2 14.5 16.9 6.2 15.9 3.3 12.1
C aO 2.3 2.4 15.9 3.5 9.8 5.4
Al2O 3 1.8 2 0.3 1.9 0.6 1.5
C r2O 3 1 2.5 0.7 2.2 1.5
C oO 0.1 0.1 0.1 0.1 0.1
Ni2 2.7 0.1 0.45 0.3 0.2
)e2O 3 30 14 60 19 13.3
)e2 9 19 9 6.5
Na2O 13.3 4
K 2O 1.3 0.4
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7Ke Zaste mi[tXre as Zell as tKe oYerall 
Jlass mi[tXre is iron-riFK. ,t is similar to a
tySiFal natXral SetrXrJiFal raZ material -
Easalt roFN >��,��@, FontaininJ tySiFally 

10– �� Zt� iron o[ides and it is 
FKaraFteri]ed Ey KiJK FKemiFal dXraEility 
and Jood resistanFe to aErasion and 
Forrosion. 

)e riFK SKases in Jlass-FeramiF, also tySiFal 
Ior Zaste-deriYed Jlasses, KaYe Eeen sKoZn 
to imSart IXnFtional SroSerties to tKe Iinal 
SrodXFts >�@. $s maJnetiF, eleFtriFal and 
tKermal SroSerties oI Jlass – FeramiFs Fan Ee 
altered Ey FontrollinJ tKe Frystalline SKase 
FonFentrations, Frystallisation NinetiF 
stXdies oI iron riFK siliFate Zaste deriYed 
Jlass-FeramiF are imSortant Ior oStimisinJ 
IXnFtional SroSerties >�, �2@. 
$FFordinJ to ;5D analysis ()iJ. �), iron is 
Sresent as Kematite ()e2O 3, i.e. )e3+ Iorm) 
and as non-stoiFKiometriF mi[ed o[ide ZitK 
&X, =n and &r (&X0.5=n0.5C r1.1)e0.9O 4) in 
tKe dXst. 7Ke similar aSSearanFe oI iron is 
in slaJ oI eleFtro-IXrnaFe – non-
stoiFKiometriF mi[ed siliFate (Iorsterite) 
and non-stoiFKiometriF )e3+ o[ide –
maJKemite. &onYerter slaJ Fontains )e3+ as 
Kematite and FalFiXm iron o[ide (&a)e2O 4), 
)e2+ as ZXestite and mi[ed )e3+ and )e2+

o[ide – KaJnetite ()e3O 4). 7Ke Jlass 
IorminJ FomSonent – 6i22 is Sresent as 
SXre o[ide TXart] and siliFates ZitK otKer 
metals, mainly ZitK MJ and &a. $FFordinJ 
to tKe )e Fontent and aSSearanFe, it is 

e[SeFted to SrodXFe Jlass similar to Easalt 
Eased one >��@. 
7Ke resXlts oI tKe 7&/P test, Farried oXt on 
tKe Zaste materials and SrodXFed Jlass are 
sXmmari]ed in 7aEle 3. 7Kere are seYeral 
metals ZKiFK e[Feed tKe aSSlied limits and 
Fan Ee Sotential Ka]ard to enYironment iI 
tKe Zaste materials ZoXld Ee disSosed at 
landIill. Ni, Mn, =n, $s and &X are 
Ka]ardoXs FomSonents in tKe dXst, in tKe 
eleFtriF-IXrnaFe slaJ are )e, Ni and Mn, 
ZKile in FonYerter slaJ are )e, Ni and &r. 
&onFentration oI )e and Ni are to Iar Irom 
tKe aSSlied limits. 
2ne oI SossiEle and eIIeFtiYe oStions to 
immoEili]e KeaYy metals is to FaStXre tKem 
in Jlass matri[ aIter YitriIiFation oI Zaste 
materials. 6o, ne[t steS in tKis researFK Zas 
YitriIiFation oI mi[tXre oI Zaste materials 
and standard Jlass. 7o ensXre 
transIormation oI tKe mi[tXre in liTXid state, 
YitriIiFation Zas SerIormed at ���0o& Ior � 
KoXr. $Iter FoolinJ at amEient temSeratXre, 
tKe SrodXFed Jlass Zas XnderJone to 
tKermal inYestiJations. 
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Figure 1. X R D spectra of the w aste materials

Hot-stage microscopy is an analytical 
technique which combines the best 
properties of microscopy and thermal 
analysis to enable the characteriz ation of the 
physical properties of materials as a 
function of temperature. D uring the 
measurements, video and pictures of the 
sample were recorded with registered 
reduction of dimensions. Also, a diagram 
temperature – change of dimensions ( % ) 
was constructed and determined 
temperatures of sintering, softening and 

melting were determined ( Fig. 2). P roduced 
glass shows high stability of dimensions 
and shape during the heating. The sintering 
occurs at high temperature ( 1167oC ) at very 
short interval and practically this material 
does not sinter. At sintering temperature 
reduction of dimension is very low. 
Lowering of dimensions to 78 .25%  of 
starting ones reaches at softening 
temperature at 1222oC , but the shape is still 
stable. Forming of half-sphere occurs at 
1245oC  and melting point is 1251oC .
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7Kis is relatiYely loZ meltinJ Soint, ZKiFK 
FontriEXtes to more eFonomiFally eIIiFient 
SroFess oI YitriIiFation oI Zaste Eased Jlass.
7Ke +6M resXlts, oEtained Ey Sressed Jlass 
SoZders, KiJKliJKt tKat tKe sinterinJ metKod 

is not aSSroSriated Ior tKe inYestiJated 
Jlass, EeFaXse tKe traditional loZ-
temSeratXre densiIiFation is totally 
inKiEited Ey intensiYe Frystalli]ation. 

T ab le 3 . C oncentration of heav y  metals in the solution after T C L P test
D,

mJādm – 3
E)6,

mJādm – 3
C S ,

mJādm – 3
*lass,

mJādm – 3
$SSlied limits, 

mJādm – 3

)e 1 202 1155 0.416 2
Ni �,� 2.7 19.2 0.311 2
C o 0.4 0.14 1.1 <  0.005 2
&d <  0.005 <  0.005 <  0.005 <  0.005 0.02
&X 0.15 0.093 0.07 0.011 0.1
Mn 4.7 14.6 1.5 <  0.005 2
PE 0.026 0.031 0.08 6 0.017 0.2
=n 3.6 0.29 0.42 < 0.005 2
C r 0.22 1.1 2.9 <  0.005 2
6E 0.020 0.038 0.023 0.023
As 1.2 0.011 0.18 0.009 5

Figure 2 . C hange of dimensions as function of heating temperature registered b y  H SM

,n order to determine KoZ and at ZKiFK 
temSeratXre tKe stXdied Jlass Frystalli]e,
D7$ analysis Zas SerIormed at 
temSeratXre reJion Irom amEient to ��00oC
Ey KeatinJ rate oI 20oC �min�1.
&rystalli]ation oI tKe Zaste Eased Jlass 
oFFXrs at �00o&. 7Ke sKaSe and tKe intensity 
oI SeaN indiFate intensiYe EXlN 
Frystalli]ation. ,I Ze SreYioXsly SerIorm 

nXFleation oI Jlass ZitK retention oI KeatinJ 
at ��0o& Ior � KoXr, tKe temSeratXre oI 
Frystalli]ation sKiIts to loZer temSeratXre 
oI ���o&, ZKile tKe intensity oI tKe EXlN 
Frystalli]ation inFreases. 7Kis Soints oXt 
tKat tKe Zaste Eased Jlass is aSSroSriate Ior 
SrodXFtion oI Jlass-FeramiF and Fan Ee 
SerIormed Ey tZo-staJe SroFess� Iirstly 
KeatinJ at ��0oC to SerIorm nXFleation and 
Frystal JroZtK at ���oC . 

6interinJ� ����oC

��.���

6oIteninJ� �222oC

78 .25�

+alI-sSKere� �245oC
45.6�

34.75�
MeltinJ� �251oC

7emSeratXre

D
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s, 

�
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$t tKe same time, tKe Sreliminary D7$ and 
density resXlts demonstrate tKat tKis 
FomSosition KaYe Jood trend Ior EXlN 

nXFleation, JiYinJ SossiEility to oEtain 
material ZitK Iine Frystalline strXFtXre at 
loZ temSeratXres and sKort times. 

Figure 3 . DT A  curv es of the studied w aste b ased glass:  non- nucleated ( line 1)  and nucleated at 6 5 0 oC
( line 2 )

7&/P test oI tKe SrodXFed Jlass Zas 
SerIormed, in order to eYalXate tKe 
enYironmental imSaFt. 7Ke resXlts oI 7&/P 
test are JiYen in 7aEle 3. 7Ke resXlts sKoZ 

tKe YitriIiFation SroFedXre is sXFFessIXl and 
tKat tKe oEtained Jlass demonstrates KiJK 
FKemiFal dXraEility, ForresSondinJ to an 
inert material.  

C onclusion

$FFordinJ to tKe oEtained resXlts Irom tKis stXdy, Ze Fan draZ seYeral FonFlXsions�
Waste materials Irom IerroniFNel SrodXFtion SroFess Fontain FomSonents ZKiFK are Sotential 
Ka]ard to enYironment.
Waste materials Fontain Jlass-IorminJ FomSonents enoXJK, so tKey are aSSroSriate Ior 
YitriIiFation and IXrtKer transIormation oI tKe SrodXFed Jlass to Jlass FeramiF.
7&/P test oI tKe SrodXFed Zaste Eased Jlass Kas sKoZn tKat it is enYironmental Iriendly, i.e. 
tKe amoXnt oI all KeaYy metals in tKe leaFKate is Iar EeloZ tKe aSSlied limits. 
7Ke SrodXFed Zaste Eased Jlass Kas sKoZn Yery sKort interYal oI sinterinJ at KiJK temSeratXre 
(����o&) and loZ meltinJ Soint, ZKiFK Soint oXt on its eFonomiFal eIIiFient SrodXFtion at loZer 
temSeratXres. 
7Ke SrodXFed Jlass sKoZed intensiYe EXlN Frystalli]ation at �00o& ZitKoXt SreYioXs nXFleation. 
NXFleation at ��0oC Ior � KoXr deFreased tKe Frystalli]ation temSeratXre to ���o&, as Zell as 
inFreased tKe intensity oI tKe EXlN Frystalli]ation. 7Kis oIIers SossiEility Ior eIIiFient tZo-staJe 
SrodXFtion oI Jlass-FeramiF Irom tKe stXdied Jlass� �st staJe oI nXFleation at ��0o& and 2nd steS 
Frystalli]ation at ���oC .  
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A ck now ledg ment:  7Kis researFK Zas SerIormed ZitKin tKe ProMeFt “EnYironment SroteFtion 
oI indXstrial Zaste tKroXJK Yalorisation oI metallXrJiFal dXst and slaJs in neZ enYironmental 
Iriendly Solymer mortars and FonFretes´ IoXnded Ey Ministry oI enYironment and SKysiFal 
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