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Abstract
e s e t o  t is st dy is lass rod ed y mi ed metall r i al aste rom erroni el

rod tion, aimed or rt er rod tion o  lass- erami . ara teri ation o  aste materials 
in l des determination o  emi al and mineralo i al om osition and standard lea in  test. 

e aste materials ontain se eral ea y metals ( e, Ni, Mn, n, r) i  e eed t e a lied 
limits and an e otential a ard to t e soils. n t e ot er and, t e aste mi t re ontains 
s i ient amo nt o  lass- ormin  om onent - i 2. e om onents in t e aste mi t re 
aimed or lass rod tion ere in t e ratio as t ey are rod ed in t e e-Ni smelter ( lay 
as ele tro- rna e sla on erter sla   0 ). ermal ara teri ation o  t e lass as 
er ormed y means o  ot sta e mi ros o y ( M) and D  analysis, ere t e tem erat res 

o  sinterin , so tenin , smeltin  and rystalli ation ere determined. e res lts i li t t at 
ine- rystalline lass- erami  it  i  rystallinity an e o tained. tandard lea in  test as 

s o n t at t e on entration o  all ea y metals is ello  a lied limits or  to 00 times. 
s, t e rod ed lass is en ironmental sa ety rod t. 

Keywords : ly as , ele tri  rna e sla , on erter sla , lass, lass- erami

1. I ntroduction

Dis osal or sta ili ation o  aste 
materials rom metall r i al ind stry s  
as sla s, d st, ydrometall r i al y-

rod ts et ., is not an easy tas  e a se o  
t e om le  om osition and i  ontent 
o  re lated ea y metals as ell as 
di erent lo al ir mstan es. ten, 
re o ery o  some metal an not e 
e onomi  e i ient or t e re o ery 

ro ed re rod e ne  aste. Dis osal o  
aste ontainin  ea y metals an e 
a ardo s to en ironment. itri i ation o  
a ardo s astes, i.e. trans ormation o  
aste materials to lass an e onsidered

as an en ironmentally om ati le 
sta ili ation ro ess. t is onsidered as an 

ltimate met od or immo ili ation 
a ardo s astes, e a se d rin  lass 

meltin , t e arm l elements are 
emi ally onded in a d ra le amor o s 

net or  -3 . is  si ni i antly red es 
t eir sol ility and, in addition, drasti ally 
de reases aste in ol me. n t e ot er 
and, de endin  on t e om osition, it  

or it o t any additi es, t e aste- ased 
lass an e trans ormed to lass- erami  
it  ro erties om ara le or etter t an 

ommer ial ones. is is ill strated y 
n mero s resear es o sed on sin  sla s 
ori inated rom iron and steel rod tion 
or rod tion o  lass or lass- erami  -

10 . e resear  o  aramano  and o-
or ers as dire ted on rod tion o  lass 

and lass erami  rom y- rod ts 
ori inated rom in  and o er 

ydrometall r i al rod tion 1-15 . All 
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t ese st dies i li t ood emi al, 
ysi al and me ani al ro erties o  t e 

rod ed lass or lass- erami , lose or 
e en etter t an t ose rod ed rom ir in 
ra  materials. Besides te ni al and 
e onomi  e e ts, t is ro te o  ro essin  
metall r i al aste materials as s o n as 
en ironmental e i ient. ordin  to 

ario s standard lea in  tests 6 , t e 
lass and lass- erami  rod ts ased on 

metall r i al aste, are en ironmental
riendly materials. 

e aim o  t is st dy is itri i ation o solid 
aste rom erroni el smeltin  lant, s  

as d st, sla  rom ele tro- rna e and 
on erter sla . ara teri ation o  aste 

materials and rod ed lass is dire ted to 
estimate t eir ossi ility or rt er 
rod tion o  lass- erami  as ell as to 

determine t eir en ironmental im a t.

2. E x perimental

D st (D), ele tro- rna e sla  (E ) 
and on erter sla  ( ) rom erroni el 
smeltin  lant in . Ma edonia, ere sed 
as a ra  material or lass rod tion. eir 
ann al rod tion is in ratio D E   

0 . e ontent o  di erent ty e o  
aste as in t is ratio it in t e aste 

mi t re aimed or itri i ation. 

emi al om osition o  t e aste 
materials as determined y -ray 
l ores en e ( ) s e trometer (Model 

  00). Mineralo i al analysis 
as arried o t y -ray di ra tion met od 
sin  P ili s AP D 15 di ra tometer, 

o eratin  at -radiation. D i ra tion 
data ere olle ted at a onstant rate o  
0.02o s 1 o er an an le ran e o  2   5– 90o.

o determine en ironmental im a t o  t e 
aste materials, standard lea in  test –

P ( o i ity C ara teristi  Lea in  
P ro ed re) as er ormed. o n in a le 
 are t e lea in  test onditions. 
on entrations o  ea y metals a ter testin  
ere meas red y atomi  a sor tion 

s e tros o y ( ) sin  t e 
instr mentation Per in Elmer AA400.  

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

ol ent C H3C O O H
pH 5

ol me o  t e sol tion 2 L
Wei t o  solid ase 00 

s l ratio  20
ntensity 30 r m

D ration 2  

o orre t t e ontent o  M  and r2O 3 in 
t e aste mi t re (WM), standard lass 
( ) o der as added in ratio WM   

3. Waste materials and t e standard lass 
ere omo eni ed and melted in am er 
rna e at 0oC or  . 

ermal ara teristi s o  t e rod ed 
lass ere st died y means o  ot sta e 

mi ros o y ( M) and di erential t ermal 
analysis (D ).  lass sam le as 
o ser ed in eatin  mi ros o e M  
HS M L. e sam le as eated rom 
am ient to 300oC it eatin  rate o
1o min – 1.

D rin  t e eatin  red tion o  dimensions 
and ara teristi  tem erat res ere 

re orded. D  meas rements ere 
er ormed sin  a Per in Elmer P Y R IS
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Diamond ermo ra imetri Di erential 
ermal naly er. T e st died material 

as eated in t e tem erat re inter al o  
25oC ÷ 1100o  y eatin  rate o  20oC min 1

air atmos ere.

e lass sam le as nder oin  on 
standard P lea in  test. e test 
onditions are t e same as in re io s ase 

s o n in a le .

3 . R esults and discussion

emi al om osition o  t e aste 
materials is s o n in a le 2. ll aste 
materials a e i  amo nt o  e, 
es e ially on erter sla  ( ). o, t ese

astes o ld e sed or e e tra tion, t, 
t ere is not smelter or iron rod tion in , 
Ma edonia. nly in t e d st Ni ontent is 
a ro riate to e ret rned in t e e-Ni 

rod tion ro ess. nn al rod tion o  
t ese aste materials is 02.000 t d st, 
1.135.000 t sla  rom ele tro- rna e and 

0 .000 t on erter sla . e ratio o  t eir 
rod tion is a ro imately D E   

0 . n t e ot er and, t e d st and sla  
rom ele tro- rna e ontain i  eno  

i 2 - lass ormin  om onent. lso, t e 
aste mi t re as a ro riate ontent o  
i 2 ( . ) or lass ormin . B t, M  

and r2O 3 is i  in t e aste mi t re ( .  
and 2.2  res e ti ely) and an a se 
s ontaneo s n ontrolled rystalli ation. 
C r2O 3 is not sol le in t e lass, ile in 
lo er amo nt an im ro e t e n leation 
d rin  trans ormation o  lass to lass-
erami . s, t e om osition o  t e aste 

mi t re s o ld e orre ted in order to 
red e t e ontent o  M  and r2O 3. For 
t is r ose standard lass ( ) as added 
in t e aste mi t re in ratio WM   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 C S WM M
i 2 37.5 53 1.9 47.8 71.4 55

M 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
Ni 2.7 0.1 0.45 0.3 0.2

e2O 3 30 14 60 19 13.3
e 9 19 9 6.5

Na2O 13.3 4
K 2O 1.3 0.4
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e aste mi t re as ell as t e o erall 
lass mi t re is iron-ri . t is similar to a

ty i al nat ral etr r i al ra  material -
asalt ro  , , ontainin  ty i ally 

10–  t  iron o ides and it is 
ara teri ed y i  emi al d ra ility 

and ood resistan e to a rasion and 
orrosion. 

e ri  ases in lass- erami , also ty i al 
or aste-deri ed lasses, a e een s o n 

to im art n tional ro erties to t e inal 
rod ts . s ma neti , ele tri al and 

t ermal ro erties o  lass – erami s an e 
altered y ontrollin  t e rystalline ase 
on entrations, rystallisation ineti  

st dies o  iron ri  sili ate aste deri ed 
lass- erami  are im ortant or o timisin  
n tional ro erties , 2 . 

ordin  to D analysis ( i . ), iron is 
resent as ematite ( e2O 3, i.e. e3+ orm) 

and as non-stoi iometri  mi ed o ide it  
, n and r ( 0.5 n0.5C r1.1 e0.9O 4) in 

t e d st. e similar a earan e o  iron is 
in sla  o  ele tro- rna e – non-
stoi iometri  mi ed sili ate ( orsterite) 
and non-stoi iometri  e3+ o ide –
ma emite. on erter sla  ontains e3+ as 

ematite and al i m iron o ide ( a e2O 4), 
e2+ as estite and mi ed e3+ and e2+

o ide – a netite ( e3O 4). e lass 
ormin  om onent – i 2 is resent as 

re o ide art  and sili ates it  ot er 
metals, mainly it  M  and a. ordin  
to t e e ontent and a earan e, it is 

e e ted to rod e lass similar to asalt 
ased one . 

e res lts o  t e P test, arried o t on 
t e aste materials and rod ed lass are 
s mmari ed in a le 3. ere are se eral 
metals i  e eed t e a lied limits and 
an e otential a ard to en ironment i  

t e aste materials o ld e dis osed at 
land ill. Ni, Mn, n, s and  are 
a ardo s om onents in t e d st, in t e 

ele tri - rna e sla  are e, Ni and Mn, 
ile in on erter sla  are e, Ni and r. 

on entration o  e and Ni are to ar rom 
t e a lied limits. 

ne o  ossi le and e e ti e o tions to 
immo ili e ea y metals is to a t re t em 
in lass matri  a ter itri i ation o  aste 
materials. o, ne t ste  in t is resear  as 

itri i ation o  mi t re o  aste materials 
and standard lass. o ens re 
trans ormation o  t e mi t re in li id state, 
itri i ation as er ormed at 0o  or  
o r. ter oolin  at am ient tem erat re, 

t e rod ed lass as nder one to 
t ermal in esti ations. 
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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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is is relati ely lo  meltin  oint, i  
ontri tes to more e onomi ally e i ient 
ro ess o  itri i ation o  aste ased lass.

e M res lts, o tained y ressed lass 
o ders, i li t t at t e sinterin  met od 

is not a ro riated or t e in esti ated 
lass, e a se t e traditional lo -

tem erat re densi i ation is totally 
in i ited y intensi e rystalli ation. 

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

m dm – 3
E ,

m dm – 3
C S ,

m dm – 3
lass,

m dm – 3
lied limits, 

m dm – 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
0.15 0.093 0.07 0.011 0.1

Mn 4.7 14.6 1.5 <  0.005 2
P 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

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 o  and at i  
tem erat re t e st died lass rystalli e,
D  analysis as er ormed at 
tem erat re re ion rom am ient to 00oC

y eatin  rate o  20oC min 1.
rystalli ation o  t e aste ased lass 

o rs at 00o . e s a e and t e intensity 
o  ea  indi ate intensi e l  
rystalli ation.  e re io sly er orm 

n leation o  lass it  retention o  eatin  
at 0o  or  o r, t e tem erat re o  
rystalli ation s i ts to lo er tem erat re 

o  o , ile t e intensity o  t e l  
rystalli ation in reases. is oints o t 

t at t e aste ased lass is a ro riate or 
rod tion o  lass- erami  and an e 
er ormed y t o-sta e ro ess  irstly 
eatin  at 0oC to er orm n leation and 
rystal ro t  at oC . 

interin  oC

.

o tenin  222oC

78 .25

al -s ere  245oC
45.6

34.75
Meltin  251oC

em erat re

D
im

en
si

on
s, 
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t t e same time, t e reliminary D  and 
density res lts demonstrate t at t is 
om osition a e ood trend or l  

n leation, i in  ossi ility to o tain 
material it  ine rystalline str t re at 
lo  tem erat res and s ort 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 )

P test o  t e rod ed lass as 
er ormed, in order to e al ate t e 

en ironmental im a t. e res lts o  P 
test are i en in a le 3. e res lts s o  

t e itri i ation ro ed re is s ess l and 
t at t e o tained lass demonstrates i  

emi al d ra ility, orres ondin  to an 
inert material.  

C onclusion

ordin  to t e o tained res lts rom t is st dy, e an dra  se eral on l sions
Waste materials rom erroni el rod tion ro ess ontain om onents i  are otential 

a ard to en ironment.
Waste materials ontain lass- ormin  om onents eno , so t ey are a ro riate or 

itri i ation and rt er trans ormation o  t e rod ed lass to lass erami .
P test o  t e rod ed aste ased lass as s o n t at it is en ironmental riendly, i.e. 

t e amo nt o  all ea y metals in t e lea ate is ar elo  t e a lied limits. 
e rod ed aste ased lass as s o n ery s ort inter al o  sinterin  at i  tem erat re 

( o ) and lo  meltin  oint, i  oint o t on its e onomi al e i ient rod tion at lo er 
tem erat res. 

e rod ed lass s o ed intensi e l  rystalli ation at 00o  it o t re io s n leation. 
N leation at 0oC or  o r de reased t e rystalli ation tem erat re to o , as ell as 
in reased t e intensity o  t e l  rystalli ation. is o ers ossi ility or e i ient t o-sta e 

rod tion o  lass- erami  rom t e st died lass  st sta e o  n leation at 0o  and 2nd ste  
rystalli ation at oC .  

em erat re, oC

ea
t 

lo
 E

nd
o 

, m

1

2
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A ck now ledg ment:  is resear  as er ormed it in t e Pro e t “En ironment rote tion 
o  ind strial aste t ro  alorisation o  metall r i al d st and sla s in ne  en ironmental 
riendly olymer mortars and on retes  o nded y Ministry o  en ironment and ysi al 
lannin  o  . Ma edonia. 
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