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Abstract

Si0,, Na,O and CaO were mixed and co-melted with electric arc furnace dust waste. The resulting vitreous materials, produced by quenching
at ambient atmosphere, were transformed into glass—ceramics by two-stage heat treatment, under thermal conditions that were determined by
differential thermal analysis. X-ray diffraction, scanning electron microscopy, energy dispersive spectrometry and transmission electron microscopy
were employed to investigate the physical properties of all products. It was found that whilst wollastonite (CaSiOs3) separates from the parent matrix
as the dominant crystalline phase in all glass—ceramic products, the crystallization mode depends on the batch composition. Leaching tests evidenced
that vitreous products were chemically durable. Devitrification did not significantly affect leach resistance so glass—ceramic materials retain the

leach resistance that was achieved by vitrification.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electric arc furnace dust (EAFD) poses as one of the most
intensely growing waste streams on a global scale. This stems
from the continuously raising portion in the overall steel pro-
duction that steel scrap recycling facilities posses. Namely, steel
scrap recycling facilities fabricated one-third of the global steel
production in 1998, while it is estimated that the world produc-
tion will reach 5 million tonnes in 2005. In Greece all five steel
factories are scrap-recycling facilities, where a total amount of
15,000 tonnes of EAFD is produced annually. Such significant
quantities are due to the fact that for every ton of recycled steel
an amount of 15-20kg of EAFD is produced.

EAFD is characterized as a hazardous solid waste according
to the United States Environmental Protection Agency (USEPA)
classification: it contains significant quantities of lead in the form
of lead oxide (PbO), iron and zinc compounds in the forms of
zinc oxide (ZnO) and zinc ferrite (ZnFe,O4). EAFD is produced
from the volatilization of heavy metals when steel scrap is melted
in the electric arc furnace. Volatilized metals are oxidized and
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subsequently solidified and detained in the form of fine powder
in specially designed filters, which are placed in the electric arc
furnace gas stream cleaning system.

In most cases, the part of metallic Zn that is found in ZnO
is recovered from the EAFD by hydrometallurgical or pyromet-
allurgical processes. Nevertheless, the resulting residue is still
a hazardous solid waste in powder form, since it is Zn- and
Pb-loaded. It is thus essential to develop an additional process
that stabilizes the residue of Zn recovery processes. One of the
most promising methods is vitrification with the addition of
batch materials.!"> This arises from the fact that the focus of
research has shifted from the mere inertization of toxic wastes
to their use in a production cycle.® Vitrification, except from
a well-established stabilization technique, is a method for the
production of vitreous* or glass—ceramic materials,’ which can
be used for construction or decorative applications.®

In the present study, the vitrification method was used for
the production of inert vitreous materials. Subsequently, ther-
mal treatment was applied to transform vitreous products into
glass—ceramics. The batch materials mixed with EAFD pow-
der were silica (SiO3), sodium (NayO) and calcium (CaO)
oxides. The morphology of vitreous and glass—ceramic prod-
ucts was inspected with optical microscopy and scanning elec-
tron microscopy (SEM), whereas their elemental composition
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and dispersion was studied by energy dispersive spectrometry
(EDS). The crystal structure was investigated by X-ray diffrac-
tion (XRD) analysis and the microstructure with transmission
electron microscopy (TEM). The DIN’ and TCLP? leaching
tests were utilized to evaluate the chemical toxicity of the solid
wastes, while the vitreous and glass—ceramic products were
tested by the TCLP method and selected samples were also
examined with the DIN method.

The need for the implementation of such a variety of charac-
terization methods has been imposed from the very nature of the
vitrification and devitrification process products. Namely, they
are multicomponent, reactive and, the latter, multiphase materi-
als. In such systems, various types of inhomogeneities can occur
in different observation levels, with interacting influences on the
physical characteristics of the final products. Itis, thus, important
to have the more integrated knowledge possible on the properties
of the products. Under such conditions we can use the overar-
ching framework of glass science for the interpretation of our
results, in a more efficient way.

2. Experimental

The elemental composition of the EAFD waste was inves-
tigated with EDS method. Analysis was made on samples
that were obtained from a 5 kg powder mass of mechanically
homogenised and refined EAFD waste. Mechanical treatment
was performed using a Fritsch “Pulverisette O vibrating frame
ball milling apparatus. EDS analysis was performed by an
OXFORD ISIS-300 spectrometer attached on a JEOL JSM-
840A scanning electron microscope. All analyses were made
on 10 disk-shaped green state compacts of 3 cm in diameter.

EAFD powder was mixed with SiO;, NayO and CaO pow-
ders and formed three different batch compositions. The solid
mixtures were placed in a Pt crucible and they were heated in an
LHT 02/18 Nabertherm electric furnace at ambient atmosphere
at 1400°C for 2h. The melts were poured on stainless steel
plates and were rapidly cooled down at room temperature. As-
quenched products were pulverized and different particle size
fractions were obtained. They were characterized by differential
thermal analysis (DTA) in order to obtain: (a) the glass transi-
tion temperature (T); (b) the position of exothermic peaks that
would presumably correspond to crystal phase separation; (c) the
influence of the particle size (i.e. sample’s specific area) on the
position of the maximum of the exothermic peak (Tmax). DTA
scans were obtained with a Setaram TG-DTA SetSys 1750°C
instrument in Argon atmosphere. Heating and cooling rates were
setat 10 °C/min and the samples were placed in Al O3 crucibles.

A two-stage isothermal treatment process was applied to all
as-quenched products. In the first isothermal stage, nucleation
takes place and in the second crystal growth occurs. The dura-
tion of these two stages were fixed at 15 min for the nucleation
and 30 min for the crystal growth process. The nucleation stage
was placed 200 °C below exothermic peaks maxima, namely at
680 °C, while crystal growth stage was placed a few degrees
above them, at 900 °C.

All as-quenched and annealed products were morphologi-
cally characterized by optical microscopy, using a Zeiss Axio-

lab-A microscope, and SEM. Structural characterization was
performed by XRD analysis with a Seifert 3003 powder diffrac-
tometer, using Cu Kac1 radiation. TEM was employed for micro-
scopic inspection of the initial products. Specimens for TEM
were thinned by mechanical grinding, followed by ion-milling
to reach electron transparency. TEM observations were carried
out in a JEOL 2010 electron microscope, operated at 200kV.

The chemical toxicity of EAFD waste was determined by
the DIN and TCLP standard leaching test, while all vitreous
and glass—ceramic samples were tested by the TCLP standard
leaching test and selected samples were also examined by the
DIN method to examine certain other important parameters, such
as the pH and specific conductivity. The leachates were analyzed
to determine their metal content and certain other ions such as
sodium, calcium and silicon were also measured.

3. Results
3.1. EAFD composition

The chemical composition of the homogenised EAFD pow-
der mass is shown in Table 1. EAFD powder was heated up to
1000 °C to determine the loss-on-ignition (LOI) mass. Zinc and
iron were found to be the main constituents, in accordance with
previous similar studies.” XRD observations revealed that iron
and zinc are found in zinc oxide and zinc ferrite crystalline com-
pounds. The corresponding XRD diagram is presented in Fig. 1,
where the high intensity peaks correspond to ZnFe; 04 and ZnO,
while some lower intensity peaks correspond to PbO.

The application of DIN and TCLP standard-leaching tests
proved that the examined EAFD can be classified as a haz-
ardous waste according to the maximum permissible limits of
both applied methods as presented in Table 2. Iron and chromium

Table 1

Composition (wt.%) of EAFD powder in oxide compounds
MgO 0.7
AL O3 0.9
SiO; 4.1
K,O 1.4
CaO 4.6
MnO 33
F6203 339
ZnO 349
PbO 6.2
LOI 7.8
Humidity 2.0
Table 2

Leaching tests results, performed on the mechanically homogenized EAFD
waste

Leaching pH Zn Pb Cd
method

DIN 11.83 £+ 0.05 0.8 £ 0.01 295 ND?
TCLP 6.63 + 0.05 371 + 7.00 448 + 0.3 5.4040.07

Concentrations of metals measured in the leachates are expressed in mg/l.
2 Not detected, i.e. Cd content <0.4 mg/I.
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Fig. 1. X-ray diffractogram of the pulverized and homogenized EAFD waste.

Table 3
Batch compositions (wt.%) with the silicon over oxygen and sodium over cal-
cium atomic ratios

EAFD Si0; Na,O CaO Si/0 Na/Ca
EAFDI1 20 55 10 15 0.359 0.90
EAFD2 20 55 5 20 0.360 0.45
EAFD3 15 55 5 25 0.362 0.35

were not found in the leachates whereas manganese concentra-
tions were also measured in the area 3—5 mg/l. The pH values
of the resulting leachates proved that the alkali and/or alkali
metal release would be relatively high when the EAFD comes
in contact with aqueous solutions.

3.2. Vitrification products

Batch compositions for vitrification are listed in Table 3,
together with the Si/O and Na/Ca atomic ratios. The former
ratio is a measure of the connectivity of the silica-based vitreous
network!? and the latter is related to the ability for long-range
diffusion of Na and Ca ions.'"'? The selection of the specific
oxide powders that were mixed with EAFD waste was based
on the fact that they are found in abundance in some non-toxic
wastes and natural raw materials, like marble dust, glass cullets,

or sand. This is the reason for the relatively low concentration
in EAFD in the batch composition of Table 3. For large-scale
production the above materials will be used instead of the pure
oxides that were used in this study for laboratory scale vitrifica-
tion.

EDS analyses showed that all elements were homogeneously
dispersed into the vitreous matrix, since the standard devia-
tions of elemental compositions did not exceed £2at.% that
is in the order of the sensitivity of the EDS method. The as-
quenched products were X-ray amorphous, as it was confirmed
by XRD analysis. The amorphous state is retained down to the
microscopic level, since TEM micrographs showed featureless
matrices in all initial products, characteristic of homogeneous
materials, whereas the corresponding electron diffraction pat-
terns composed of a bright diffuse halo depicting the amorphous
nature of the vitreous matrices.

3.3. Devitrification products

The conditions for thermal treatment were designated from
the DTA thermographs by defining the position of the exother-
mic peak that apparently corresponds to crystal phase separation.
Three DTA thermographs, each one for different powder parti-
cle fraction, were obtained for all vitreous products. Specifically,
fine medium and coarse-grained fraction contained powder par-
ticle sizes less than 63 pm, between 160 and 250 pm and higher
than 0.5 mm, respectively. This investigation was undertaken
in order to define the devitrification mode, namely surface or
bulk crystallization, which leads to crystal phase separation. It is
well known that when the crystallization exothermic peaks shift
towards higher temperatures as the mean particle size decreases,
the devitrification mode is surface nucleation. In contrast, when
their position remains roughly the same the main devitrification
mechanism is bulk crystallization. All DTA thermographs are
presented in Fig. 2.

From EAFDI to EAFD3 products, T, is shifting to higher
temperatures, while the temperature interval between T, and
Tinax (Tmax — Tg) becomes smaller. Additionally, the tempera-
ture interval Tinax — T, for the same compositions, becomes nar-
rower when we shift from coarse grained towards fine-grained
powder particle fractions, as it is shown in Table 4.

It should be pointed out that the DTA experiments were made
in inert atmosphere, while all thermal treatments were made in
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Fig. 2. DTA thermographs of all vitreous products, corresponding to three distinct powder particle size fractions.
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Table 4

Position of the glass transition temperatures and exothermic peak maxima and corresponding temperature intervals between the above features, as obtained from the

DTA thermographs (temperatures in °C)

T, Tmax (bulk) Tmax (medium) Tmax (fine) Trmax — Tg (bulk) Tiax — Ty (medium) Tiax — T (fine) Thulk _ pfine
EAFDI 580 960 905 850 325 270 110
EAFD2 620 960 905 860 285 240 100
EAFD3 635 945 895 855 260 220 90

air. This might raise an argument on whether DTA experiments
can be used in order to define thermal treatment conditions. A
surface oxidation would possibly affect the shape of the DTA
trace, and this would be more pronounced for finely grained
products, since they possess a relatively larger specific area. A
DTA run was made for finely grained EAFD3 product in air;
the two corresponding DTA traces were virtually the same; the
position of the base of the exothermic peak is the same, while the
difference between the maxima is approximately 20 °C. There-
fore, it can be assumed that in our case the DTA traces in inert
atmosphere can be used for determining the conditions of ther-
mal treatment in air.

The morphology of the devitrified products is schematically
presented in Fig. 3. EAFDI is composed of a surface opaque
devitrified layer, where needle-like crystallites are normally ori-
ented with respect to the surface, and a central transparent amor-
phous region. EAFD2 and EAFD3 products were composed of
the same surface crystallized layer, as EAFD1. The difference
was that the central region was crystallized with homogeneously
dispersed crystallites with sizes that varied between 2 and 8 pm.
For the same thermal conditions, the surface layer in the EAFD2
product was wider with respect to the EAFD3 product. XRD
analysis of the devitrified products revealed that in all cases the
wollastonite (CaSiO3) crystalline phase was separated from the
amorphous matrix of the initial products. Both surface devitri-
fied layers and central crystalline regions contain wollastonite

Fig. 3. Schematic representation of the macroscopic cross-section views from
all devitrified products (left) that gives a rough estimation of the distribution of
the surface and bulk crystallized areas. The corresponding optical micrographs
from the two distinct representative areas are also presented (right).

Intensity (A.U.)

|
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Fig. 4. XRD diagrams of the thermally treated products. Small arrows denote
the peaks corresponding to the wollastonite phase.

crystals. EAFDI1 devitrified product shows a more pronounced
amorphous bump (Fig. 4) with respect to EAFD2 and EAFD3,
i.e. it possesses the smallest degree of crystallinity.

3.4. Leaching tests

The measured concentrations of the toxic pollutants found in
leachates after the application of TCLP method applied to the
glass and glass—ceramic materials are presented in Table 5. As
it is shown, lead and zinc concentrations in leachates were very
low. Similar values have been also recorded in the literature.'3!#
The application of standard leaching tests to the vitrified prod-
ucts revealed that the total release of constituents would be
particularly low, especially when de-ionized water is used as
leaching solution, such as in the DIN 38414 method. The specific
electrical conductivity values measured in the leachates verified
the latter. The experimental values after the application of DIN
38414 were below 11 wS/cm, for all samples, indicating that

Table 5
Measured concentrations of heavy metals after the application of TCLP method,
performed on vitreous and devitrified products

Sample Zn (mg/1) Pb (mg/1) Cd
As-quenched, vitreous
EAFDI1 0.55 0.24 ND
EAFD2 0.23 0.36 ND
EAFD3 0.20 0.14 ND
Annealed, glass—ceramic
EAFDI1 0.16 0.23 ND
EAFD2 0.20 0.14 ND
EAFD3 0.15 0.14 ND

Not detected, i.e. Cd content <0.4 mg/1.
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matrix dissolution would be particularly limited in de-ionized
water.

The measurements of the alkali and alkali earth metals sup-
ported the previous measurements, as all values were found in
the milligram per liter (or below) region. After applying the
DIN 38414 method, sodium and calcium concentrations were
0.95, 0.36, 0.45, 0.54 mg/l and 1.54, 0.94, 0.73, 1.03 mg/1 for
the EAFD1-EAFD3 (glass) and EAFD3 (glass—ceramic) sam-
ples, respectively, whereas the molecular ratio of Na*/Ca”* (in
(mmol/l)/(mmol/l)) measured in the resulting leachates varied
between 0.67 and 1.07. The obtained pH values were 7, 7.11,
7.34 and 6.95; these values were in accordance with the afore-
mentioned measured concentrations of the alkali and alkali earth
metals and suggest that the buffering capacity of the resulting
leachates would be particularly limited. Silicon concentrations
in leachates were below 0.5 mg/l with the exception of EAFD2
glass sample where the value was 1.32 mg/l when TCLP was
used as leaching solution.

4. Discussion
4.1. Vitreous products

The constituent zinc, iron and lead oxides of EAFD powder
were homogeneously dispersed in the vitreous matrix of initial
products. This is a basic target when stabilization is intended,
since segregation or clustering of toxic elements is avoided. It is
also a demonstration that the selected batch compositions were
not in the region of a stable or meta-stable miscibility gap that
would result in undesirable inhomogeneity, which could poten-
tially deteriorate chemical resistance.!> Leaching tests verified
that all initial products were chemically non-toxic, since the con-
centrations of zinc, lead and cadmium in the leachate were below
the legitimate limits. The fact that EAFD waste was stabilized
for the batch compositions shown in Table 3 can be explained
by the following arguments.

The concentration of SiO; in the batch materials, which is
the main glass former, is high enough so that the silicon over
oxygen atomic ratio (Si/O) is higher than 0.33 in all initial
materials (Table 3). As a result, silica is able to construct by
itself an extended three-dimensional vitreous network with high
degree of interconnectivity.!! Additionally, iron and zinc ions
have been shown that have the role of glass-forming elements.
This was determined by means of X-ray absorption fine structure
and X-ray fluorescence studies.!®!7 This is important, since iron
and zinc can behave either as glass-forming or glass-modifying
species, namely they form intermediate oxides. Being glass for-
mers iron and zinc oxides enhance rather than deteriorate the
structural integrity of the vitreous network of the initial prod-
ucts. Additionally, according to the Zachariasen—Warren model
of the atomic structure in oxide glasses, glass-forming elements
are bonded by stronger covalent bonding with the surround-
ing oxygen ions than glass-modifying ions. If they were glass
modifiers they would be bonded by weaker electrostatic bonds
and as a result they would presumably be leached away more
easily. Consequently, all batch compositions can be used for
the production of stabilized vitreous products. However, their

devitrification modes vary from surface nucleation to bulk crys-
tallization, according to the relative proportion between sodium
and calcium ions.

4.2. Glass—ceramic products

EAFDI1 is less receptive to devitrification than EAFD2 and
EAFD3. This can be established by comparing the XRD dia-
grams (c) and (d) in Fig. 3; in particular, the relative intensity
of wollastonite peaks with respect to the amorphous bump in
EAFD1 is lower compared to the EAFD2 and EAFD3 diffrac-
tograms. This is in accordance with the wider temperature
interval between the maximum of the exothermic peak that cor-
responds to the crystallization peak and the glass transition found
in EAFDI1, compared to EAFD2 and EAFD3 (Table 4) for all
corresponding powder particle fractions. It is widely accepted
that a vitreous material with wider temperature interval between
T, and Trax presents higher thermal stability than another one
with narrower temperature interval.'®

According to the definition by Strnad,’ only devitri-
fied EAFD2 and EAFD3 products can be considered as
glass—ceramic materials. This is due to their respective morphol-
ogy. Namely, EAFDI1 devitrified product is an inhomogeneous
material composed of two well-defined regions: a devitrified
surface zone, where the needle-like wollastonite crystallites are
oriented normal to the surface and a central amorphous region
(Fig. 3). On the other hand, thermal treatment of EAFD2 and
EAFD3, with the same conditions, resulted to a macroscopi-
cally homogeneous glass—ceramic material made up of aresidual
amorphous matrix that contain homogeneously dispersed wol-
lastonite crystallites of a few micrometers in size (Fig. 3).

The crystallization mode of EAFD1 product is surface nucle-
ation and subsequent growth of wollastonite needle-like crys-
tallites at the expense of the central amorphous region. This is
supported from the final morphology of the product and can be
established from the DTA results. The fact that the exothermic
peak is shifted towards lower temperatures with decreasing par-
ticle size is a strong indication that crystallization in this case
is a surface effect. In fact, the shift is more pronounced with
respect to the other two compositions.

In the cases of the EAFD2 and EAFD3 products, a surface
zone composed of needle-like crystallites still exists but it is less
wide in EAFD2, while in the case of EAFD3 product its width
does not exceed that of a few tens of microns. The shift of the
exotherms in EAFD2 and EAFD3 is apparently caused from
the surface crystallization and growth of wollastonite needles.
Howeyver, the shift of the exotherms decreases as the width of the
surface region decreases. It can be assumed that bulk devitrifica-
tion of the central region occurs simultaneously. The decrease of
the surface layer takes place because bulk crystallization acts as a
barrier to the growth of wollastonite needles, since the homoge-
neously dispersed crystallites in the central region is wollastonite
as well (Fig. 4). The fact that EAFD3 surface region is narrower
with respect to the EAFD?2 devitrified product can be attributed
to the structure of the initial vitreous products.

It is well known that iron is susceptible to devitrification
and can act as a precursor to spontaneous devitrification, when
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found in high enough concentration.!® Previous studies on vitri-
fication of solid industrial wastes showed that iron took part
in the ceramic phase of the resulting glass—ceramic materi-
als. However, in these cases the concentration of iron oxide
was not less than 20 wt.% in the whole batch composition.?’
In the present study, iron does not seem to participate in the
devitrification process, since the only separated crystal phase is
wollastonite. Regarding the composition of EAFD waste, the
concentration of iron oxide in the batch compositions does not
exceed 7.5 wt.%, which is rather low and possibly the reason why
iron does not contribute to the devitrification process. Moreover,
it has been shown for the specific solid waste!” that the bonding
environment of iron remains unaffected by thermal treatment.
Specifically, the iron atoms are tetrahedrally coordinated prior
and after heat treatment and thus iron behaves as a glass former.
As a consequence, iron seems to be more strongly bonded in
both vitreous and glass—ceramic matrices and does not take part
in the formation of separated crystal phases.

4.3. General comments

The fact that EAFDI is less receptive to devitrification may
be due to the different relative proportion of the two modifying
oxides (NayO and CaO). It is a well-known phenomenon that
each alkali or alkaline earth cation, in the specific case Na and
Ca, forms its own connective tissue of diffusion paths inside
the primary glass former network. In two extreme cases, where
only Na or Ca is present, these paths have the higher degree of
percolation and long-range ion diffusion is easier. In the case,
where Ca/Na — 1 the two isolated diffusion paths interpenetrate
and disrupt one other and long-range diffusion is constrained.
This phenomenon is called the mixed modifier effect (MME), an
effect similar to the well-known mixed alkali effect (MAE).2!
MAE is a phenomenon that affects all properties of glasses that
depend on long-range motion of ions.'?

One of the properties strongly affected from MME is crystal
growth, since it is connected to reconstructive transformations
that are controlled from long-range diffusion of the elements
that compose the crystallites. Reconstructive transformations
are needed for crystal phase separation, because the compo-
sition of the crystal phases is different from that of the parent
glass. MME has been used to interpret the durability of nuclear
waste glasses.?” It is reasonable to expect higher tendency of
wollastonite separation to EAFD2 and EAFD3 thermally treated
products, since in that case the Na*/Ca”* atomic ratio is 0.45 and
0.30, respectively, while in the case of EAFD1 is 0.90.

5. Conclusions

EAFD powder was mixed with SiO,, Na,CO3 and CaCOj3
powders and three batch compositions were prepared for the
production of vitreous products. Devitrification occurred by the
crystallization of wollastonite from the surface or from the bulk.
Initial vitreous and glass—ceramic products, successfully immo-
bilized Zn and Pb, which are the main hazardous elements found
in EAFD, as it was found by the application of TCLP leaching

test. EAFD2 and EAFD3 batch compositions were found to be
the most appropriate for large-scale stabilization of EAFD. They
were more easily devitrified and the separated wollastonite crys-
tallites were homogeneously distributed over the whole volume
of the sample with similar sizes, except a limited surface area
where surface nucleation dominates. This shift in crystalliza-
tion mode was explained on the basis of the relative proportion
between sodium and calcium ions that affects long-range diffu-
sion.
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