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Abstract

The vitrification method was used to stabilize a solid industrial waste residue rich in iron and lead oxides. Upon devitrification of the glass
products, the effect of batch composition on the ability to produce glass-ceramic materials was investigated by electron microscopy techniques.
The crystallization and microstructural evolution of the vitreous products was explored with respect to the annealing conditions. In the course
of vitrification, ferric oxide functioned as a glass network former, contributing to the structural integrity of the vitreous matrix. After thermal
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reatment of the vitrified products, at temperatures determined by differential thermal analysis, Pb8Fe2O11, PbFe12O19 and Fe2O3 were the
ominant crystal phases detected in the glass-ceramic products, the former characterized as a new structure. The distribution of i
xides among different crystalline phases was found to be the dominant parameter determining the efficiency of lead captivati
olume of the devitrified products, whereas in glass products lead is diffused in the amorphous matrix.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Vitrification of hazardous industrial wastes exploiting
ow-cost vitrifying agents, for the production of vitreous
nd glass-ceramic materials, has drawn considerable scien-

ific and technological attention. The vitrification method has
een accepted as one of the most appropriate techniques for

he stabilization of various wasteforms and solid residues
rom waste incineration,1 since the rising environmental and
conomic costs of land filling disposal are considered pro-
ibitively high. Vitrification concentrates a number of im-
ortant merits such as, large waste volume reduction, low-
ost application, negligible mass of by-products and the abil-
ty to produce marketable materials. It is also a well-tested

ethod that has been successfully applied for the stabiliza-
ion of urban, municipal, industrial, natural and radioactive
aste forms.2–9

∗ Corresponding author. Tel.: +30 2310 99 80 23; fax: +30 2310 99 85 89.
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Vitrification products can be either vitreous or gla
ceramic, depending on the batch composition, temper
and duration of co-melting. Devitrification is an import
part of the stabilization process, only if can be contro
to produce glass-ceramic materials with superior mecha
properties. It occurs spontaneously in the canister after
casting or deliberately during thermal annealing. In the
ter case, it is necessary that the devitrification process
not impair the chemical resistance achieved via vitrifica
Post-annealing chemical stability depends on the dist
tion of the toxic element or compound in the microstruc
of the glass-ceramic product. It has been shown that
resistance is increased in the following cases: (a) whe
polluting agent is entrapped in glassy islands shielded
a crystalline matrix10 and (b) when it participates in the fo
mation of crystal phases that have grown in a stable vitr
matrix.11

We have recently presented the course of stabilization
hazardous solid waste rich in lead and iron oxides, which
inates from petrochemical distillery facilities.11–13The mate
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.01.047
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rial subjected to vitrification consisted of solid residues from
the incineration of sludge, recovered from storage tanks of
tetraethyl lead (TEL) and leaded gasoline, with silica (SiO2)
and soda (Na2CO3) powders. Vitrification of the ash gave
rise to the production of chemically stabilized vitreous ma-
terials, according to the United States Environmental Protec-
tion Agency (USEPA) standards, as it was found by apply-
ing the Toxicity Characteristic Leaching Procedure (TCLP)
testing.11 The as-quenched products have undergone a series
of different annealing processes, in order to estimate their
susceptibility to devitrification. The as-casted and devitrified
products have been morphologically and structurally charac-
terized in the macroscopic and mesoscopic levels,11,12while
the evaluation of their mechanical properties13 has proved
they can be used for construction applications. However,
in order to establish a correlation between the macroscopic
physical properties and the microstructure of the as-quenched
and devitrified products, a thorough investigation of the struc-
ture, in the microscopic and atomic levels, needs to be under-
taken.

The aim of the present work was to examine the evolution
of crystallization during thermal treatment of the fully vitri-
fied waste residues and the microstructure of the devitrified
products with electron microscopy (EM) techniques. Fur-
thermore, we investigated the conditions under which iron
oxide takes part in the construction of the glass network,
a rod-
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determined by differential thermal analysis (DTA) of the vit-
rified products. DTA scans were obtained with a Setaram
TG-DTA SetSys 1750◦C instrument in Argon atmosphere.
Heating and cooling rates were set at 10◦C/min. The devitri-
fication process, unless otherwise stated, comprised a heating
stage with a temperature gradient of 10◦C/min, an isother-
mic stage of half an hour and a rapid cooling stage that was
performed by removing the samples from the furnace. Spec-
imens for TEM and HRTEM investigations were initially
thinned by the standard procedure of mechanical grinding.
Perforation of the specimens was achieved by chemical thin-
ning in an appropriate bath consisted of 5% HF, 10% HCl
and 85% H2O. This method was employed for the struc-
tural characterization of the separated crystal phases, since
HF and HCl preferentially attack the vitreous matrix.14 TEM
and HRTEM observations were carried out in a JEOL JEM-
100CX and a JEOL JEM-2010 electron microscopes, op-
erated at 100 and 200 kV, respectively, the latter equipped
with a Link EDS microprobe analyzer capable of analyzing
particles of a few nanometers size. The microprobe analysis
was employed complementary to the EDS analysis by SEM,
where higher local resolution was demanded.

3. Results
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nd the way that lead is stabilized in the devitrified p
cts. The devitrification process was thoroughly investig
y scanning, transmission and high-resolution transmis
lectron microscopy (SEM, TEM and HRTEM, respective
M techniques can provide, directly, valuable information

he microstructure, morphology and elemental compos
n the microscopic and sub-microscopic levels. Addition

aterials’ features obtained from EM can be connecte
heir engineering properties in a more straightforward m
er, e.g. the mechanical properties with the morpholo
haracteristics in the microscopic level. As a result, the
f EM techniques sufficiently supports the understandin

he issues under investigation.

. Experimental procedure

The homogeneity of the vitrified products was inspe
y optical microscopy and SEM. SEM observations w
onducted in a JEOL JSM-840A microscope, equipped
n Oxford ISIS-300 energy dispersive spectrometry (E
nalyzer. The temperatures of the annealing processes

able 1
esults of the vitrification process on all batch compositions

itrified product Ash (wt.%) SiO2 (wt.%) Na2O (wt.%)

40 40 50 10
50 50 35 15
60 60 25 15
70 70 20 10
.1. The microstructure of the vitreous products

Batch compositions prepared to study ash stabiliza
nto a vitreous matrix are depicted inTable 1. Vitrification of
he W40, W50 andW60 batch compositions resulted in v
eous products. A characteristic TEM micrograph of the
ouredW40 product is illustrated inFig. 1. The diffuse halo
round the transmitted spot of the electron diffraction

ern, given as inset, as well as the lack of detectable co
n the matrix, suggests the production of an amorphous
erial. Furthermore, HRTEM observations did not show
tructural elements in the glassy matrices. The degree o
ogeneity in the glass products was confirmed by SEM
nalyses, where the composition variation of the consti
lements was comparable to the accuracy of the me
amely±1 at.%. In addition, EDS microprobe analyses h
roved that the lead content of the incinerated waste is
ersed throughout the vitreous matrix. The structural ch

eristics of all as-quenched products, inspected by EM
iques and the corresponding Si/O ratios are given inTable 1.

The specific vitrification process of theW70 batch com
osition resulted in the production of a multiphase mate

i/O ratio Separated crystal phases Structure

.37 – Vitreous-homogeneous

.30 – Vitreous-homogeneous

.25 – Vitreous-inhomogeneous

.22 Hematite + magnetite Multiphase-inhomogen
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Fig. 1. Bright field (BF) TEM micrograph of theW40 glass, showing a
homogeneous contrast of the vitreous matrix. The corresponding diffraction
pattern is characteristic of an amorphous material.

where iron oxide was separated from the amorphous ma-
trix in the form of ferric and ferrous oxides as needle-like
crystallites.11 The elemental composition of the matrix was
highly depended on the proximity to the crystallites. The
EDS analysis showed that regions near crystallites contained
40% less iron compared with remote matrix areas. A thin
slice of W70 observed by optical microscopy under trans-
mitted illumination is presented inFig. 2(a). Opaque poly-
crystalline regions, denoted by I, correspond to rich in iron
areas, in respect to transparent glassy regions, denoted by
II. TEM observations revealed that opaque regions are poly-
crystalline areas, where crystallites of hematite and magnetite
have been separated. This is shown inFig. 2(b), where a
bright field (BF) TEM image of an opaque region charac-
teristic of a polycrystalline structure is presented. The de-
gree of crystallinity was estimated at∼=60% by measuring
the total area corresponding to needle-like crystals and crys-
tallites from ten mechanically polished sections utilizing op-

Fig. 3. DTA thermographs of the amorphous as-vitrified products illustrating
the different phase changes of the material.

tical microscopy. SinceW70 was not fully vitrified, due to the
high content of waste, it was not further investigated in this
work.

3.2. Determination of thermal treatment temperatures

In order to devitrify all as-quenched vitreous products,
DTA thermographs were obtained forW40, W50 andW60
glass products and are presented inFig. 3. W40 did not
show any exothermic peaks, indicating that crystal growth
has not occurred. The thermographs ofW50 andW60 prod-
ucts contain one and two exothermic peaks, respectively. To
define whether these peaks correspond to crystal growth and
whetherW40 remains vitreous after annealing, a series of
thermal treatments were conducted at temperatures given in
Table 2. Annealing temperature forW40 was chosen in order
to be close to the endothermic peak located at 965◦C. In the
case ofW50 andW60 products, annealing temperatures were
in the region of the exotherms and at a temperature above the
exothermic peaks.

F er tran e (poly-
c microgr icr.
ig. 2. (a) Optical micrograph of a thin slice ofW70 product observed und
rystalline) and transparent (glassy) areas, respectively. (b) BF TEM
smitted illumination. Regions denoted by I and II correspond to opaqu
aph of a thinned opaque area consisting of hematite and magnetite mocrystals
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Table 2
Effect of the thermal treatments on the microstructure of the vitrified products

Devitrified product Annealing temperature (◦C) Dominant separated crystal phases Structure

DW40 950 – Vitreous
DW50a 700 Pb8Fe2O11 (nuclei) Primarily vitreous
DW50b 900 Pb8Fe2O11 Glass-ceramic
DW60a 560 PbFe12O19 Glass-ceramic
DW60b 720 PbFe12O19 + Fe2O3 Glass-ceramic
DW60c 900 Fe2O3 Glass-ceramic

3.3. Products of the devitrification process

TheW40 glass was not devitrified, when it was subjected
to the annealing conditions shown inTable 2(DW40 prod-
uct). The matrix remained amorphous, virtually intact from
the thermal processes, to the resolution limit of TEM and
HRTEM. However, comparison of the microprobe EDS anal-
yses listed inTable 3, before and after annealing designated
an effect of this process. With the exception of Si, the ele-
mental composition presented a broader range of deviation
values after thermal treatment. This indicates that the vitre-
ous matrix has become less homogeneous, possibly due to
alkali microsegregation.15

Conversely, thermal treatment of theW50 glass resulted
in crystal phase separation. After annealing at 700◦C, spher-
ical nanocrystallites were nucleated, which were dispersed
in the whole volume of the matrix (DW50a product).Fig. 4
is a HRTEM micrograph illustrating the crystal nuclei inside
the vitreous matrix. The inset shows a magnified view of the
micrograph depicting a crystal nucleus with well-defined lat-
tice fringes. The spherical nanocrystallites were composed
of Pb, Fe and O, as it was detected by microprobe analysis.
However, when analyzing small size crystals embedded in a
matrix, the electron beam intersects a cylinder that contains
also the matrix and due to the larger excited volume, X-rays
from a broader region are obtained. Thus, the relative pro-
p ately
s ched
s h-
o lly
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t om a
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Fig. 4. HRTEM micrograph showing the nucleation of spherical nanocrys-
tallites homogeneously dispersed in the matrix of theDW50a product. The
inset is a magnified view of the nanocrystallite delimited in the square, de-
picting well-defined crystal lattice fringes.

Fig. 5. The petrurgic method resulted to the growth of sizeable crystallites
that were used to perform tilt-rotation TEM experiments.
ortion of the constituent elements could not be accur
pecified. In order to obtain sizeable crystallites, as-quen
amples were annealed at 800◦C and cooled down throug
ut several hours (DW50b product). This method is usua
eferred to as the petrurgic method and gave rise to exte
rowth of the dominant separated crystal phase, with cry

ite sizes of the order of a few micrometers.Fig. 5is an optica
icrograph with some of the crystallites that separated

he parent glass matrix. The micrograph was obtained fr
hin slice ofDW50b product under transmitted illuminatio

able 3
tandard deviations of the elemental composition (at.%) of theW40 matrix
efore and after thermal treatment, obtained by microprobe analysis

lement As-quenched 950◦C

e 17.0 24.5
b 16.5 24.0
i 10.5 8.6
a 47.0 72.0
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Numerous EDS analyses, performed on these sizeable
crystallites, have shown that the Pb/Fe atomic ratio is close
to 4. X-ray powder diffraction files (PDF) do not contain a
mixed lead–iron oxide with such an atomic ratio. In addi-
tion, selected area diffraction patterns (SADs) could not be
attributed to any known structure of these elements. In or-
der to characterize this separated crystal phase, a number
of high symmetry SADs were obtained from various single
crystallites. Wide-angle tilt-rotation TEM experiments were
carried out to determine the characteristic extinction rules of
the different reflections. The experimental procedure com-
prises the detection of at least one high symmetry zone axis
(axis with low indices reflections) of the new crystal phase,
followed by successive tilting about a low indices reflection
belonging to the initial zone, and rotating, repeatedly about
another low indices reflection when a new high symmetry
zone axis is placed parallel to the electron beam. Such a suc-
cessive tilting allows the user to find and exclude from the
analysis the double diffracted reflections. InFig. 6, a BF im-
age of a single crystallite of the new phase oriented along a
[0 0 1] zone axis of the tetragonal system is shown. Diffrac-
tion patterns 1–5 (primary zone axis is the [0 0 1]) and 6–7
(primary zone axis is the [0 1 0]) were obtained sequentially
by tilting the crystallite about the axes designated in each one

of them. The encircled diffraction spots denote the common
reflections with the preceding diffraction pattern.

Eventually, this phase was characterized to be a lead–iron
oxide of tetragonal symmetry with a molecular for-
mula Pb8Fe2O11, and lattice parametersa = 0.580 nm and
c = 1.437 nm. The accuracy of these measurements is of the
order of±0.005 nm. Computer simulation of the zone axes,
based on these lattice parameters, verified the indexing of
the experimental SADs presented inFig. 6. The values of
the a and c lattice parameters are directly calculated from
1 0 0 and 0 0 1 reflections of the [0 0 1] and [0 1 0] zone axes,
respectively.

Devitrification of theW60 glass, subsequent to anneal-
ing at 560◦C, has stimulated nucleation and growth of mag-
netoplumbite, which is a lead–iron oxide with a molecu-
lar formula PbFe12O19 (DW60a product). Magnetoplumbite
crystallizes in the hexagonal crystal system (a = 0.587 nm,
c = 2.301 nm) in the form of hexagonal flakes.Fig. 7(a) is a
HRTEM micrograph, where the basal plane of the emerged
crystal phase is shown. The perfect crystal structure of the
flake, at atomic level, is illustrated inFig. 7(c), which is a
magnified part ofFig. 7(a). Three equally spaced families of
lattice fringes at an angle of 120◦ to each other are denoted
in Fig. 7(c). The common interatomic distance was found

F
s
w
d

ig. 6. Identification of the new mixed Pb–Fe oxide in theDW50b product by tilt
pecific reflection in each SAD, in order to acquire the subsequent crystal zo
ith the preceding SAD. Analysis of the SADs showed the presence of tetr
epicts one of these crystallites with the [0 0 1] zone axis parallel to the elect
-rotation TEM experiments. The sense of tilting about an axis parallel to a
ne axis, is denoted. The encircled diffraction spots denote the common reflections
agonal Pb8Fe2O11 crystallites inside the vitreous matrix. The central BF image
ron beam.
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Fig. 7. HRTEM micrographs of a magnetoplumbite hexagonal flake, viewed (a) along and (b) normal to thec axis are shown. The corresponding diffraction
patterns are given as insets. Micrographs (c) and (d) illustrate magnified areas of (a) and (b), respectively, revealing the crystal structure of magnetoplumbite
in the atomic level.

to be 0.509 nm that matches the interplanar spacing of the
{101̄0} planes of magnetoplumbite (0.5086 nm).Fig. 7(b)
is a HRTEM micrograph of a magnetoplumbite crystallite
viewed along the〈101̄0〉 axis. Moreover,Fig. 7(d) is a mag-
nified area ofFig. 7(b), where the lattice periodicity along the
(0 0 0 1)axis is clearly observed. The black lines have been
drawn with an interval of 1.15 nm, corresponding to thec/2
periodicity of magnetoplumbite. Therefore, the contrast dif-
ference, which is observed every three atomic layers can be
attributed to the periodic variation of composition that arises
due to the presence of Pb atoms within the atomic layers.

Annealing of theW60 glass at higher temperature (720◦C)
resulted in surface nucleation and growth of hematite along-
side magnetoplumbite (DW60b product). Hematite crystal-
lizes in the rhombohedral crystal system (P3 space group),
having lattice parametersa = 0.556 nm andc = 2.255 nm in
the hexagonal description of the crystal lattice. In this case,
extended foils of hematite grew from the surface of the sam-
ples towards the interior. The growth of hematite reaches
a depth of∼=1�m generating a magnetoplumbite-depleted
zone.11 This was established by thermally treating coarse-
grained powder ofW60 glass at 900◦C (DW60c product).
In this case, only hematite crystallites were present in the
volume of the annealed product, due to the significant active
surface area of the original material.Fig. 8 shows consecu-

tive parallel layers of extended hexagonal foils, which have
grown from the surface of theDW60c sample. The two in-
serted diffraction patterns (a) and (b) were obtained with the
electron beam parallel to the [12̄13̄] and [̄242̄3] zone axes,
respectively.

The effects of the annealing processes on the microstruc-
ture of the vitrified products are summarized inTable 2.

Fig. 8. Crystal growth of hematite from the surface of the devitrifiedDW60c
product in the form of extended foils. The inset diffraction patterns, corre-
sponding to (a) [1̄213̄] and (b) [̄242̄3] zone axes, were obtained from crys-
tallite 3.
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4. Discussion

All as-casted and thermally treated products that have been
investigated in this work, exceptDW60b andDW60c, were
chemically stabilized; i.e. the toxic agent (lead) cannot be
leached away when the samples suffer the corrosive influ-
ence of acetic acid (TCLP protocol).11 In the case of as-
quenched vitreous products, the lead content is dispersed in
the amorphous matrix. This conclusion is based on the results
of EDS elemental analyses. Lead oxide, for the batch compo-
sitions listed inTable 1, is a glass network modifier,16–18and
therefore, is bonded to the SiO4 tetrahedra by electrostatic
bonding.19

Iron oxide, in the form of ferrous oxide (FeO), is also a
glass network modifier;20 additionally, it can also act as a
crystallization precursor.21 On the other hand, iron oxide in
the Fe3+ state (ferric oxide) is an intermediate and can func-
tion either as a glass network former or as a modifier, depend-
ing upon the glass composition.19 The evidence that ferric
oxide acted as a glass former, in our case, is derived from the
fact thatW50 andW60 products were vitreous. This obser-
vation seems to be at variance with the theory of oxide glass
formation, according to which a Si/O ratio below 0.33 cor-
responds to a structure of broken (depolymerized) [SiO4]2−
chains. This kind of structure belongs to the class of “invert
glasses”.4,22Moreover, in the case of Si/O = 0.25 (W60 prod-
u
u ing
o these
m high
t ork
u xide
f grity
o

ogy
c lower
c high
c sep-
a reat-
m pro-
c inly
f

sep-
a t
r aling
c l sta-
b ion
i ctive
t have
a de-
m ems
t e of
W ses
a the
h o the
W

Annealing of theW50 andW60 glasses resulted in the for-
mation of new crystal phases. The firstly reported Pb8Fe2O11
and PbFe12O19(magnetoplumbite), which were the dominant
phases grown in the matrices of theW50 andW60 glasses, re-
spectively. In these crystal phases, iron takes part in the form
of ferric oxide, since their chemical formula can be written
as (PbO)8·Fe2O3 and PbO·(Fe2O3)6. EM observations from
different cut sections of the devitrified samples suggested
that the mechanism of nucleation is bulk nucleation. More-
over, hematite was formed on the surface of theW60 glass at
higher temperatures in relation to PbFe12O19. The growth of
hematite can be attributed to the surface oxidation of Fe2+ to
Fe3+.12,23,24In this case both magnetoplumbite and hematite
crystal phases coexisted.

Bulk nucleation of the two lead–iron oxides does not have
an impact on the chemical stability.10 In contrast, surface nu-
cleation and growth of hematite impairs the chemical stabil-
ity and the lead concentration in the leachate is comparable
to that of the incinerated residue.11 Hematite grows in the
form of extended foils creating a dense network of crystal-
lites on a surface layer of∼=1�m thick. Furthermore, growth
of hematite suppresses the crystal separation of magneto-
plumbite through the formation of the surface layer, where
the latter phase is depleted. This was confirmed by anneal-
ing a coarse-grainedW60 glass; in this case only hematite
crystallites were detected, since the active surface area of the
o
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ct) the “glass” structure is constituted of isolated [SiO4]4−
nits, i.e. one silicon atom is bonded with four non-bridg
xygen atoms. Therefore, under normal circumstances,
aterials are expected to present low viscosity and a

endency to crystallize instead of forming a vitreous netw
pon cooling. Thus, it is plausible to assume that ferric o

unctioned as a glass network former, sustaining the inte
f the glass network in theW50 andW60 vitrified products.

W70 multiphase product showed a different morphol
ompared to the as-quenched products that contained
oncentration of waste. This can be attributed to: (a) the
oncentration of waste and (b) the rapid crystal phase
ration during quenching and not throughout thermal t
ent. In this case, crystal growth activated a diffusion

ess, which resulted in absorption of iron and oxygen ma
rom neighbouring vitreous matrix regions.

The devitrification process gave rise to crystal phase
ration in theW50 and W60 glasses, whileW40 was no
eceptive to detectable devitrification, under the anne
onditions applied to all vitreous samples. The structura
ility of W40 glass should rely on the fact that devitrificat

n such multi-component systems is based on reconstru
ransformations.19 Since the separated crystal phases

different composition from the matrix, crystal growth
ands rupture of bonds and long-range diffusion. It se

hat the above two conditions are not fulfilled in the cas
40, due to its high SiO2 content. As a result, it posses
vitreous matrix with the highest structural integrity and
ighest viscosity in the annealing temperatures relative t
50 andW60 vitrified products.
riginal material is substantial.
Accordingly, bulk crystallization involves crystal pha

eparation from the matrix of oxides that function as g
etwork formers and modifiers. This seems to produ
itreous network that, as in the vitrified products, is ca
le of stabilizing lead atoms, while lead that participate

he formation of crystallites cannot be leached away f
b8Fe2O11 and PbFe12O19 crystal phases. Conversely, wh
ematite crystallizes, the vitreous matrix is depleted fro
ignificant content of one of its formers (ferric oxide), wh
he lead content remains in the residual matrix. Consequ
he vitreous matrix loses its initial structural integrity, si
n extended silica-based glass network cannot be forme

hus, lead can be leached away easily.

. Conclusions

The evolution of microstructure of the as-quenched p
cts during thermal treatment depends on waste con
mong the thermally treated materials, theW40 glass was no

eceptive to devitrification. Conversely, in the annealedW50
ndW60 glasses lead was separated from the vitreous m
y volume crystallization forming Pb8Fe2O11and PbFe12O19
magnetoplumbite) crystallites, respectively. Pb8Fe2O11 is a
ewly reported tetragonal mixed lead–iron oxide actin
“sink” of the toxic element. At high temperature ann

ng of theW60 glass the Pb content remains in the resid
atrix and surface crystallization of Fe2O3 occurs. Highe
aste concentration than 60 wt.% results in the produ
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of a multiphase material, where hematite and magnetite sep-
arate from the glass matrix. The iron content of the waste in
the form of ferric oxide participates in the construction of the
glass network and, therefore, enhances its structural integrity.
Thus, stable vitreous products can be formed with Si/O ra-
tios as low as 0.25. Lead, on the other hand, is stabilized in
the volume of the glass matrix or takes part in the growth of
mixed lead–iron oxides.
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