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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
treatment of the vitrified products, at temperatures determined by differential thermal analyBis(h PbFeg,0,9 and F@O; were the
dominant crystal phases detected in the glass-ceramic products, the former characterized as a new structure. The distribution of iron and leac
oxides among different crystalline phases was found to be the dominant parameter determining the efficiency of lead captivation into the
volume 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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1. Introduction Vitrification products can be either vitreous or glass-
ceramic, depending on the batch composition, temperature
Vitrification of hazardous industrial wastes exploiting and duration of co-melting. Devitrification is an important
low-cost vitrifying agents, for the production of vitreous part of the stabilization process, only if can be controlled
and glass-ceramic materials, has drawn considerable sciento produce glass-ceramic materials with superior mechanical
tific and technological attention. The vitrification method has properties. It occurs spontaneously in the canister after melt
been accepted as one of the most appropriate techniques focasting or deliberately during thermal annealing. In the lat-
the stabilization of various wasteforms and solid residues ter case, it is necessary that the devitrification process must
from waste incineratiof since the rising environmental and not impair the chemical resistance achieved via vitrification.
economic costs of land filling disposal are considered pro- Post-annealing chemical stability depends on the distribu-
hibitively high. Vitrification concentrates a number of im- tion of the toxic element or compound in the microstructure
portant merits such as, large waste volume reduction, low- of the glass-ceramic product. It has been shown that leach
cost application, negligible mass of by-products and the abil- resistance is increased in the following cases: (a) when the
ity to produce marketable materials. It is also a well-tested polluting agent is entrapped in glassy islands shielded from
method that has been successfully applied for the stabiliza-a crystalline matri¥® and (b) when it participates in the for-
tion of urban, municipal, industrial, natural and radioactive mation of crystal phases that have grown in a stable vitreous
waste formg— matrix.11
We have recently presented the course of stabilization of a
* Corresponding author. Tel.: +30 2310 99 80 23; fax: +30 2310 99 85 g9, hazardous solidwasterichinlead andiron oxides, which orig-
E-mail address: kehagias@auth.gr (Th. Kehagias). inates from petrochemical distillery facilitié$-13The mate-
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rial subjected to vitrification consisted of solid residues from determined by differential thermal analysis (DTA) of the vit-
the incineration of sludge, recovered from storage tanks of rified products. DTA scans were obtained with a Setaram
tetraethyl lead (TEL) and leaded gasoline, with silica (3i0 TG-DTA SetSys 1750C instrument in Argon atmosphere.
and soda (NgCO3) powders. Vitrification of the ash gave Heating and cooling rates were set at @@min. The devitri-
rise to the production of chemically stabilized vitreous ma- fication process, unless otherwise stated, comprised a heating
terials, according to the United States Environmental Protec- stage with a temperature gradient of°@min, an isother-
tion Agency (USEPA) standards, as it was found by apply- mic stage of half an hour and a rapid cooling stage that was
ing the Toxicity Characteristic Leaching Procedure (TCLP) performed by removing the samples from the furnace. Spec-
testing!! The as-quenched products have undergone a seriesmens for TEM and HRTEM investigations were initially
of different annealing processes, in order to estimate their thinned by the standard procedure of mechanical grinding.
susceptibility to devitrification. The as-casted and devitrified Perforation of the specimens was achieved by chemical thin-
products have been morphologically and structurally charac-ning in an appropriate bath consisted of 5% HF, 10% HCI
terized in the macroscopic and mesoscopic leYelgwhile and 85% HO. This method was employed for the struc-
the evaluation of their mechanical propertiebas proved tural characterization of the separated crystal phases, since
they can be used for construction applications. However, HF and HCI preferentially attack the vitreous matfXTEM
in order to establish a correlation between the macroscopicand HRTEM observations were carried out in a JEOL JEM-
physical properties and the microstructure of the as-quenchedlO0OCX and a JEOL JEM-2010 electron microscopes, op-
and devitrified products, a thorough investigation of the struc- erated at 100 and 200 kV, respectively, the latter equipped
ture, in the microscopic and atomic levels, needs to be under-with a Link EDS microprobe analyzer capable of analyzing
taken. particles of a few nanometers size. The microprobe analysis
The aim of the present work was to examine the evolution was employed complementary to the EDS analysis by SEM,
of crystallization during thermal treatment of the fully vitri-  where higher local resolution was demanded.
fied waste residues and the microstructure of the devitrified
products with electron microscopy (EM) techniques. Fur-
thermore, we investigated the conditions under which iron 3. Results
oxide takes part in the construction of the glass network,
and the way that lead is stabilized in the devitrified prod- 3.1. The microstructure of the vitreous products
ucts. The devitrification process was thoroughly investigated
by scanning, transmission and high-resolution transmission  Batch compositions prepared to study ash stabilization
electron microscopy (SEM, TEM and HRTEM, respectively). into a vitreous matrix are depictedTiable 1 Vitrification of
EM techniques can provide, directly, valuable information on the W40, W50 and W60 batch compositions resulted in vit-
the microstructure, morphology and elemental composition reous products. A characteristic TEM micrograph of the as-
in the microscopic and sub-microscopic levels. Additionally, pouredW40 product is illustrated irFig. 1 The diffuse halo
materials’ features obtained from EM can be connected to around the transmitted spot of the electron diffraction pat-
their engineering properties in a more straightforward man- tern, given as inset, as well as the lack of detectable contrast
ner, e.g. the mechanical properties with the morphological in the matrix, suggests the production of an amorphous ma-
characteristics in the microscopic level. As a result, the use terial. Furthermore, HRTEM observations did not show any
of EM techniques sufficiently supports the understanding of structural elements in the glassy matrices. The degree of ho-
the issues under investigation. mogeneity in the glass products was confirmed by SEM EDS
analyses, where the composition variation of the constituent
elements was comparable to the accuracy of the method,
2. Experimental procedure namely+1 at.%. In addition, EDS microprobe analyses have
proved that the lead content of the incinerated waste is dis-
The homogeneity of the vitrified products was inspected persed throughout the vitreous matrix. The structural charac-
by optical microscopy and SEM. SEM observations were teristics of all as-quenched products, inspected by EM tech-
conducted in a JEOL JSM-840A microscope, equipped with niques and the corresponding Si/O ratios are givamabie 1
an Oxford 1SIS-300 energy dispersive spectrometry (EDS)  The specific vitrification process of tH&70 batch com-
analyzer. The temperatures of the annealing processes wer@osition resulted in the production of a multiphase material,

Table 1

Results of the vitrification process on all batch compositions

Vitrified product Ash (wt.%) SiQ (wt.%) N&O (wt.%) Si/O ratio Separated crystal phases Structure

w40 40 50 10 0.37 - Vitreous-homogeneous
W50 50 35 15 0.30 - Vitreous-homogeneous
w60 60 25 15 0.25 - Vitreous-inhomogeneous

w70 70 20 10 0.22 Hematite + magnetite Multiphase-inhomogeneous
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Fig. 3. DTAthermographs of the amorphous as-vitrified productsiillustrating

. . . . ) the different phase changes of the material.
Fig. 1. Bright field (BF) TEM micrograph of th&40 glass, showing a

homogeneous contrast of the vitreous matrix. The corresponding diffraction . . o
pattern is characteristic of an amorphous material. tical microscopy. Sinc®70 was not fully vitrified, due to the

high content of waste, it was not further investigated in this

. . work.
where iron oxide was separated from the amorphous ma-

trix in the form of ferric and ferrous oxides as needle-like

crystallites! The elemental composition of the matrix was 3-2. Determination of thermal treatment temperatures

highly depended on the proximity to the crystallites. The

EDS analysis showed that regions near crystallites contained In order to devitrify all as-quenched vitreous products,
40% less iron compared with remote matrix areas. A thin DTA thermographs were obtained fdr40, W50 and W60

slice of W70 observed by optical microscopy under trans- glass products and are presentedFig. 3. W40 did not
mitted illumination is presented iRig. 2(@). Opaque poly- ~ show any exothermic peaks, indicating that crystal growth
crystalline regions, denoted by I, correspond to rich in iron has not occurred. The thermographsiafo and W60 prod-
areas, in respect to transparent glassy regions, denoted byiCts contain one and two exothermic peaks, respectively. To
1. TEM observations revealed that opaque regions are poly- define whether these peaks correspond to crystal growth and
crystalline areas, where crystallites of hematite and magnetiteWhether W40 remains vitreous after annealing, a series of
have been separated. This is showrFig. 2(b), where a thermal treatments were conducted at temperatures given in
bright field (BF) TEM image of an opaque region charac- Table 2 Annealing temperature fdv40 was chosen in order
teristic of a polycrystalline structure is presented. The de- to be close to the endothermic peak located at’@3n the
gree of crystallinity was estimated &t60% by measuring ~ case oW50 andW60 products, annealing temperatures were
the total area corresponding to needle-like crystals and crys-in the region of the exotherms and at a temperature above the
tallites from ten mechanically polished sections utilizing op- €Xothermic peaks.

Fig. 2. (a) Optical micrograph of a thin slice Bf70 product observed under transmitted illumination. Regions denoted by | and Il correspond to opaque (poly-
crystalline) and transparent (glassy) areas, respectively. (b) BF TEM micrograph of a thinned opaqgue area consisting of hematite and magnettadanicr
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Table 2

Effect of the thermal treatments on the microstructure of the vitrified products

Deuvitrified product Annealing temperature) Dominant separated crystal phases Structure
DW40 950 - Vitreous

DW50a 700 PlFe 011 (nuclei) Primarily vitreous
DW50b 900 PhFe 011 Glass-ceramic
DW60a 560 PbFg;019 Glass-ceramic
DW60b 720 PbFeg019+ Fe,03 Glass-ceramic
DW60c 900 FeO3 Glass-ceramic

3.3. Products of the devitrification process

The W40 glass was not devitrified, when it was subjected
to the annealing conditions shown Table 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 ifTable 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 microsegregatiof®

Conversely, thermal treatment of thi&0 glass resulted
in crystal phase separation. After annealing at0spher-
ical nanocrystallites were nucleated, which were dispersed
in the whole volume of the matrixdW50a product).Fig. 4 Wi %
is a HRTEM micrograph illustrating the crystal nuclei inside 2
the vitreous matrix. The inset shows a magnified view of the
micrograph depicting a crystal nucleus with well-defined lat- Fig. 4. HRTEM micrograph showing the nucleation of spherical nanocrys-
tice fringes. The spherical nanocrystallites were composedtallites homogeneously dispersed in the matrix of li#&50a product. The
of Pb, Fe and O, as it was detected by microprobe analysis.inset is a magnified view of the nanocrystallite delimited in the square, de-
However, when analyzing small size crystals embedded in aPicting well-defined crystal lattice fringes.
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- ”
portion of the constituent elements could not be accurately :
specified. In order to obtain sizeable crystallites, as-quenched . -
samples were annealed at 8@and cooled down through-
out several hoursldW50b product). This method is usually
referred to as the petrurgic method and gave rise to extensive
growth of the dominant separated crystal phase, with crystal-
lite sizes of the order of a few micrometeffég. 5is an optical
micrograph with some of the crystallites that separated from
the parent glass matrix. The micrograph was obtained from a
thin slice of DW50b product under transmitted illumination.

o

m

Table 3 ' >
Standard deviations of the elemental composition (at.%) ofit#@ matrix . .

before and after thermal treatment, obtained by microprobe analysis Y W Y

Element As-quenched 95C 20 pm £ 3

Fe 17.0 246 y - .

Si 10.5 86 . . . .
Na 47.0 720 Fig. 5. The petrurgic method resulted to the growth of sizeable crystallites

that were used to perform tilt-rotation TEM experiments.
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Numerous EDS analyses, performed on these sizeableof them. The encircled diffraction spots denote the common
crystallites, have shown that the Pb/Fe atomic ratio is close reflections with the preceding diffraction pattern.
to 4. X-ray powder diffraction files (PDF) do not contain a Eventually, this phase was characterized to be a lead—iron
mixed lead—iron oxide with such an atomic ratio. In addi- oxide of tetragonal symmetry with a molecular for-
tion, selected area diffraction patterns (SADs) could not be mula Pi3Fe,O11, and lattice parameters=0.580 nm and
attributed to any known structure of these elements. In or- ¢=1.437 nm. The accuracy of these measurements is of the
der to characterize this separated crystal phase, a numbeorder of+0.005 nm. Computer simulation of the zone axes,
of high symmetry SADs were obtained from various single based on these lattice parameters, verified the indexing of
crystallites. Wide-angle tilt-rotation TEM experiments were the experimental SADs presentedhig. 6. The values of
carried out to determine the characteristic extinction rules of the a and ¢ lattice parameters are directly calculated from
the different reflections. The experimental procedure com- 100 and 00 1 reflections of the [0 0 1] and [0 1 0] zone axes,
prises the detection of at least one high symmetry zone axisrespectively.
(axis with low indices reflections) of the new crystal phase, Devitrification of the W60 glass, subsequent to anneal-
followed by successive tilting about a low indices reflection ing at 560°C, has stimulated nucleation and growth of mag-
belonging to the initial zone, and rotating, repeatedly about netoplumbite, which is a lead—iron oxide with a molecu-
another low indices reflection when a new high symmetry lar formula PbFg019 (DW60a product). Magnetoplumbite
zone axis is placed parallel to the electron beam. Such a suc<rystallizes in the hexagonal crystal systems(0.587 nm,
cessive tilting allows the user to find and exclude from the ¢=2.301 nm) in the form of hexagonal flakésg. 7(a) is a
analysis the double diffracted reflectionsHig. 6, a BF im- HRTEM micrograph, where the basal plane of the emerged
age of a single crystallite of the new phase oriented along acrystal phase is shown. The perfect crystal structure of the
[001] zone axis of the tetragonal system is shown. Diffrac- flake, at atomic level, is illustrated iRig. 7(c), which is a
tion patterns 1-5 (primary zone axis is the [00 1]) and 6—7 magnified part ofig. 7(a). Three equally spaced families of
(primary zone axis is the [0 1 0]) were obtained sequentially lattice fringes at an angle of 12@ each other are denoted
by tilting the crystallite about the axes designated in each onein Fig. 7(c). The common interatomic distance was found

Fig. 6. Identification of the new mixed Pb—Fe oxide in ID&50b product by tilt-rotation TEM experiments. The sense of tilting about an axis parallel to a
specific reflection in each SAD, in order to acquire the subsequent crystal zone axis, is denoted. The encircled diffraction spots denote the ectiomen refl

with the preceding SAD. Analysis of the SADs showed the presence of tetragasfe,Ph; crystallites inside the vitreous matrix. The central BF image
depicts one of these crystallites with the [0 0 1] zone axis parallel to the electron beam.
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Fig. 7. HRTEM micrographs of a magnetoplumbite hexagonal flake, viewed (a) along and (b) normat axihare shown. The corresponding diffraction
patterns are given as insets. Micrographs (c) and (d) illustrate magnified areas of (a) and (b), respectively, revealing the crystal structet@pbinmzim
in the atomic level.

to be 0.509 nm that matches the interplanar spacing of thetive parallel layers of extended hexagonal foils, which have
{1010} planes of magnetoplumbite (0.5086 nrijg. 7(b) grown from the surface of thBW60c sample. The two in-
is a HRTEM micrograph of a magnetoplumbite crystallite serted diffraction patterns (a) and (b) were obtained with the
viewed along th€1010) axis. MoreoverFig. 7(d) is a mag- electron beam parallel to theZ13] and R423] zone axes,
nified area ofig. 7(b), where the lattice periodicity along the respectively.
(0001)axis is clearly observed. The black lines have been  The effects of the annealing processes on the microstruc-
drawn with an interval of 1.15 nm, corresponding to tf2 ture of the vitrified products are summarizedlable 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 the¥60 glass at higher temperature (720)
resulted in surface nucleation and growth of hematite along-
side magnetoplumbiteDW60b product). Hematite crystal-
lizes in the rhombohedral crystal systeRs (space group),
having lattice parametets=0.556 nm and:=2.255nm 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=1um generating a magnetoplumbite-depleted
zone!! This was established by thermally treating coarse-
grained powder oW60 glass at 900C (DW60c product).
In this case, only hematite crystallites were present in the Fig. 8. Crystal growth of hematite from the surface of the devitrifié0c
volume of the annealed product, due to the significant active product in the form of extended foils. The inset diffraction patterns, corre-

surface area of the original materiig. 8 shows consecu- ~ SPonding to (&) [213] and (b) 423] zone axes, were obtained from crys-
) tallite 3.
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4. Discussion Annealing of theW50 andW60 glasses resulted in the for-
mation of new crystal phases. The firstly reportegfh011

Allas-casted and thermally treated products that have beenand PbFg,01 9 (magnetoplumbite), which were the dominant
investigated in this work, exce@W60b and DW60c, were phases grown in the matrices of th&0 andW60 glasses, re-
chemically stabilized; i.e. the toxic agent (lead) cannot be spectively. In these crystal phases, iron takes part in the form
leached away when the samples suffer the corrosive influ- of ferric oxide, since their chemical formula can be written
ence of acetic acid (TCLP protocdf).In the case of as- as (PbOy-Fe,03 and PbQ(Fe,O3)s. EM observations from
quenched vitreous products, the lead content is dispersed irdifferent cut sections of the devitrified samples suggested
the amorphous matrix. This conclusion is based on the resultsthat the mechanism of nucleation is bulk nucleation. More-
of EDS elemental analyses. Lead oxide, for the batch compo-over, hematite was formed on the surface of e glass at

sitions listed inTable ] is a glass network modifiéf,18and higher temperatures in relation to PhE®19. The growth of

therefore, is bonded to the Si@etrahedra by electrostatic hematite can be attributed to the surface oxidation 6t @

bonding?® Fe3*.1223.24|n this case both magnetoplumbite and hematite
Iron oxide, in the form of ferrous oxide (FeO), is also a crystal phases coexisted.

glass network modifiet? additionally, it can also act as a Bulk nucleation of the two lead—iron oxides does not have

crystallization precursdtt On the other hand, iron oxide in  animpact on the chemical stabil#{.In contrast, surface nu-
the FE* state (ferric oxide) is an intermediate and can func- cleation and growth of hematite impairs the chemical stabil-
tion either as a glass network former or as a modifier, depend-ity and the lead concentration in the leachate is comparable
ing upon the glass compositidf.The evidence that ferric  to that of the incinerated residéé Hematite grows in the
oxide acted as a glass former, in our case, is derived from theform of extended foils creating a dense network of crystal-
fact thatW50 and W60 products were vitreous. This obser- lites on a surface layer 6¢1 wm thick. Furthermore, growth
vation seems to be at variance with the theory of oxide glassof hematite suppresses the crystal separation of magneto-
formation, according to which a Si/O ratio below 0.33 cor- plumbite through the formation of the surface layer, where
responds to a structure of broken (depolymerized) J$iO the latter phase is depleted. This was confirmed by anneal-
chains. This kind of structure belongs to the class of “invert ing a coarse-graineW60 glass; in this case only hematite
glasses™-??Moreover, in the case of Si/O = 0.2#60 prod- crystallites were detected, since the active surface area of the
uct) the “glass” structure is constituted of isolated [§fO original material is substantial.
units, i.e. one silicon atom is bonded with four non-bridging Accordingly, bulk crystallization involves crystal phase
oxygen atoms. Therefore, under normal circumstances, thes&eparation from the matrix of oxides that function as glass
materials are expected to present low viscosity and a highnetwork formers and modifiers. This seems to produce a
tendency to crystallize instead of forming a vitreous network vitreous network that, as in the vitrified products, is capa-
upon cooling. Thus, itis plausible to assume that ferric oxide ble of stabilizing lead atoms, while lead that participates in
functioned as a glass network former, sustaining the integrity the formation of crystallites cannot be leached away from
of the glass network in th#50 and W60 vitrified products. PksFeO11 and PbFg019 crystal phases. Conversely, when

W70 multiphase product showed a different morphology hematite crystallizes, the vitreous matrix is depleted from a
compared to the as-quenched products that contained lowesignificant content of one of its formers (ferric oxide), while
concentration of waste. This can be attributed to: (a) the high the lead content remains in the residual matrix. Consequently,
concentration of waste and (b) the rapid crystal phase sep-the vitreous matrix loses its initial structural integrity, since
aration during quenching and not throughout thermal treat- an extended silica-based glass network cannot be formed and
ment. In this case, crystal growth activated a diffusion pro- thus, lead can be leached away easily.
cess, which resulted in absorption of iron and oxygen mainly
from neighbouring vitreous matrix regions.

The devitrification process gave rise to crystal phase sep-5. Conclusions
aration in thews0 and W60 glasses, whileW40 was not
receptive to detectable devitrification, under the annealing  The evolution of microstructure of the as-quenched prod-
conditions applied to all vitreous samples. The structural sta- ucts during thermal treatment depends on waste content.
bility of W40 glass should rely on the fact that devitrification = Among the thermally treated materials, #€0 glass was not
in such multi-component systems is based on reconstructivereceptive to devitrification. Conversely, in the annedi&w
transformations? Since the separated crystal phases have andW60 glasses lead was separated from the vitreous matrix
a different composition from the matrix, crystal growth de- by volume crystallization forming RIFe011 and PbFg019
mands rupture of bonds and long-range diffusion. It seems (magnetoplumbite) crystallites, respectivelygP&0;1 is a
that the above two conditions are not fulfilled in the case of newly reported tetragonal mixed lead—iron oxide acting as
W40, due to its high Si@ content. As a result, it possesses a “sink” of the toxic element. At high temperature anneal-
a vitreous matrix with the highest structural integrity and the ing of the W60 glass the Pb content remains in the residual
highest viscosity in the annealing temperatures relative to thematrix and surface crystallization of 83 occurs. Higher
W50 and W60 vitrified products. waste concentration than 60 wt.% results in the production
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of a multiphase material, where hematite and magnetite sep- 9. Tzeng, C. C., Kuo, Y. Y., Huang, T. F,, Lin, D. L. and Yu, Y. J., Treat-

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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