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Scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy and
X-ray diffraction (XRD) analyses were used to characterise the microstructure and chemical
composition of a glass and a glass-ceramic material obtained from incinerator filter fly ash.
Although the as-quenched material (vitrified fly ash) was amorphous under the detection
limits of XRD, a dispersion of droplets indicating glass-in-glass phase separation was
observed. In the glass-ceramic material (crystallised vitrified fly ash), crystals belonging to
the pyroxene group and spinels were identified. The microstructure of the glass-ceramic
consisted of crystals embedded in an amorphous glassy phase. The crystalline phases
contain a higher amount of metallic elements (e.g. Al, Cr, Fe, Ni and Zn and most probably
also other heavy metals) than the residual glassy phase. A change of composition of the
residual glass phase in the glass-ceramic product, in comparison with the parent glass, is
considered to explain, in comparative terms, the higher toxic potential of the glass-ceramic
over the glass. The present results demonstrate that for an accurate assessment of the
correlation between toxicity, release of hazardous compounds and microstructure,
high-resolution characterisation techniques must be employed. In this context, the effect of
crystallisation on the chemical durability of the products remains as an important area for
further research. © 1999 Kluwer Academic Publishers

1. Introduction landfills equipped with careful control of the efflu-
The significance of municipal solid waste incinerationents. Thisis a costly and environmentally unsatisfactory
is continuously increasing in countries where the pop-solution.

ulation density is high and the availability of space Different options are being developed for the de-
for land-filling is limited, such as the west-European contamination and/or inertisation of incinerator filter
countries and Japan. In Germany and Switzerland, fofly ash with the final objective of rendering a prod-
example, more than 40% of the unrecycled waste isict that can be reused or, at least, deposited in stan-
being incinerated and soon this percentage will in-dard landfill sites without any risk. These technological
crease [1]. Although incineration reduces the volumealternatives include immobilisation by cement-based
of the waste by approximately 90%, it leaves considertechniques [1, 4-6], wet chemical treatments [6] and
able amounts of solid residues, such as bottom, boilethermal treatments or vitrification [7-11]. Of these,
and filter fly ashes [2, 3]. Filter ashes are produced at aitrification is the most promising solution, since by
rate of 25—30 kg per 1000 kg of incinerated waste. Theynelting the residues at temperatures above 180@

are particularly problematic because they contain sigrelatively inert glass is produced: the high temperatures
nificant concentrations of heavy metals (e.g. As, Pb, Shinvolved in the process lead to the complete destruction
Sn, Sr) as well as trace amounts of organic pollutantf the organic pollutant compounds, and heavy metals
(e.g. polychlordibenzo-dioxins and -furanes). Due tocan be either incorporated in the glassy product or sep-
increasingly stringent environmental regulations, thes@rated from the residue by evaporation or differential
residues are regarded as hazardous in most countrigsecipitation [7—11]. The inert vitreous product can, in
[1-3]. Therefore, they must be deposited in speciaprinciple, be utilised for urban furniture, landscaping
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TABLE | SEM/EDX microanalysis (contents in wt %) of the materials investigated and their different phases (the chemical analysis of the original
fly ash is given from Ref. [13])

FA (As-received G (Original GC (Glassy  GC (Crystalline

fly ast?) glass) G (Droplets) G (Matrix)  phase) phase) GC (Spinel A)  GC (Spinel B)
Na,O 35 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
MgO 2.4 1.26 1.37 112 — 3.65 3.55 4.27
Al,O3 17.5 15.77 15.51 15.97 16.71 14.51 23.46 32.28
Sio 38.0 38.06 37.91 38.21 45.47 35.16 17.90 3.11
P,05 1.6 2.17 2.30 2.09 1.62 231 1.09 —
SG; 0.2 0.66 0.87 0.72 0.79 0.38 0.27 0.11
Cly — <b < < < < < <
K20 1.8 2.35 2.18 2.32 4.41 1.12 0.89 0.14
CaO 21.1 23.97 25.66 24.30 22.87 23.25 9.74 1.20
TiOy 1.7 211 1.93 2.08 1.32 2.97 0.93 0.59
Cr,03 — 0.24 — — — — 5.57 10.70
MnO 0.4 0.19 — — 0.14 0.23 0.26 0.30
FeO3 8.0 8.07 7.25 8.25 2.23 12.73 16.63 20.01
NiO — — — — 0.15 0.15 1.34 2.13
ZnO 35 5.14 5.02 4.92 4.28 3.50 18.34 25.17

aThe original fly ash contains PbO (0.3 wt %) according to the chemical analysis.
b(< means that a small amount of Cl was detected by ERXneans a much lower amount of Cl detected).
FA: fly ash; G: Glass; GC: glass-ceramic; n.a.: non assessed.

decoration or for road construction. As a disadvantagedlifferent toxic behaviour of the glass and glass- ceramic
vitrification is an energy-intensive process involving products that was measured in the previous study [14].
relatively high costs. Therefore, its use can only be
fully justified if high-quality products with optimised
properties can be fabricated, which can thus compet2. Experimental
with current materials, for example for building, archi- The starting glass was obtained by melting fly ash
tectural or insulation applications. The most effectivefrom a municipal incinerator situated in Westfalen
way to improve the properties of the vitrified products (Germany). The fly ash chemical composition is shown
without major alterations to the process itself is the in-in Table I. In addition to the oxides listed, traces of
duction of a controlled crystallisation, i.e. by forming CI, Sn, Sh, Cd, Ba, As, Sr, Zr, Pb and Mo were also
a glass-ceramic. present. The preparation of glasses and glass-ceramics
In previous reports the possibility of obtaining glass-from these particular fly ash was reported in detail in
ceramic materials from vitrified fly ash was demon- previous studies [12, 13]. Therefore, only a brief de-
strated [12, 13]. The mechanical properties and toxicscription is given here. Batches of the as-received fly
potential of the glass-ceramics were also deterash, placed in alumina crucibles, were heat-treated at
mined [14]. However, the crystalline structure of the 600°C for 2 h in air, followed by melting in an labora-
material was not studied in-depth. A detailed knowl-tory furnace at 1300C for 2 h. No additives, fluxes or
edge of the crystalline phases present, their cheminucleating agents were added. The glass was quenched
cal composition and microstructural arrangement isjn air at room temperature. A shiny black-colour glass
however, necessary in order to be able to assessas thus obtained. The density of this glass, obtained
quantitatively the correlation between microstructure by the Archimedes technique, was 2.80 gich3].
mechanical properties and chemical durability of theSpecimens suitable for microscopic observation were
material and, thus, to optimise the products. In ourprepared from the as-quenched glass samples. Glass-
previous investigation it was found, for example, thatceramic samples were obtained by subjecting a suf-
crystallisation of the vitrified fly ash product, while be- ficient number of specimens to a crystallisation heat-
ing beneficial in terms of mechanical and other phystreatment, as follows: the samples were heat-treated at
ical properties, may increase the toxic potential of thea rate of 10C/min to 880°C, thereafter the samples
vitrified residue [14]. In the present study a detailedwere hold at this temperaturerfé h and subsequently
characterisation of the microstructure of the vitrified the temperature was increased to 960at a rate of
fly ash product and of the glass-ceramic obtained frons°C/min. The samples were kept at this temperature
it has been conducted. Standard characterisatiofor 10 h. At the end, the crystallised samples became
techniques including scanning electron microscopyamber-brown coloured. During crystallisation forma-
(SEM) coupled with quantitative elemental analysestion of macro-porosity did not occur. The density of the
by energy-dispersive X-ray (EDX) spectroscopy andcrystallised samples, as measured by the Archimedes
X-ray diffraction (XRD) analyses were used. The re-technique, was 2.89 g/ctfiL3]. As-quenched and crys-
sults of the microstructure characterisation were analtallised glasses were ground and milled to produce
ysed with the aim of providing an explanation for the powders of average particle sizé63 .um suitable for
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X-ray diffraction (XRD) analysis (Siemens, 8y ra-  that although the spectra showed a peak corresponding
diation). Scanning electron microscopy (SEM) cou-to the element Cl, this was not quantified because the
pled with energy-dispersive X-ray (EDX) spectroscopystate in which this element is present is not known, i.e.
(Jeol JSM-U3, 20 kV acceleration voltage) was usedf it is present as a gaseous occlusion or forming part
to examine the microstructure and composition of asof the vitreous structure. This aspect is relevant for the
guenched glass and glass-ceramic samples on both fragresent vitrified product, since the starting fly ash con-
ture and polished surfaces. Samples were fractured intains non-specified amounts of organic compounds of
mortar especially designed to obtain fresh fracture sur€l. If it could be demonstrated that this element can be
faces of brittle materials in flexion [15]. The surfacesentrapped, at least partially, in the vitreous structure, a
were etched with a 2% HF solution during 15 s in or- significant step towards the full inertization of the fly
der to reveal the phases present both in the glass (glassh via vitrification would have been done. Moreover,
phase separation) and in the glass-ceramic (crystallintne presence of Cl could have a profound effect on the
phases). After the chemical etching the samples wererystallisation behaviour of the vitrified fly ash.
washed several times using distilled water and alco- Detailed SEM observations of the fracture surfaces
hol in an ultrasonic bath. This was necessary to removef the vitrified fly ash product reveal the presence of
residuals of HF and external particles adhered to the sumicroporosity and the development of incipient crys-
faces. Polished sections were also prepared tqeenl tallisation at the edge of the samples, as shown in
finish for SEM/EDX observations by standard grinding Fig. 2a and b. Microporosity may develop as the result
and polishing procedures using SiC paper and diamondf gases entrapped in the glass. These gases may orig-
paste. Polished samples were also etched using solutiomate in the Cl-containing organic compounds present
of 2% HF. in the starting fly ash. The crystals observed, which are
present in a very low proportion, and therefore are not
detected by XRD, are of two types:

3. Results and discussion (1) Equiaxed polyhedral crystals of abouytb size,
3.1. Vitrified fly ash (amorphous glass) which showed a high level of electronic emission under
The as-quenched vitrified fly ash exhibited no signs ofhe SEM and are possibly spinels containing significant
crystallisation on the most part of the fracture surfacegmounts of heavy metals, and

as determined by SEM observations. The XRD pattern (2) Elongated prismatic crystals of hexagonal cross
of this material showed the typical halo of amorphoussection of about 1Qum length and 5um thickness,

glasses, as reported elsewhere [13], thus confirming thghich are possibly crystals belonging to the pyroxenes
lack of crystallisation, at least under the limits of de- group, as discussed below.

tection of XRD (crystallinity above~2 wt% should

be detectable by XRD). However, the material exhib-

ited an heterogeneous microstructure due to the exis-

tence of numerous droplets of liquid-in-liquid phase3.2. Crystallised vitrified fly ash

separation, as shown in Fig. 1a and b. Dispersion of  (glass-ceramic)

droplets representing areas of liquid-liquid insolubility Fig. 3 shows SEM images of different areas on the
is a usual phenomenon in several glasses [16]. In pafracture surface of a sample after the crystallisation
ticular, and relevant for this study as discussed belowheat-treatment. At low magnifications (Fig. 3a), it is
extensive glass-in-glass separation similar to that exhibpossible to see a partially crystallised “shell” having
ited by the present glasses, has been observed in basalthickness of about 3a@m. This crystallisation zone
glasses formulated for the immobilisation of nucleardoes not exhibit an oriented microstructure, as it has
waste [17]. The size of the dispersed tiny droplets wadeen observed in other glass-ceramics [18]. From this
about 0.5um and they exhibited a marked white con- “shell”, itis possible to see a partially crystallised area,
trast in the SEM, which may indicate an enrichment ofwhere both elongated and equiaxed crystals are pre-
heavy metals. Some agglomerations of droplets formsented, having average size of approximately 5 and
ing clusters were also observed (Fig. 1b). SEM observal0 um, respectively (Fig. 3b). The interior of the mate-
tions done on polished and etched surfaces confirm theal shows a high degree of crystallisation, characterised
presence of these insolubility droplets. EDX spot analy-by a network of interlocked elongated crystals between
ses (spatial resolution of the order of QuBn) revealed which smaller, equiaxed crystals are situated (Fig. 3c).
that there are not significant differences in the com-By SEM observation of polished surfaces of the mate-
position of the phases (i.e. droplets and matrix). Therial, as shown in Fig. 4, the crystalline phases present
respective quantitative analysis is presented in Table ktan be better visualised and distinguished. Particularly
A more detailed analysis of the data in Table | must takausing backscattered electrons, a very good contrast be-
into consideration the interference of the X-ray diffrac- tween the crystalline phases and the remaining amor-
tion lines of some elements, which could affect the datgphous matrix can be achieved and so the morphology of
shown. Thus, for example, the diffraction lineska the crystals can be studied. Thus, in alow-magnification
and ZrL, present a strong overlapping, meaning thaimage as shown in Fig. 4, the following features are dis-
the indicated ZnO content may include the content otinguished:

Na,O also. The same occurs with the linek Sand

PbM, , so that the indicated S@ontent includes also (@) Polygonal, equiaxed crystals with a very bright
the PbO contentinthis glass. It must be also pointed outontrast, and showing a very dispersed distribution,
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(b)

Figure 1 SEM micrographs of the fracture surface of the as-quenched glass (vitrified fly ash) showing: (a) high dispersion of droplets representing
glass-in-glass separation, and (b) agglomeration of droplets.
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riously taking into account, particularly considering
results in the literature demonstrating the incorpora-
tion of cloridic salts in glasses [19-21]. The chemical
analysis of the elongated crystalline phase leads to the
conclusion that these crystals may correspond to the
diopside phase identified by XRD analysis (Fig. 5).
Although diopside is a pyroxene crystal of general
composition Ca@gO-2Si0,, it is well-known that
crystals belonging to the pyroxene group, i.e. augite,
can be formed by substitutions of the type: [CaQ,]«
[MgO-FeOZnO]; _x [Al 203-F&03]y-2Si0,. Thus, in
the present glass-ceramics, the presence of Fe, Mg,
Ca, Zn and Al in the elongated crystals (see Fig. 7b)
suggests that these are in fact pyroxenes of the type
augite, similar to those formed in crystallised basalt
glasses [17,22], and in model glasses formulated to
simulate the composition of vitrified fly ash [21]. This
type of pyroxene crystals has been also observed in
crystallised glasses obtained from other industrial waste
rich in Fe, such as fly-ash from thermal power sta-
tions [23] and goethite industrial waste [24, 25]. Be-
sides the uncertainty concerning the state of the ele-
ment Cl in this material, as mentioned above, also the
location of P remains an open question. In particular,
it would be interesting to further investigate how this
element is incorporated in the crystalline structure of
/ the pyroxenes, since the EDX analyses (Table |) re-
(b) vealed that these crystals contain a higher amount of
P than the residual glassy phase. Moreover, the exact
Figure 2 SEM micrographs of the fracture surface of a glass sample,chemical composition of the pyroxene crystals can not
showing formation of microporosity (a) and incipient crystallisation (b). ha further determined using SEM/EDX due to the fine
scale of the crystals and the limited spatial resolution
(b) Elongated crystals exhibiting a grey contrast andof the technique (of the order ofidm). In this context,
making the most part of the crystalline phase, and  investigations using transmission electron microscopy
(c) Areas of the amorphous residual glassy phaséTEM) images and quantitative EDX are in progress
(matrix), which appears in dark contrast. to gain a more detailed assessment of the exact com-
position and structure of the pyroxene phase present
Powder XRD diffraction analysis of the sample demon-in these glass-ceramics. The analysis by SEM/EDX of
strates the high level of crystallisation achieved, aghe bright polygonal crystals (Fig. 7c and d and Table I)
shown in Fig. 5. The following crystalline phases showed the existence of at least two different (cubic)
were detected, listed in decreasing order of the relaspinel phases, which will be called spinel A and B. In
tive amount found: diopside, anortite (or an anortiticthese phases a high concentration of the metallic ele-
feldspar) and spinel. The crystalline pattern obtainednents Fe, Cr, Ni and Zn was found, which are thought
was reproducible and did not depend on the batch ofo be entrapped in this type of cubic lattice. In spinel B,
as-received material taken for the experiments. Thighere is a higher concentration of Ca and Ti, which may
indicates that the chemical composition of this par-suggest the existence of a sphene phase in solid solu-
ticular fly ashes was very homogeneous. The relativéion with the spinel. Further characterisation of these
composition of the different crystalline phases in thecrystalline phases will need the use of higher resolu-
glass-ceramic can be assessed by EDX spot analysden techniques including TEM and electron diffraction
on high-magnification SEM images, such as the onenalyses.
shown in Fig. 6. Typical EDX spectra obtained are The assessment of the crystallisation kinetics and the
shown in Fig. 7 and the results of the quantitative analaccurate identification of crystalline phases and of their
ysis are presented in Table I. The data reveal the differehemical composition have been reported to be diffi-
ent chemical composition of the different phases. Thusgult tasks in this kind of glass-ceramics obtained from
for example, although the Al/Si ratio is practically the vitrified incinerator fly ash [7,12]. Nevertheless, the
same for the amorphous and crystalline phase (elorpresent observations and XRD data may help to deter-
gated crystals), the glassy matrix is richer in K, Znmine the crystallisation mechanism active in these ma-
and CI. This may suggest that Cl could be entrappederials. Thus, Figs 4 and 6 reveal that there is a preferred
as gaseous occlusions in the glass matrix, or that ibrientation of the pyroxene crystals with respect to the
may be forming part of the silicate glass network. Thisfaces of the cubic crystals of spinel. Most of the elon-
last hypothesis needs certainly further verification, e.ggated crystals have one of their edges in contact with
by using spectroscopic techniques, but it should be sehe spinel crystals and are situated perpendicularly to
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160.0

(b)

Figure 3 SEM micrograph of the fracture surface of glass-ceramic sample: (a) low magnification image showing crystallisation “shell”, (b) partly
crystallised area exhibiting both elongated and equiaxed crystals, (c) highly crystallised area, showing a network of interlocked elorajatutcryst

smaller equiaxed crystal€Céntinued
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Figure 3 (Continued.

Figure 4 Low-magnification SEM image of a polished surface of a glass-ceramic sample. The microstructure consists of elongated and equiaxed
crystals dispersed in an amorphous glassy matrix.
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Figure 5 XRD pattern of the glass-ceramic material showing high level of crystallisation. The following crystalline phases are identified: pyroxenes,
e.g. diopside (D), anorthitic feldspar (F), spinel (S).

Figure 6 High-magnification SEM image of the polished surface of a glass-ceramic sample showing details of the crystalline microstructure. The
following features are distinguished: (i) a polygonal, equiaxed crystal with a very bright contrast (spinel), (ii) elongated crystals exlgigting a
contrast (pyroxene) and (iii) an amorphous residual glassy phase (matrix), which appears in dark contrast.

the faces of this cubic phase. Therefore, a mechanis.3. Crystallisation and toxic potential

for the crystallisation may be suggested, considering of the products

the epitaxial growth of the pyroxene crystals from theThe microstructural analysis presented in the previous
spinel phase, which being the phase that forms morsections may be used to provide a first (qualita-
quickly, would then provide heterogeneous nucleatiortive) explanation for the toxic behaviour of the
sites for the further crystallisation progress. glass and glass-ceramic materials. In a previous
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Figure 7 Typical EDX spectra obtained for the different phases in the glass-ceramic sample (see also Fig. 6): (a) glass matrix, (b) crystalline phase,

elongated crystals, (c) crystalline phase, equiaxed crystals (spinel A), and (d) crystalline phase, equiaxed crystals (spinel B).

investigation [14], the toxic potential of the materials a possible effect of porosity on the different toxic

was assessed by cell culture tests. By measuring the ceqdbtential of the materials can be ruled out. Assum-
activity after contact with extracts from the samples, iting that most heavy metals are concentrated in the
was shown that the toxic potential of the glass-ceramicrystalline phases, as the SEM/EDX analyses of the
material was higher than that of the as-quenchegbresent investigation suggest, the increase of toxicity
glass. The results of those toxicity measurements aref the glass-ceramic could be simply explained on
summarised in Fig. 8, where toxicity, as quantified bythe basis of a poorer leaching resistance of these
the cell activity of a cell culture medium treated by crystalline phases in comparison with that of the parent
extracts of the samples [26], has been plotted for difglass matrix. Results in the literature disagree on the
ferent concentration of extraction media. The toxicityinfluence of crystallisation on the leaching resistance
data were normalised to the values determined for af heavy metal containing glasses. For example, in
petri dish glass, which was assumed to be non-toxicglasses prepared from steel making precipitator dusts
The results shown in Fig. 8 indicate that the releasend silica [27], crystallisation was shown to affect

of substances that inhibit cell activity, for example negatively the leaching behaviour, whereas for glass-
heavy metals, was more pronounced in the crystallisederamics prepared from basalt glasses [17], goethite
samples. Since both glass and glass-ceramic specimewsiste [24], hazardous waste incinerator residuals [28]
were similarly dense (with negligible microporosity), and lead-containing waste glass [29], crystallisation
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1 materials by considering the change of composition of
the glass residual phase. They speculated that the in-
creased chemical durability of the glass-ceramic was
due to the removal of alkaline-earth elements (e.g.
Ca, Mg) from the glass matrix phase to form the py-
roxene phase, in particular augite. With less concen-
tration of alkaline-earth elements, the glass network
should be more resistant to chemical attack. The au-
thors also noted that in their glasses, the effect of re-
moval of alkaline-earth elements from the glass matrix
phase would overcome the observed enrichment of this

Relative toxicity

0 ’ ' ' ’ phase in Na. This element is expected to affect nega-
0 20 40 60 80 100 tively the chemical durability of the products. In our
Concentration of extraction media (%) glass-ceramics, a depletion of the elements Ca and Mg

in the glass phase was detected (see Table I). However,
Figure 8 Relative toxicity of the materials investigated, according to this is not as pronounced as that shown to occur in the
::Z‘i;fns_u'ts Ofapfe"ioﬁsdsmldy Hﬂ}“scij”% the Ce“cu't“fl? te;@_'ﬁlss‘ kt)asalt glass-ceramics of Chigk al. [17]. In partic-
IC as-quencne ass. € data were normalised with respe . . . . . .
to the to’x?c)ity o?petri dishgglass, whose toxicity was assumed to be?lili‘”ar' in that InveStlgatlon’ the Conce_ntratlon of Ca in
the glass phase of the glass-ceramic was shown to be
less than 50% of that in the as-quenched glass [17]. In
i _ . N our material this difference was only of 8% (Table I).
resulted in a higher chemical durability. In yet other \pjgreover, since the concentration of Na could not be
observations on simulated nuclear waste glasses, Cry§uantified with the SEM/EDX technique used (due to
tallisation was found to have no effect on the leachingpe overlapping of the&,, line of Na andL, line of
behaviour of the samples [30]. It is interesting to notezp), the possible change of Na concentration in the
that the microstructure of the present glass-ceramicsg|assy phase of the glass-ceramic can not be ruled out
exhibiting crystalline phases embedded in a glassyor confirmed, this being an interesting topic of re-
matrix, is exactly opposite to that of the crystallisedgearch for future studies. Thus, analysing the present
lead-containing glasses developed by Dwivetlial.  gata and literature results, seems that there is no uni-
[29]. In those samples lead-rich glassy islands wergersal explanation for the effect of crystallisation on
embedded in a crystalline matrix with low lead |eaching behaviour, and that each glass-ceramic sys-
concentration. Thus, during leaching tests, most of thgem must be analysed separately. For the present glass-
surface exposed to the acidic extraction fluid was &eramics, further microstructure and chemical analyses
lead-deficient crystalline matrix while most part of the tjlising measurement techniques of higher resolution
lead was immobilised in glassy pockets, resulting ingre required in order to obtain a more clear view of the
less lead being extracted from the glass-ceramic. Ifgjationship between crystallisation and chemical dura-
the present glass-ceramic, according to the results qfjjity. In particular, the distribution and relative concen-
the EDX analyses (Table ), the heavy metals are mosgation of the elements Cl, P, Na and of the heavy metals
probably concentrated in the crystalline phases, whichy, the different phases must be assessed. The potential
may be expected to have a lower chemical resistancgazardous effect of these materials should be further
than the amorphous glass matrix, thus leading to th@nalysed by conducting chemical durability tests (e.g.
poorer chemical durability of the glass-ceramic. Ingoynlet, “Swiss” [21] or DEV-S4 tests [32]), in addition
this context, the present results contradict the claim ofg the toxicity tests described elsewhere [14].
an earlier waste management approach [31], in which
the heterogeneous dispersion of hazardous element-
containing particles in a glass matrix (i.e. forming a
composite material), was proposed to lead to a good. Conclusions
chemical durability of the products. The present resultshe microstructure of a glass and a glass-ceramic ma-
show that the encapsulation of crystalline particlesterial obtained from incinerator filter fly ash was in-
containing heavy metals in a glass matrix does nowestigated. The as-quenched material (vitrified fly ash)
guaranteger sea low leachability of the products. was amorphous under the detection limits of XRD.
Assuming that the toxic potential of the materials Tiny droplets of glass-in-glass phase separation were
(Fig. 8) correlates directly with their chemical dura- observed, however. In the glass-ceramic material (crys-
bility, the present results may be rationalised on thdallised vitrified fly ash), crystals belonging to the py-
basis of the hypothesis of Chiek al.[17] for basalt roxene group and spinels were identified. These crystals
glass-ceramics. The microstructure of the material inare embedded in an amorphous glassy phase. The par-
vestigated by Chiclet al. resembles that of our glass- ticular arrangement of the crystalline phases lend to the
ceramics, i.e. they observed the presence of crystallineonclusion that the pyroxene crystals may have grown
phases, including pyroxenes, embedded in a glassy mapithaxially from the faces of the cubic spinels. The
trix. They showed that the durability of the continuouscrystalline phases contain a higher amount of metal-
glass phase controlled the leaching behaviour in botlic elements (e.g. Al, Cr, Fe, Ni and Zn and heavy
the parent glass and the glass-ceramic, and explainedetals) than the residual glassy phase. Following an
the higher chemical durability of their glass-ceramicexplanation advanced by Chieit al. [17], the change
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of composition of the glass phase in the glass-ceramics.
product, in comparison with the parent glass, seems t&0
be the key factor explaining its higher toxic potential, **

as found in a previous study [14]. The existence of Cl
in the glass and glass-ceramic was confirmed, but little

is known on the way it is incorporated in the glassy anch3.

crystalline phases. The exact correlation between toxi-

city, release of hazardous compounds and microstruc*

ture of these materials mustbe further investigated. Thig,
will help to answer the open remaining questions con-
cerning the chemical durability and toxic potential of

the products, and how these are changed by the cry$é.

tallisation. Only after these questions have been fully
addressed and clarified, it will be possible to consider

realistically the materials for the envisaged technicalg
19.

applications.

20.

Acknowledgements
The authors acknowledge the experimental pOSS|b|I|t|es

to carry out this investigation offered by the Labora-22.

tory of Electron Microscopy (Inst. Nacional dednica
Aeroespacial), Torreji de Ardoz (Madrid) and by the

Electron Microscopy Service, (Polytechnic University o4

of Valencia).

Part of this work was carried out with financial sup- 25.

port from the program “acclones Inteprades,” funded by
DAAD (Bonn) and Ministerio de Educamn’y Cultura
(Madrid).

27.
28.

References

1. 0. HJELMAR, J. Hazardous Mat47 (1996) 345-368.

2. R. DERIE, Waste Managemenb (1996) 711-716.

3. P. T. WILLIAMS, in “Waste Incineration and the Environment,
Issues in Environmental Science and Technology,” edited by R. E.
Hester and R. M. Harrison (Royal Society of Chemistry, 1994) pp.
27-52.

4. G. C. C. YANG andS.-Y. CHEN, J. Hazardous Material89
(1994) 317-333.

5.M. T. ALl andw.

(1994) 256-263.

. 0. BARIN, Wiss. und Umwel3/4 (1991) 159-167.
. R. GUTMAN, Glass Sci. TechnoG9 (1996) 285-299.
8. R. MERGLER, Glas-Ingenieu6 (1993) 83-88.

31.

F. CHANG, ACI Materials Journal91

~N o

12. A. R. BOCCACCINI, M.

23.L. BARBIERI, T. MANFREDINI, I.

29.

30.

32.

M. KRAUR, Glastech. Ber. Glass Sci. Technt,(1997) 375-381.
D. pE LABARRE, Verre3(1997) 33-39.

D. F. BICKFORD andR. SCHUMACHER, Ceram. Eng. Sci.
Proc.18(1995) 1-10.

KOPF andG. ONDRACEK, Z.
Angewandt. Umweltforschury(1994) 357-367.

A. R. BOCCACCINI,M. KOPFandw. STUMPFE, Ceram.
Int. 21 (1995) 231-235.

A. R. BOCCACCINI, M. PETITMERMET and E.
WINTERMANTEL, Ceram. Bull.76 (11) (1997) 75-78.

. P. CALLEJAS, Obtencon, Microestructuray Propiedades de Ma-

teriales Vitroceamicos con Efecto Aventuvina, Ed. Univ. Autdma
de Madrid (1988) p. 46.

H. RAWSON, “Properties and Applications of Glasses” (Elsevier,
Amsterdam, 1980) p. 22.

17.L. A. CHICK,R. O. LOKKEN andL. E. THOMAS, Ceram.

Bull. 62 (1983) 505-516.

J. MA. RICONandR. CAPEL, Ceram. Int.11(1985) 97-102.
C. HIRIYAMA andF. E. CAMP, Glass Technol10 (1969)
123-127.

J. MA. RINCON andH. MARQUEZ, “Electron Microscopy,”
Vol. 2 (EUREM 92, Granada, Spain, 1992) pp. 455-456.

1. A. KIPKA,B. LUCKSCHEITERandw. LUTZE, Glastech.

Ber.66 (1993) 215-220.

J. MA. RINCON andM. ROMERO, Mat. de Construcciod6
(1996) 91-106.

QUERALT, J. MA.
RINCON andM. ROMERO, Glass Technol38(1997) 165-170.
M. PELINO,C. CANTALINI andJ. MA. RINCON, J. Mater.
Sci.32(1997) 4655-4660.

M. ROMEROandJ. MA. RINCON J. Europ. Ceram. Sod.8
(1998) 153-160.

26. M. PETITMERMET,A. FAVRE,B. SHAH,U. ROSLER,J.

MAYER andE. WINTERMANTEL, in “Monitoring and Verifi-
cation of Bioremediation,” edited by R. E. Hinchee, G. S. Douglas
and S. K. Ong (Battelle Press, Columbus, 1995) pp. 223-232.
T. R. MEADOWCROFT, Mat. Trans. JIM37 (1996) 532—-539.
S. D. KNOWLES andD. A. BROSNAN, Canadian Ceramics
Quarterly J. Canad. Ceram. So84 (1995) 231-234.

A. DWIVEDI,Y. BERTA andR. SPEYER J. Mater. Sci29
(1994) 2304-2308.

M. A. AUDERO, A. M. BEVILACQUA, N. B. M.
BERNASCONI,D. O. RUSSOandM. E. STERBA, J. Nuc.
Mat. 223(1995) 151-156.

A. R. BOCCACCINI,J. JANCZAK,D. M. R. TAPLIN
andM. KOPF, Environmental Technology7 (1996) 1193-1203.
L. DEPMEIER,U. TOMSCHI andG. VETTER, Mull und
Abfall 9 (1997) 528-533.

Received 20 October 1998
and accepted 3 March 1999

4423



