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Combustion o f municipal waste yields fly ashes. The ashes contain hazardous metals in a soluble form. Recycling or disposal o f
such residues requires separation o f the hazardous metals or vi t r i f icat ion o f ashes. The glass product must be chemically durable
enough to prevent significant leaching o f the hazardous metals. The vitr if icat ion process requires knowledge o f the viscosity and the
crystallization properties o f the melt and o f the electrical resistivity i f the melt is directly heated. These properties were investigated i n
dependence of the temperature and the chemical melt composition and the results are presented graphically so that melt properties
can be predicted for certain melt composition ranges. The chemical durabihty was measured using various test methods (Soxhlet,
ISO 719, „Swiss Test"). The chemical durability was also tested as a function o f temperature, p H value, glass surface area to solution
volume ratio and the content o f organics (citric acid, humic acid) i n the solution. First results are presented.

Einschmelzen von Flugaschen und Produkteigenschaften

Bei der Mül lverbrennung entstehen Flugaschen, in denen Schwermetalle enthalten sind, die die Umwel t belasten k ö n n e n . U m
diese Rücks tände wiederverwerten oder deponieren zu können, ist eine Nachbehandlung erforderlich, z. B. durch Abtrennung der
Schwermetalle oder durch Verglasung der Aschen. I m Falle der Verglasung m u ß das entstehende Glasprodukt chemisch so bes t änd ig
sein, d a ß eine nennenswerte Auslaugung der Schwermetalle ausgeschlossen werden kann. Ferner ergeben sich aus verfahrenstechni-
schen G r ü n d e n Anforderungen an den Viskositätsverlauf, die Kristallisationseigenschaften und bei Direktbeheizung auch an den
spezifischen elektrischen Widerstand der Schmelze. Diese Eigenschaften wurden in Abhängigke i t von der Temperatur und der
chemischen Zusammensetzung der Schmelzen untersucht und grafisch so dargestellt, d a ß Voraussagen für bestimmte Zusammenset-
zungsbereiche möghch werden. Die chemische Beständigkeit der Gläse r wurde nach gebräuchl ichen Tests (Soxhlet, ISO 719,
„Schweizer Test") untersucht und beurteilt. Außerdem wurde die Korros ionsbes tänd igke i t der Gläser in Abhäng igke i t von Tempera-
tur, pH-Wert, Verhältnis zwischen Glasoberf läche und Lösungsvo lumen und Gehalt an organischen Substanzen in der L ö s u n g
(Zitronensäure, Huminstoffe) untersucht. Dazu werden erste Ergebnisse mitgeteilt.

1. Introduction
Certain fly ashes constitute hazardous waste because
they contain large amounts of toxic heavy elements, e. g.
lead, chromium, copper, zinc and sometimes cadmium
and mercury. These ashes are produced by municipal
waste incinerators. The quantities are considerable:
8.5 • 10̂  t of municipal waste were burnt in 1990 in the
old states of the Federal Republic of Germany. There
are 40 to 70 kg of fly ashes including residues from off-
gas treatment produced per ton of waste [1], roughly
500 t in total. The heavy metal concentration is about
30 g/kg [2]. They occur mostly as water-soluble chlo-
rides, fluorides and sulphur compounds. Therefore, it is
important to pretreat the ashes prior to disposal or re
cycling. There are two possibilities for conditioning fly
ashes:

a) immobilization of the heavy metals by sintering or
melting and
b) separation of the heavy metals.
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Various treatment processes are under development
and have been summarized recently [3 and 4]. The final
product depends on the type of fly ash treatment. Glass
products containing hazardous metals are considered in
the framework of this communication. For the time be
ing, only one „real" vitrification process for fly ashes has
been described in the literature: the SOLUR glass melt-
ing process, developed by the companies Sorg and Lurgi
[3]. The feed is melted in a direct-heated ceramic-lined
melter. Various wastes such as fly ashes, slags and
sludges can be fed into the melter and additives such as
sand, bottle glass and phonoHte can be added to adjust
the glass composition, if necessary. The melting tem-
perature is 1400 °C. The toxic elements are immobilized
in the structure of the glass. In this way, glasses are pro-
duced in the form of chunks, pellets or granulate and
therefore, constitute reusable materials.

There are similarities between the vitrification of
hazardous and radioactive wastes. In either case, multi-
component mixtures with variable compositions have to
be melted into a glass and their melting behaviour and
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Table 1. Composidons o f glasses ( in
ashes. R l  reference glass, r  range

vt%) melted from fly

component R l r component R l r

Si02 41 35 to 50 P2O5 0.5 Oto 5 
CaO 23 10 to 30 S 0.5 0 to 0.5

AI2O3 15 10 to 30 CI 0.5 0 to 0.5
FeO.i) 5 2 to 8 F 0.3 Oto 4 
M g O 3 1 to 5 PbO 0 .51
N a 2 0 5 1 to 7 Cr203 0.5 E  1 to 4 
K2O 2 1 to 6 CuO 0.6
T i 0 2 1.5 Oto 2 ZnO 1 J 

)̂ Added as Fe203.

the properties of the final product are impossible to pre
dict. Respective data must be measured in the labora-
tory. Their interpretation must provide the necessary
understanding to guarantee reliable melter operation
and optimum product quality.

A reference glass (Rl) and variants thereof were
melted in the laboratory according to compositions pro-
vided by the Sorg company (table 1). In the authors'
experiments pure chemicals were used for melting the
glasses at 1300°C. The melts were quenched and X-ray
amorphous glasses were obtained. Real fly ashes were
also vitrified, but not investigated in detail. The melting
behaviour was different. Foaming was observed, but the
quenched glasses were also free of crystalline products.
Various experiments were performed with the glasses
made from chemicals, in close relation to previous
experiments with radioactive waste glasses [5 and 6]. The
results are reported in sections 2. to 5.

The chemical composition of the toxic wastes can
vary over a wide range. Compositions of glasses ob-
tained from vitrification of fly ashes are given in table 1.
R l is the reference composition; r is the range (all values
are in wt%). The compositions of the variants of R l faU
into the listed composition ranges. Some in fact exceed
these ranges. The total amount of fluorine, chlorine and
sulphur in the fly ash exceeds the solubility of these el-
ements in the glass. The excess of sulphur forms a sepa-
rate phase - the gall - which contains chlorine, fluorine
and other elements. This phase is not considered in this
work. The quantities of chlorine, fluorine and sulphur
given in table 1 are dissolved in the glass.

2. Electrical resistivity
In the case of fly ash vitrification in a melter, direct
electrical heating must be used to transfer sufficient
amounts of energy into the melt. In this case, a cold cap
can be maintained on top of the melt at all times. This
reduces vaporizadon losses and promotes the dissoludon
of the hazardous metals in the melt. There are upper
and lower limits for the specific resistance to safely oper-
ate the melter. Since the specific resistance is determined
by the waste composition, the influence of the critical
waste constituents on resistivity must be known. The re
spective measurements were performed and the results
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Figures  1 a and b. Specific electrical resistance of glass R1 as a 
function of glass composidon at 1150 C; a) variation o f Si02,
AI2O3, N a 2 0 concentration; b) variation of CaO, MgO, FeOx
concentration.

are shown in figures la and b. In these experiments the
glass composidon R l (table 1 and the zero point in fig-
ures 1 a and b) was varied and the specific electrical resis-
tivity measured at 1150 °C. The six major glass constitu-
ents were varied, one at a time, by adding or deleting
respective amounts thereof As expected, Na20 has the
largest effect on the resistivity. A variation of about
±2 wt% results in a resistivity change of about ±50 %.
Changes in concentration of some ±3 % alter the resis-
tivity by a factor of 2. Variations in the concentration of
alkaline earth and iron oxides of over ±3 wt% show less
effect than ±2 wt% Na20. Variations in the concen-
tration of constituents always lead to changes of the con
centration of the highly conductive sodium. However,
this alone cannot explain the effect of MgO, CaO, etc.
on resistivity. Also, a relationship between viscosity and
resistivity is not evident. If the concentrations of AI2O3
and Si02 are increased by 5 wt%, the resistivity increases
strongly; in the case of AI2O3, this is a result of crys-
tallization (see secdon 4.). Diagrams such as in fig
ures la and b can be used to estimate the effect of un
known concentration changes.

3. Viscosity of glass melts
The safe operation of a melter requires keeping the vis-
cosity within certain limits. There are critical compo-
sitions of the melt which lead to its partial or complete
crystallization. These compositions can be detected in
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Figures 2a and b. Viscosity o f glass R l as a function o f temper-
ature for a series o f melts wi th increasing concentrations of
a) Si02 and b) AI2O3. The arrow shows the direction o f the in
creasing Si02 and AI2O3 content, respectively.

the laboratory by systematic variations of the glass com-
position and measurements of viscosities as a function
of temperature. Respective measurements were per
formed for radioactive waste glasses by Chick et al. [7].
Figures 2 a and b show the dependence of viscosity on
temperature for a series of melts with different Si02 con-
centrations (figure 2a) and the effect of increasing AI2O3
contents (figure 2b), respectively. Figures 3a and b show
viscosities as a function of variations of the concen-
tration of six constituents of glass R l at 1150 and
1350 °C, respectively

Viscosities were measured at temperature intervals of
50 K. The lowest temperature for each curve was the one
at which the viscosity could still be measured with the
viscometer. At 50 K below that, the melt crystallized
during the measurement. The effect of the six constitu-
ents on viscosity varies from element to element. As ex
pected, an addition of network formers such as Si02 and
AI2O3 increases the viscosity of the melt. Additions of
Na20 decrease the viscosity. A decrease in viscosity is
also observed with increasing concentrations of MgO,
CaO and FeOx and is in agreement with investigations
on other glasses [8]. The strong increase of viscosity at
high AI2O3 content at 1150°C (figure  3 a) indicates the
beginning of crystallization. The increase of the viscosity
at low Si02 concentrations is also a result of crystalli-
zation. The data points for each constituent in figures  3 a 
and b, as well as those for other temperatures between
1150 and 1350 °C, can be fitted by second order poly-
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Figures 3a and b. Viscosity o f glass R l as a function o f the
component change in the glass composition at different tempe-
ratures, a) 1150 C, b) 1350 C.

nomials. The calculated curves are also shown in fig-
ures 3 a and b. Viscosities can be calculated for similar
glass compositions with sufficient confidence, as long as
they lie in the ±3 wt% range of compositions at 1150°C
(figure 3a) and ±5 wt% at 1350°C (figure 3b), respec-
tively. Predictions can be supported by investigating the
crystallization behaviour of the glass melts.

4. Crystallization
Glass melts with the respective boundary compositions
(figures  3 a and b) crystallized within minutes during the
viscosity measurement. Crystallization led to a sudden
steep increase in the viscosity and the instrument had to
be turned off immediately to avoid damage. To study
crystallization, the respective melts were kept at high
temperatures from 1 to 24 h to increase crystal yields.
These temperatures include that at which the melt solidi-
fied in the viscometer as well as temperatures 100 to
150 K below. The crystallized products were investigated
by X-ray powder diffraction. The following phases were
identified whose crystallization temperatures ranged
from 1010 to 1110°C: gehlenite (Ca2Al2Si07), wolla-
stonite (CaSi03), compositions with pyroxen structure
(augite (Ca,Fe,Mg)2Si206, diopside CaMgSi206, fassaite
(Ca,Mg,Fe,Al) (Si,Al)206). In the glass with the highest
AI2O3 concentration anorthite (Ca(Al2Si208)) was ob
served at 1250 °C.
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Figure 4. Normalized mass loss o f glass R l as a funcdon of
time at a high flow rate (0.5 1/h) in a Soxhlet test at 100 C.
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Figure 6. Normalized mass loss o f glass R l as a function of
time for different leachants at 30 C.
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The observed liquidus temperatures for the just
mentioned crystalline phases are considerably lov̂ er
than those observed in the quaternary phase diagram
CaO-MgO-Al203-Si02 [9]. Nevertheless, this phase
diagram describes the crystallization behaviour of the
waste glass R1 qualitatively. The investigations have not
yet been completed and further results will be pubhshed.
The objective of the authors' concurrent experiments is
to improve the basis for predicting melt properties for
different types of waste by combining the results from
viscosity, crystallization and phase diagram studies.

5. Chemical durability
The objective of fly ash vitrificadon is the immobili-
zation of hazardous constituents. In the case of disposal
or recycling of the vitrified material, chemical corrosion
and remobilization of toxic heavy metals cannot be ex
cluded. Frequently, the chemical durability of hazardous
waste products is evaluated with the help of the so-called
"Swiss Test" [10]. The reference glass R l meets the re
quirements of this test. A classification of glass R l in
terms of its chemical durability was performed with the
help of the standard DIN ISO 719 [11] test. According
to this test, glass R l falls into the water resistance
class 2.

In addition to this test, other tests were performed
with the reference glass R l which have been used pre
viously for the characterization of the chemical dura-
bility of glasses containing high-level radioactive waste.
Recycling of vitrified fly ashes requires the knowledge
of their chemical durabihty under various environmental
conditions. The authors of this communication currently
perform corrosion studies under the following con-
didons: temperature (30 to 90 °C), pH value of leachant
(4 to 13), water flow rate (0.5 to 0.005 1/h and static),
humic acid (<150 mg/1), citric acid, EDTA content, SIV 

/ ] Figures 5a to c. Normalized mass loss o f glass R l as a function
^ o f time in citrate buffer solution at p H  4 and p H  5; a) at

30 C, b) at 60 C, c) at 90 C. The p H value increased finally
to p H > 6 when the buffer capacity was exhausted.
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Table 2. Compositions and corrosion rates o f silicate glasses containing radioactive waste (glasses W A K l , R7T7) and hazardous
waste (vitrified fly ash R l )

glasses constituent in w t %

Si02 B2O3 N a 2 0 K2O M g O CaO AI2O3 L i 2 0 T i 0 2 Fe203 P2O5 others corrosion rate
(Soxhlet test)
in g/(m^ d)

W A K l 51 15 6 - 1.9 4.5 2.6 3 1 - - 15^) 5.6
R7T7 45.5 14 9.9 - - 4 4.9 2 - - 0.3 19.4^) 2.8
R l 41 - 4.9 2 3 23.5 14.6 - 1.5 4.9 1.0 3.9^) 5.6

Fission products, actinoids and corrosion products added to a premelted glass.
Heavy metal oxides (ZnO, CuO, Cr203, PbO) and sulphur, fluorine, chlorine are part o f the fly ash.

ratio (glass surface area, S, to solution volume, V, ratio;
10 m"̂  < S/V < 5000 m" )̂, colloid formation of heavy
metals, effect of glass composition. First results for some
of the parameters investigated are shown in figures
4, 5a to c, and 6.

Figure 4 is a Ig lg plot and shows the corrosion of
the glass at 100 °C in a Soxhlet test, i. e., at a very high
flow rate. A monolithic sample weighing 0.5 g was used
and the flow rate was 0.5 1/h. The specific mass loss of
glass R l is shown as a function of time. The results are
compared with those obtained for two typical sihcate
glasses containing radioactive waste. The glass compo-
sition of the radioactive waste glasses WAKl and R7T7
is given in table 2. The corrosion rate is constant for
all glasses and is of the same order of magnitude:
R l  5.6g/(m2d), WAKl  5.6g/(m2d), R7T7

 2.8 g/(m^ d). The glasses dissolve congruently and
there is no time dependence of the corrosion rate. The
slope of the curves is one.

Figures  5 a to c show some results on the corrosion
of vitrified fly ash in a closed system in the presence of
citrate. Enhanced corrosion of silicate glasses by certain
organic compounds is due to complexation of sihcon
and other cations [12]. Factors of enhancement of 2 to
700 in the presence of citrate have been reported [13 and
14], depending on experimental conditions and glass
composition. The factor of enhancement is the ratio of
glass corrosion in citric acid to that in water under
otherwise identical conditions. At low ligand concen-
trations (0.1 • 10"-̂  mol/1) under natural water con-
ditions, complexation is negligible [15]. The increasing
use of citric acid in industry and households may lead,
however, to locally higher concentrations. Therefore, the
effect of citric acid on vitrified ashes should be studied.

Figures 5a to c show the corrosion of glass R l at
pH  4 and pH  5 at different temperatures in the
presence of citrate ions. The experiments were performed
in a closed system. Glass powder was used. The grain
size fraction was 100 to 200 [im and the leachant was a 
citrate buffer of pH  4 and pH  5, respectively The
normalized mass loss was measured for 10 glass con
stituents, including the toxic heavy metals zinc, copper,

chromium, lead as a function of time. Element concen-
trations in solution were measured by ICP AES. Nor-
malization was achieved by dividing concentrations by
the content of the respective element in the glass and
multiplying by VIS. In this case, congruent dissolution
of the glass is indicated when all data points form one
curve. Preferential leaching means that there are data
above this curve, retardation or secondary phase forma-
tion that there are data below.

Figure 5a shows congruent release of 10 constituents,
including heavy metals, at 30 °C and pH  4. At
pH  5, less silicon is released into solution compared
with other elements. This deviation of the data for sili-
con increases with temperature (figures  5 b and c) be
coming evident at pH  4 and pH  5. The pH value
does not remain constant throughout the test, but in-
creases to about pH  6 in both cases. The buffer ca
pacity becomes exhausted as a result of the increasing
release of alkali from the glass.

SEM/EDX micrographs show that a silicon-rich sur-
face layer forms whose thickness increases with time.
The layer retains other elements and this explains the
decreasing slope of the curves in figures 5a to c. Calcium
was found to form calcium citrate at 60 and 90 °C and
respective crystals were detected.

Glass dissolution is slower at pH  5 than at pH  
 4. This is similar to what was reported by Mogensen

[16]. He found a significantly stronger attack on glass
fibers by a citrate buffer at pH  4 versus pH  5. Cor-
rosion of the fly ash glasses is strongly enhanced in the
presence of citrate (56 mmol/1 at pH  4 and 96 mmol/1
at pH  5). Factors of enhancement ranged from 10
to 85.

Figure 6 shows the corrosion of glass R1 under vari-
ous test conditions in a closed system at 30 °C. As in
figures  5 a to c, normalized mass losses are plotted as a 
function of time. Comparing the curves shows that the
rates of corrosion decrease to low values, independent of
the test conditions applied (di-H20  deionized water,
humin  addition of humic acid, di-H20 + HCl 

 acidified water). Only in the presence of citrate was
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substandal corrosion of the vitrified fly ash glass ob-
served. This effect is well-known and is due to com
plexation of silicon. The constant glass corrosion rate at
high flow rates and the decrease of the rate in a closed
system indicate that the concentration of silicic acid in
soludon and perhaps other dissolved glass constituents
affect the corrosion mechanism. These findings have
been investigated in detail for radioactive waste glasses
[5, 17 and 18] and similar experiments are under way for
vitrified hazardous wastes.
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