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Petrology and geochemistry of a municipal solid waste
incinerator residue treated at high temperature

by Daniel Traber!, Urs K. Mider' and Urs Eggenberger!

Abstract

During the 1990s, several novel high temperature processes for the treatment of municipal solid waste and its incin-
eration residues have been developed. Residues of the VS process (Kiipat AG) are examined and found to be well
suited for a petrological investigation. They have basalt-like bulk compositions and consist mostly of glassy and
crystalline silicates.

The CaO/Si0, bulk ratio is the key parameter for the behaviour on incineration. Samples with a high ratio have
undergone extensive melting and formation of a matrix consisting of melilite, anorthite and a glassy to microcrystal-
line interstitial phase. Samples with a low ratio consist of newly formed glass with incipient crystallisation of
plagioclase or of SiO,-rich molten scrap glass. Additional observed phases include calcite, CaO, corundum, quartz,
various metallic inclusions and ceramic fragments: sulphides are absent. The melilites represent solid-solutions and
have a Zn content (endmember hardystonite) of about 1.5 times the bulk concentration. Plagioclase is very rich in
anorthite component.

The high temperature treatment causes a significant decrease in Pb. Cd. S and inorganic carbon contents com-
pared to conventional municipal solid waste grate-firing residues. No significant depletion in Zn and Ni is observed.
Based on quantitative phase chemistry, bulk composition, and relative volumetric amount it can be shown that Zn is
almost completely bound to crystalline or glassy silicates while at least 50% of the Cu is bound to metallic inclusions.
Pb has been observed in minute metallic inclusions.

Keywords: Municipal solid waste incineration, melilite, waste glass, heavy metal speciation, secondary raw

material.

1. Introduction

Today’s municipal solid waste incinerators
(MSWI) produce a very heterogeneous and reac-
tive residue at about 850 °C (gas temperature).
The only limit the combustion process has to meet
to allow the residues to be landfilled according to
Swiss TVA (TVA, 1990) is a maximum content of
organic carbon of 3 wt%. The residues are mostly
contained in landfills (there has been some use in
road construction) where the leachate is collected
and commonly treated in municipal sewage
plants. The aqueous concentrations of most heavy
metals are low due to the alkaline conditions in
the leachate (Jonnson, 1993). However, some
concerns about the long-term evolution of the
landfills remain because today’s residues are far
from being at equilibrium with respect to a hy-

drous environment, and metal speciation in the
residues is rarely known. Various reactions that
proceed with time reduce the alkalinity (acid neu-
tralisation capacity) of the residues. Therefore, a
decreasing pH has to be expected for the future
(hundreds to thousands of years), and hence higher
heavy metal concentrations in future leachates
cannot completely be excluded (e.g. STAUBLL 1992).

Incinerating waste at higher temperature has
several advantages such as homogenisation and
surface area reduction by extensive melting and
separation of heavy metals (by evaporation or
metal-liquid separation). Material properties of
the resulting residue are easier to characterise
due to better homogeneity, and the residues may
have a potential as secondary raw material.

In Switzerland, today’s legislation prescribes
bulk chemical analyses and short-term (e.g.,48 h)
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leaching tests for (e.g.) the classification as so-
called “inert material™ (TVA, 1990). However,
these tests provide only little information about
the possible long-term behaviour of the residue in
the hydrosphere or in a construction material. The
aim of our project is to understand the leaching
behaviour of such high temperature residues
based on detailed material characterisation com-
bined with leaching experiments running over
periods of months and geochemical modelling
using computer codes for rock-water interaction.
Additionally, a comparison to the weathering be-
haviour of natural materials will allow to identify
major processes that have to be expected on a
long time scale. Detailed knowledge of the resi-
dues also leads to an improved understanding of
the thermal process. ZELTNER and LICHTEN-
STEIGER (2001) discuss the use of petrologic meth-
ods in the design of smelting processes in the con-
text of resource management.

This paper presents a detailed characterisation
of the residues of the so called VS Kombi Reactor
(Kipat AG) that are quite unique and very inter-
esting from a mineralogical point of view. VS
stands for “Verschwelen” (to smoulder) and
“Schmelzen™ (to melt). The investigation of these
residues is part of a larger contribution of the au-
thors to the Swiss Priority Programme “Environ-
ment” (co-ordinated project “Waste™), supported
by the Swiss National Science Foundation. For
further information see BRANDL et al. (1999) or
TRABER (2000).

2. Sample Material and Methods

The VS process combines standard grate firing
with a rotary kiln, where the final burn-out takes
place and where gas temperatures of 1200 to 1400
°C are reached by guiding flammable gases gener-
ated on the grate through the kiln (without use of
additional fuel). Residence times in the rotary
kiln are in the range of 30 to 60 minutes. Addition-
al information on the process can be found in
KUNSTLER et al. (1994a, 1994b) and BioLLAZ et al.
(1999).

For the present study 8 samples from test runs
at the municipal solid waste incinerator (KVA) in
Basel from the years 1991, 1992 and 1994 have
been investigated in detail. Some samples have
been studied based on several thin sections. In
some charges fly ash had been added to the waste
before entering the reactor. Thereby, the samples
cover a wide range of input compositions and
likely also different process parameters, e.g. tem-
perature, residence time, p(O,). Considering also
the better homogeneity of the Kiipat samples

compared to residues from conventional grate fir-
ing, the present data-set is believed to cover the
most relevant variations of the Kiipat residues.

Polished thin sections of resin-embedded slag
samples were used for examination by optical
microscopy in transmitted and reflected light.
Carbon-coated thin sections were used for inves-
tigations with a CamScan scanning electron
microscope (SEM) equipped with an energy dis-
persive spectrometer (EDS), and for quantitative
analysis with a Cameca SX-50 electron micro-
probe (EMP). Another part of the sample materi-
al was pulverised in a tungsten carbide mill after
removal of large metal pieces (> about | cm) and
used for quantitative bulk-chemical analysis by
X-ray fluorescence analysis (XRF), to identify
crystalline phases using X-ray diffraction (XRD),
to determine Cd and Pb contents by acid diges-
tion and atomic absorption spectroscopy (AAS),
and for the coulometrical determination of C and
S (by IR-absorption in N, or O, carrier gas).

3. Results

3.1. MACROSCOPIC AND MICROSCOPIC
DESCRIPTION

The samples consist of dark porous massive siag
(Fig. 1) or of only weakly bound sintered slag ma-
terial (Fig. 2). All samples include macroscopi-
cally visible refractory inclusions such as scrap
metal, ceramic fragments and scrap glass.

The massive slags have a crystalline matrix
consisting of acicular plagioclase, tabular melilite
and a glassy to microcrystalline interstitial phase
(Fig. 3). The analysis of backscattered electron
images yields the approximate relative ratio of
30% plagioclase, 45% melilite and about 25% in-
terstitial phase. Plagioclase crystals display twin-
ning and have a typical size of 10 X 60 um, melili-
tes are typically 15 X 30 um. The interstitial phase,
representing the residual melt after crystallisation
of plagioclase and melilite, includes feathery crys-
tals too small to be identified by SEM.

The matrix of the typically only weakly bound,
sintered samples consists of newly formed glass
with incipient crystallisation of plagioclase or of
SiO,-rich molten scrap glass. In the newly formed
glass phase flow banding resulting from inclusions
of small dark particles is visible.

All samples contain refractory, often strongly
fractured quartz grains (as confirmed by XRD).
Obviously these grains survived the high temper-
ature treatment as metastable B-quartz and were
not transformed to tridymite. Other relics are
strongly corroded carbonates and the dissociation
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Fig. 11 Hand specimen of a relatively homogeneous massive porous slag (sample Kii2). Pores are partly filled with
resini. Scale bar in [cm].

Fig..2 Hand specimen of a heterogeneous slag embedded in resin (sample Kii6). Matrix consisting of newly formed
glasss and of scrap glass with various refractory inclusions. Scale bar in [cm].
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Fig. 3 Backscattered electron image of the matrix of sample Kiil. Dark needles: plagioclase, in grey: melilite and a
bright microcrystalline to glassy interstitial phase. Some very small spherical metallic inclusions are visible as bright

specks. Scale bar is 10 pm.

product CaO. During preparation of the thin sec-
tions CaO partly reacted with water resulting in
crystal growth (portlandite or calcite) out of the
thin section plane. However, in contrast to what
was expected from the claimed process tempera-
tures and from the dissociation temperature of
pure calcite (894 °C at 1 atm, in air; DEER et al.,
1992), some carbonate is still present. From tex-
tural obeservations, it is obvious that this carbon-
ate survived the high temperature process and did
not form during cooling.

Additional observed phases include corun-
dum and various metallic inclusions. The latter
amount to less than 1 vol% (apart from the re-
moved large pieces of scrap iron) and comprise
pure metals, alloys and metal-phosphor com-
pounds. Metallic inclusions are preferably situat-
ed very close to gas pores. Common are Fe-P al-
loy inclusions, and in some cases exsolution into a
Fe- and a Fe—P phase has been observed. Howev-
er, pure iron is rarely observed at the thin section
scale. Copper can be found pure or in alloys to-
gether with Sn, Sb and Al. Pure Al and Si are fre-
quently observed; pure Al occurs at relatively
high concentrations in the glassy samples. Zinc is
detected in minor concentration in alloys with Al
and Si. Lead is observed in the form of minute

metallic spheres. No phase containing ('d could
be detected with the analytical tools available.
Sulphides are absent.

The loss on ignition determined at 1050 °C is
the result of the loss of volatile compounds (e.g.
CO,) and of weight gained by oxidation (negative
values). The average loss on ignition of 8 samples
is —0.3%, with a maximum of +0.4 and a minimum
of -1.0%. For comparison, the average loss on
ignition of residues of conventional grate firing
incinerators determined at 550 °C amounts to 3.5
wt% (n=11,0,, = 0.6 wt%; calculated using data
from GANGUIN, 1998).

3.2. BULK CHEMICAL COMPOSITION

Results of the bulk chemical analysis of major and
trace elements are given in Table 1. The average of
11 analyses from 3 different conventional Ber-
nese incineration plants, calculated from data
published by GANGUIN (1998), is indicated for
comparison. The exact composition of the waste
input into the VS Kombi reactor is unknown. Bulk
slag composition is not only a function of the in-
cineration process, but depends to a large extent
on the input material, which varies with area
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a

Table 1 Bulk chemical composition of samples Kiil to Kii8 compared to an average reference slag (see text). Fly ash
containing samples are marked with a +. Cryst. - Crystalline type sample. stdev. - standard deviation (g, ). n.a.— not

analysed.
Sample Kiil Kii2 Kii3 Kii4 Kiis Kii6 Kii7 Kiil8  average Ref.-  slag
Fly ash = - - - - - - - stdev
Type Cryst.  Cryst.  Cryst.  Cryst.  Glassy  Glassy  Glassy  Glassy
Major elements [wt%)]
Si0, 385 38.9 38.7 40.2 48.6 48.7 433 422 42.4 44.7 42
Ti0, 2.3 2.1 2.2 1.9 1.9 1.6 2.2 2.0 2.0 1.4 0.2
Al O, 21.9 20.7 20.8 22.1 19.1 17.1 21.0 21.0 20.5 13.8 2.8
FeO tot 3.1 33 35 3. 2.6 24 2.9 29 3.04 8.4 24
MgO 34 3.6 3.7 3.6 4.4 34 3.7 3.8 3.7 3.0 0.4
CaO 253 249 24.8 21.8 15.2 18.4 21.0 21.8 21.6 18.9 2.2
Na,O 1.9 2.1 20 24 2.1 4.5 24 24 2.5 3.6 0.5
K,O 0.8 1.1 [l 1.4 1.6 1.4 1.4 1.4 1.3 1.7 1.0
P,O; 1.6 1.6 1.6 1.5 1.3 1.3 1.5 1.8 1.5 1.2 0.2
Trace elements [ppm]
Ba 3130 2683 2779 2832 2237 1943 2800 2119 2565 2085 1263
Cinorg 1300 1300 2800 1700 800 4700 1100 8600 2788 7260 1640
Cr 663 516 537 517 439 438 540 637 536 1469 2120
Cu 847 1021 833 1160 946 1099 810 864 947 2392 944
Cd IS 0.7 0.7 0.1 0.1 0.2 0.1 n.a. 0.5 5.7 5.1
Mn 1084 929 929 774 542 542 620 620 755 930 77
Ni 158 105 101 63 91 85 80 113 99 192 145
Pb 164 165 148 112 70 284 85 202 154 1824 965
S 200 300 200 300 300 600 500 n.a. 343 3200 1500
Sr 367 349 356 328 291 250 305 307 319 301 76
\% 41 44 42 43 44 40 42 56 44 39 11
Zn 7515 4761 4033 2016 506 1022 523 662 2630 4285 1830
Zr 198 189 190 180 165 167 173 169 179 426 585
Total 100.3 995 99.6 99.5 97.4 99.8 100.0 100.2 99.5 99.2 —

(urban vs. countryside), season and waste man-
agement policies (e.g. separate collection of com-
post, PET etc.).

80 wt% of the bulk composition of the samples
can formally be accounted for by the oxides of Al.
Ca and Si. While the Al content is relatively con-
stant. the CaO/Si0O, ratio (weight) varies between
0.3 and 0.7. Compared to the reference slags the
samples are Al-rich and Fe-poor. The elevated Al
contents in the high temperature residues may
result from increased melting, oxidation of scrap
Al, and incorporation of AlLLO; into the silicate
melt (resulting in less Al scrap being removed
during sample preparation). The differences in Fe
content may point to different efficiencies in the
removal of scrap metal.

Trace element contents show variations of up
to about one order of magnitude. The fly ash con-
taining samples do not show a characteristic com-
position compared to the samples free of fly ash:
The amount of fly ash added must have been
small compared to the chemical variation of the
input material and/or volatile elements contained
in fly ash have apparently re-evaporated. The
average contents of inorganic carbon, S, Cu, Cd,

Ni, Pb, and Zn (Fig. 4) are lower than in the refer-
ence material, but the differences in Ni and Zn
contents are not significant based on a 95% confi-
dence interval. The average Cu content is about
40% of the reference slag, while the Pb and Cd
relative contents amount to about 10%.

The high temperature process decreases the
average S contents to about 10% and of the inor-
ganic carbon content to about 40% of the refer-
ence slag. It is expected that the Kipat process
also causes a significant decrease of organic car-
bon content compared to a conventional grate fir-
ing process because of the high temperature treat-
ment under oxidizing conditions and the agitation
of the waste in the rotary kiln. However, the or-
ganic carbon content was analysed in sample K8
only (the sample with the highest inorganic car-
bon content): The analysis yielded 0.49 wt%,
which corresponds to 36% of the average value of
the reference samples (average 1.37 wt%,n =11,
o, 1 = 0.71 wt% ). These observations are support-
ed by the low weight changes on ignition of the
Kiipat samples compared to conventional grate
firing residues.
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While all analyses of Cd, Pb and Ni are below
the current limits for disposal of inert materials
defined in the Swiss TVA (“Technische Verord-
nung tiber Abfille™; TVA, 1990), all Cu and 5 out
of 8 Zn contents are above these values. The good
performance with respect to the concentration
limit of Pb is likely due to the high temperature
process (Fig. 4).

Empirically one observes lower concentra-
tions of FeO and higher concentrations of Na,O
and K,O in the glassy samples than in crystalline
ones. While Fe? is considered a network-breaking
elementin silicate liquids, Fe’* is considered a net-
work former. Ferrous iron may thus further re-
duce the viscosity in the samples with high CaO/
SiO, ratio and thereby facilitate crystallisation
processes. However, Na and K are also network-
breaking elements and they appear to be enriched
in the glassy samples.

Although it is obvious from the microscopic
investigation that the melt was never homogene-
ous, projection of the bulk composition into the

melt system Al,O;-CaO-SiO, (Fig. 5) provides
important information on the crystallisation se-
quence. All compositions plot in the primary field
of anorthite (An); crystalline samples containing
melilite plot closer to the cotectic line with geh-
lenite. The CaO/SiO, ratio (weight) is of funda-
mental importance in the formation of melilite.
Glassy samples have a ratio below 0.52, crystalline
samples a ratio above 0.54. However, this simpli-
fied melt system cannot explain satisfactorily the
formation of the complex melilites. Extending the
system to 5 wt% MgO, and hence allowing for the
formation of dkermanite component (Mg-meli-
lite), moves the stability field of melilite from a
minimum CaO/SiO, ratio of 0.92 to about 0.74
(EISENHUTTENLEUTE, 1995, p. 160). In this system,
anorthite is expected to form as a primary phase
in the samples in the temperature range of about
1300 to 1400 °C, followed by simultaneous crystal-
lisation of anorthite and melilite. Taking Na into
account lowers the liquidus temperatures addi-
tionally.

10° ‘i 1 x T
T
m (% % (%
1000 |
j * [%
g i
a 100 . -
e
o
=
E
=
S
g 10r * -
Q (D
O average reference samples
I ) O average VS Kiipat residues | |
¢ TVAinert
n|
0.1 \ t J J | |
C Cu Cd Ni Pb S Zn

inorg.

Fig. 4 Average contents of heavy metals, S and inorganic C compared to values of a conventional MSWI residue
and to limits defined for inert materials according to Swiss TVA. The range defined by the error bars represents a
95% confidence interval.
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Modelling melt viscosities of a sample with
high (Kil) and low (Kii6) CaO/SiO, ratio using
the model of SHAW (1972) yields differences in
melt viscosity of 1 to 1.5 log units in the tempera-
ture range of 1200 to 1400 °C.

33. QUANTITATIVE PHASE CHEMISTRY

Plagioclase: The plagioclase crystals are very
rich in An component (Table 2). With the excep-
tion of sample Kii4, An-contents are above 90
mol %, Ab-contents are about 5%, and the K- and
Ba-feldspar contents are typically below 1%.
Comparison of plagioclase composition within a
sample vyields only slight differences, e.g. the
standard deviation for CaO calculated from anal-
yses of different plagioclase crystals within a sam-
ple is about 3%. The chemical analyses yield only
small amounts of impurities such as Fe, Mg, P, Ti
and Zn. Concentrations of the routinely analysed
clements Cl, Cr, Cu, Mn, Pb and S are below de-

tection limits (0.01 to 0.05 wt%). The small grain
size of plagioclase crystals in sample Kii4 likely
explains the larger deviation to expected feldspar
stoichiometry.

Melilite: The melilite family comprises the end-
members gehlenite (Gh, Ca,[Al,Si0,]), dkerman-
ite (Ak. Ca,[MgSi,0,]), Na-melilite (NaCa[Al-
Si,04]), Fe-akermanite (Fe-Ak, Ca,|[Fe?*Si,0,]).
Fe-gehlenite (Fe-Gh, Ca,|Fe**AlSiO,]) and har-
dystonite (Ca,[ZnSi,0,]). Melting points of the
endmembers as well as liquidus and solidus tem-
peratures of the binary solid solutions are well
known (e.g., DEER et al., 1962, 1986). Addition of
Na significantly lowers the crystallisation temper-
atures: In the system Gh - Na-melilite, for exam-
ple. from about 1600 °C of pure Gh to 1185 °C at
95 mol% Na-melilite (DEER et al., 1962). Liquidus
temperatures for the system Gh - Ak - Na-melili-
te are published in LEVIN et al. (1969): With de-
creasing temperature melilite compositions are
directed towards the Na endmember (Fig. 6). Our
own melting experiments on the Kiipat samples

SIOZ
‘ ® glassy samples
{ A crystalline samples
= reference slag composition
5 _ S G
5 +/- 2% ¢, | (gray area)
S
. e\ /
y
Tridymite
Kug .Ktiﬁ
= ) :
~ / Pseudo- Anorthite Mullite X
x .
&/ Wollastonite / Ki8 g Kii7 %
£ Ku2/3 "A Kiid o
2 A (o)
[ 2
/ \ CAS2
1553 °C
C25
; \
Gehlenite
Corundum

Lime

.
C2AS
1593 °C |

CaO

Fig. 5
comparison to reference bottom ash (grey area).

wt% AlLLO; —

ALO;

Projection of bulk compositions into the melt system CaO-ALO;-SiO, (redrawn form LEvIN, 1964) and
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indicate a liquidus temperature for these complex
melilites (see below) of about 1200 °C.

Melilite compositions within a sample show
larger variations than comparing average compo-
sitions of different samples. The average melilite
consists of about 30 mol% Gh,37% Ak,23% Na-

Table 2 Average plagioclase compositions from n mi-
croprobe analyses Total of cations normalised to 5. Ab:
Albite, An: Anorthite, Or: Orthoclase, Cel: Celsian.
Numbers of major elements should be considered pre-
cise to one decimal place only.

Sample Kiil K2 Ki3 Ki4 Ki7

melilite, 5% Fe-Ak and up to 5% hardystonite n 9 7 7 6 3
component. The compositional range of melilites SiO, 4403 4432 4441 4525 4491
of sample Kiil is listed in Table 3 and plotted in [\'1”() ”‘: Sii “ﬁ ”~'_“\’ 0.34
: : Al Oy 3538 34 3s. 3258 3558
Fig. 6. The endmember calculations assumed all 07 0. i o o1m
iron to be incorporated into Fe-AKk. Zn0O 0.06 006 <005 006 <005
Zn concentrations in melilite were found to be MgO 0.12 021 019 063 014
linearly correlated with bulk Zn contents (Fig. 7): ;“8 1:’)'?'_’ s Lo L 1;\;'9‘_’
~ + ¢ 111 =Y a 1 2Q ‘\‘. “ . j .—.‘ b_(, e .33
The Zn contents in mellhlt.st are 1.5 times the resi- Na,O 048 057 064 104 06l
due bulk composition. The linear regression equa- K,O 010 013 015 033 013
tion of average melilite Zn content as a function P,O- 0.05 008 013 041 0.10
of bulk content (based on data from 4 samples Total [wt%]| 100.17 10055 100.72  100.26  101.31
and 6 thin sections) is: Si 2033 2040 2038 2.086 2053
R _ Ti 0,006 0.008 0008 0017 0012
ZnOy, = 1.45 X ZnOypy + 0.2 (R?=0.95). Al 1926 1896 1903 1770 1917
o Fe 0.004 0007 0008 0017  0.006
Empirically one observes a trend towards low- Zn 0.002  0.002 - 0.002 -
er ZnO concentrations in melilite with increasing Mg G008 000 DU . OO . -Deo0s
g g . . . Y. 965 [ Q4¢ 02¢ 03
Na-melilite component. This might indicate that ~ {? e L0 Loe LRy
e e RPN , Ba 0.003 0005 0005 0004  0.006
Zn partitioning into melilite is more marked at Na 0043 0051 0057 0093 0.054
higher temperatures. This observation could be of K 0.006 0,008  0.009 0019  0.008
importance for Zn partitioning in melts of conven- P } ‘;-""3 0.003  0.005 0016  0.004
tional MSWI. where melilite has also been rep()rt' Total cations 5.000 5.000  5.000 5.000 5.000
ed (no quantitative analyses are known so far). ZCalaKBa) 1017 1028 L1021 1045 0998
The contents of BaO (<0.08 wt%), Cl (<0.02) Y(ALSIFeTiMg) 3978 3965 3970 3934 3997
- : AEY oo 1 QOY, Ab [% 43 49 56 8.9 5.4
Cr,0; (<0.01). CuO (<0.04). PbO (<0.05) and SO, Seidl @ B B i &
(<0.02) in the analysed melilites were below the Or %] 0.6 0.7 0.9 19 08
detection limits. Cel [%] 0.3 0.5 0.5 0.4 0.6

Na-Melilite
1198 °C
Pseudowollastonite +Liq.
Melilite ss
Gehlenite Akermanite
1590 °C 19505

Fig. 6 Projection of melilite compositions of sample Kiil (Table 3) into the melt system Na-melilite-gehlenite-

dkermanite. Redrawn from LEVIN et al. (1969, Fig. 2690).
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Table 3

9

Microprobe analyses of melilites in sample Kiil. Total of cations normalised to 5. The endmember calcula-

tions assumed all iron to be incorporated into Fe-Ak. Numbers of major elements should be considered precise to
one decimal place only.

Analysis no. ] ) 3 4 5 6 - 3
Si0, 39.53 39.81 38.61 38.17 37.74 37.42 36.43 36.55
ThO, 0.19 0.15 0.12 0.14 0.11 0.09 0.12 0.06
AL O, 12.31 12.38 13.03 14.29 15.58 16.36 16.67 16.39
FeO tot. 1.37 1.4 1.38 1.28 1.12 1.12 0.91 1.12
MnO 0.06 0.06 0.06 0.03 0.03 0.06 <0.01 0.08
Zn0O 1.54 1.57 1.63 1.45 1.47 1.39 1.32 1.50
MgO 6.34 6.43 6.29 5.93 5.43 5.21 4.85 5.44
CaO 35.57 35.68 36.37 36.5 35.98 36.13 35.66 36.72
Na,O 2.97 2.95 2.34 232 2.81 2.95 3.03 2.24
K,O 0.14 0.14 0.15 0.13 0.14 0.13 0.13 0.13
P,O; 0.15 0.17 0.05 0.04 0.18 0.08 0.27 0.05
Total [wt%] 100.16 100.74 100.03 100.28 100.59 100.75 99.41 100.28
stoichiometry:
Si 1.795 1.797 1.762 1.736 1.705 1.688 1.662 1.661
Ti 0.006 0.005 0.004 0.005 0.004 0.003 0.004 0.002
Al 0.659 0.659 0.701 0.766 0.830 0.870 0.896 0.878
Fe 0.052 0.053 0.053 0.049 0.042 0.042 0.035 0.043
Mn 0.002 0.002 0.002 0.001 0.001 0.002 0.000 0.003
Zn 0.052 0.052 0.055 0.049 0.049 0.046 0.044 0.050
Mg 0.429 0.433 0.428 0.402 0.366 0.350 0.330 0.369
Ca 1.730 1.726 1.778 1.779 1.742 1.746 1.743 1.788
Na 0.261 0.258 0.207 0.205 0.246 0.241 0.268 0.197
K 0.008 0.008 0.009 0.008 0.008 0.007 0.008 0.008
P 0.006 0.006 0.002 0.002 0.007 0.003 0.010 0.002
Total cations 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000
Endmembers [%]:
Gehlenite 19.9 20.0 24.7 28.1 29.2 31.5 31.4 34.0
Akermanite 429 433 42.8 40.2 36.6 35.0 33.0 36.9
Na-Melilite 26.1 25.8 20.7 20.5 24.6 24.1 26.8 19.7
Fe-Akermanite 52 53 5.3 49 42 4.2 3.5 43
Hardystonite 5.2 5.2 5.5 4.9 4.9 4.6 4.4 5.0
99.3 99.6 99.0 98.5 99.5 99.4 99.1 99.9
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Fig. 7 Bulk ZnO concentration versus average ZnO concentrations in melilite. The linear regression equation is

Zn0_ = 1.45 X ZnOy,, + 0.2 (R?=0.95). Analyses from 6 thin sections of 4 different samples.
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Table 4  Average compositions from n microprobe analyses [wt% ] of the interstitial phase (inter) of samples Kiil to
Kii4 and of the glass phase of samples K5 to Kii7. Numbers of major elements should be considered precise to one

decimal place only.

sample Kiil Kii2 Kii3 Kii4 Kiis Kii6 Kii7
phase inter inter inter inter glass glass glass
n 17 11 8 24 16 7 18
SiO, 36.53 37.47 40.19 40.91 52.58 79.55 41.79
Ti0, 5.08 3.16 2.02 2.32 2.13 0.05 2.54
Al O4 16.29 13.11 27.06 19.48 14.89 1.64 20.30
Cr,0, 0.05 0.02 0.05 0.10 0.08 0.03 0.10
FeO tot 5.28 4.02 2.00 2.64 1.50 0.12 [.10
MnO 0.29 0.19 0.10 0.12 0.09 <0.02 0.08
CuO <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Zn0O 0.76 0.75 0.20 0.25 0.06 <0.05 0.07
MgO 3.32 4.36 1.40 4.12 4.47 2.68 3.96
CaO 23.49 29.16 22.70 24.29 17.81 9.85 24.56
BaO 0.62 0.44 0.56 0.39 0.24 <0.08 0.18
PbO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <(.05
Na,O 2.13 243 1.08 2.27 2.56 6.25 243
K,O 2.30 1.98 1.01 1.65 2.19 0.76 1.51
P,O; 3.83 3.18 1.74 1.74 1.19 0.02 1.47
SO, 0.19 0.12 0.08 0.08 0.09 0.16 0.17
Cl 0.14 0.11 0.06 0.08 0.10 0.03 0.12
Total 100.34 100.62 100.28 100.49 99.98 101.14 100.38

Interstitial phase: Compared to plagioclase and
melilite this phase is enriched in the elements K,
Fe, Cl, S, Ba, P. Cr, Ti and Mn (Table 4). The con-
centrations of PbO and CuO are below the detec-
tion limits. As can be expected for a phase repre-
senting a residual melt, analysis yield large varia-
tions within a sample and relative standard devia-
tions are in the range of x X 10%, even higher for
trace elements.

Glass matrix: Average compositions of the
glass matrix of samples Kii5 to Kii7 (glassy type)
are listed in Table 4. The glasses are homogeneous
on a thin section scale as far as major elements are
concerned. While the analyses of sample Kii5 and
Kii7 reflect the bulk composition, the analysis of
sample Kii6 is obviously from an area of molten
Ca-Na-silicate scrap glass. Note that the highest
CaO/Si0O; ratio of the glass matrix is observed in
sample Kii7, the glassy sample with incipient
crystallisation of plagioclase in the matrix. As in
the other silicate phases, CuO and PbO concentra-
tions were below the detection limit of the micro-
probe.

3.4.DISTRIBUTION OF THE ELEMENTS

From the bulk composition, phase chemistry and
relative amount of each phase one can compute
the relative distribution of the elements among
the different phases. This is of particular interest
with respect to heavy metals.

To recalculate the volume fraction into the
weight fraction of a phase, density must be consid-
ered. Anorthite has a density of 2.76 g/cm’, meli-
lite about 3.0, glasses of comparable composition
to the glass phase are 2.8 to 3.0, and the bulk den-
sity of the samples is 2.77 (glassy type: JACOBS,
1998). The density of the interstitial phase is not
known, but from backscattered electron images
(higher than melilite) and from chemical compo-
sition it is roughly estimated to be about 3.2. This
shows that all glassy and crystalline silicate phases
are within 10 to 15% of the bulk density. Other
phases, such as the metallic inclusions, cannot be
accounted for with average compositions and
densities. Additionally, the composition of the in-
terstitial phase yielded a relatively large varia-
tion.

Due to these uncertainties the calculation of
elemental distributions has been simplified in the
following way: (a) For the crystalline samples it is
estimated that plagioclase, melilite and interstitial
phase account for 97%. The relative ratios of
these phases are given in section 3.1. A phase
termed “residual” is defined as the difference be-
tween bulk composition minus the amount ac-
counted for by plagioclase, melilite and interstitial
phase. This residual phase contains the metallic
inclusions among others (section 3.1). Densities
are neglected. (b) In the glassy samples only the
glass matrix is sufficiently defined, for which an
amount of 90% has been estimated. Further pro-
cedures as with the crystalline samples. No elemen-
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Fig. 9 Element partitioning in a glassy type sample (Ki7). For element Cu see text.

tal distribution has been calculated for sample Kii6
where the composition of the analysed glass phase
is not representative of the bulk sample.

Figure 8 shows the element partitioning in a
crystalline sample. Note the preferential incorpo-
ration of Zn into melilite and to a lesser extent
into the other silicate phases; very little Zn re-
mains bound to metal phases. Cu could not be de-
tected in the silicate phases: Assumption of a con-
centration equal to the detection limit leads to an

estimate that at least 50% of Cu is bound to me-
tallic inclusions (likely much more). Due to the
high detection limits of the microprobe relative to
the bulk content no quantitative statement about
Cd and Pb can be made. However, Pb has been
observed to form minute metallic inclusions. The
distribution of Ba cannot be explained at present.
The total of Ca above 100% in this figure may be
due to a volumetric overestimation of melilite (the
major carrier of this element).



Figure 9 shows the element partitioning in a
glassy sample. Zn is concentrated in the glass
phase, while Cu is bound to at least 60% to metal-
lic inclusions (same assumption as above). A sig-
nificant amount of Al appears to be present in
metallic form, in agreement with the microscopic
observation (section 3.1). The elements Cr,Mn,Ti
and P are obviously much easier to incorporate
into the glass phase than into the above silicate
phases.

4. Discussion

The samples show a close relationship between
bulk composition, melting behaviour and crystal-
lisation. Samples with high CaO/SiO, ratios have
undergone intense melting, crystallisation of me-
lilite and plagioclase and more extensive homoge-
nisation than the samples with low ratios. The lat-
ter are glassy. often only sintered. with none or
incipient crystallisation of plagioclase. Higher
CaO/SiO, ratios in melts promote crystallisation
because diffusion rates are higher due to lower
viscosities. Additionally, melting has reduced the
amount of ash fraction (in conventional incinera-
tor slags around 45%. LICHTENSTEIGER and ZELT-
NER, 1993), and therefore also the specific surface
area. Volatile elements under high temperature
conditions such as Cd, Pb, inorganic carbon, S and
likely also organic carbon are significantly deplet-
ed compared to a conventional grate firing refer-
ence slag. Zn on the other hand is known to have a
high affinity for silicate melts (TRABER et al.
1999), and once it is dissolved in the melt it is no
longer available for evaporation (except if the in-
cinerator atmosphere is artificially enriched in
HCl gas; WOCHELE et al., 1997). The present study
confirms that the high-temperature treatment
does not result in a higher fraction of Zn trans-
ferred from the slag into the fly ash. For the first
time it is shown quantitatively that Zn is almost
completely bound to glassy or crystalline silicate
phases. The difference in Cu contents compared
to the reference slag is small and likely due to the
limited volality of Cu during MSWI (WOCHELE et
al., 1997). In the investigated residues the relati-
vely short residence time in the rotary kiln is
likely an additional important parameter.
Municipal solid waste i1s very heterogeneous,
and during the incineration and melting process a
large variety of reactions take place, such as phase
transformation and neoformation, evaporation
and redox reactions. If these reactions are fast
enough or if sufficient time is available, these re-
actions will guide the residue towards equilibrium
(at the given temperature and incinerator atmos-
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phere). The quality of the melting process and the
degree of homogenisation in the residue can
therefore be described by investigating the phase
assemblage. The investigated samples display a
wide variety of disequilibrium features. For exam-
ple, melilite coexists with (refractory) quartz, and
Al occurs in metallic form and bound to silicates
and oxides. Redox conditions are of particular in-
terest for heavy metal speciation. Metallic Al and
Si are considered strong reducing agents in sili-
cate melts (ZELTNER, 1998). From the redox-equi-
librium point of view it is not expected that ele-
ments like Cu and Pb will be oxidised and incor-
porated into glassy or crystalline silicate phases as
long as metallic Al and Si are present.

The maximum temperature attained during
the incineration process in the waste material is
difficult to estimate from the study of the pro-
ducts of the thermal process. Other parameters
than bulk composition of the melt on incinera-
tion, such as p(H,O) are largely unknown. For ex-
ample, it is known that dkermanite may form in
the presence of excess H,O from wollastonite and
monticellite already at 685 °C at 1 atm (YODER,
1973). Inclusions of scrap Cu (T, = 1083 °C)
appear to be molten only partly or for a short time
(textural evidence). The incomplete dissociation
of CaCOs; to CaO is likely strongly influenced by
grain size, p(CO»). and agitation of the waste on
incineration. IBERG (1971) studied the dissocia-
tion of carbonate during clay brick production:
The thermal decomposition of calcite cannot be
treated as a simple carbonate dissociation, but has
to be discussed as a function of temperature,
p(CO,), grain size, and interactions with silicates
(e.g., formation of wollastonite). The dissociation
in a size fraction <2 um is reported at 700 to 750
°C and in material with about 30% silt fraction in
the range of 850 to 900 °C. Additionally. due to the
heterogeneity of MSW and the short residence
times in the rotary kiln, local temperature varia-
tions in the material on incineration are likely to
be large.

Although not every phase could be character-
ised in terms of average composition and relative
amount, it was possible to show semi-quantita-
tively the distribution of the elements. While Zn is
almost completely bound to glassy and crystalline
silicate phases, the major part of Cu has to be ex-
pected in metallic form. While Pb has been ob-
served in metallic form, no statement about the
speciation of Cd is possible: The detection limit of
the microprobe would require a local enrichment
of Cd by two to three orders of magnitude to get
into a measurable range.

The residues of the Kiipat VS process can be
considered as an intermediate between conven-
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tional bottom ash and the glasses produced in en-
ergy consuming high temperature processes (e.g.
TrRABER et al. 1999). They do not reach the degree
of homogeneity of the latter by far, but an advan-
tage is that the energy required for melting is de-
rived solely from the waste itself. The advantages
with respect to conventional bottom ash have al-
ready been discussed.

In several countries attempts have been made
to guide the large material fluxes in today’s waste
management towards a re-use. They included not
only the discussed glassy high temperature resi-
dues, but, ¢.g., also the use of bottom ash in road
construction. Investigations for the use of munici-
pal solid waste 1n the raw meal in concrete pro-
duction are reported from Japan (SHIMODA et al.
2000). The Kiipat residues have been tested for
their potential to be used in cement or concrete
(JacoBs, 1998). It was found that, from a technical
point of view, the material cannot be used in the
present form due to swelling processes (likely due
to reactions of metallic Al with the alkaline pore
fluids). although additional simple mechanical
sorting of the residues prior to use had been car-
ried out. Technical, ecological and regulatory as-
pects of the re-use of such residues have been dis-
cussed by TRABER et al. (2000).

The material characterisation showed that the
Kiipat residues have advantageous properties,
which are believed to limit leaching of heavy
metals in the long term. Life cycle assessments
showed the importance of the recycling of resi-
dues (HELIWEG and HUNGERBUHLER, 1999). Be-
vond the ecological aspects waste management is
primarily an economic issue, and one may ask for

the return of investment in the additional effort of

high temperature slag treatment if the residues
cannot be recycled. From this point of view, a mini-
mum requirement would be the classification of
the residues as so called “inert material”, which
would allow them to be landfilled at lower cost
than conventional bottom ash. The Kiipat resi-
dues pass the technical leaching test according to
Swiss legislation (KUNSTLER et al., 1994a), but the
contents of Cu and Zn in the solid residues often
exceed the limits that would allow them to be
classified as “inert material”. Hence, the present
legislation provides no incentive for the further
development and the application of such high
temperature processes.

The present material characterisation pro-
vides a basis for the understanding of this leach-
ing behaviour. Zn is almost completely bound to
silicate phases, and Zn flux into solution is thus
limited by the relatively small rates of silicate dis-
solution. On the other hand, Cu should be rela-
tively readily available because large amounts of

this element are present in metallic form. The
good performance of the residues with respect to
Cu is therefore possibly the result of the physical-
chemical conditions of the technical leaching test
(e.g. p(O,)) and possibly the enclosure of metal
inclusions in the glass matrix.

~

5. Conclusions

Without use of additional energy. the high tem-
perature process leads to increased melting, addi-
tional homogenisation, and a reduction of the
specific surface area of residues. They have lower
Cd, Pb, C and S contents than conventional
MSWI residues, hence the danger of emissions of
these elements from a potential landfill is low-
ered. An additional advantage shown in this study
is, that Zn s incorporated into glassy or crystalline
silicate phases.

Although these residues do not reach the
quality obtained by other high-temperature pro-
cesses, application of this process is believed to be
a progress in waste management and appears to
be particularly interesting at a time when eco-
nomic arguments dominate.

The leaching behaviour of the material is ex-
pected to be a complex pattern resulting from in-
teraction of the leaching solution with the various
solid phases. This detailed material characterisa-
tion forms the basis for the interpretation of col-
umn leaching experiments and modelling of the
long-term behaviour using computer codes for
rock water interaction (TRABER, 2000).
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