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Abstract

This study is mainly related with the physical and chemical characterization of a solid waste, produced in a municipal solid waste (MSW)
incineration process, which is usually referred as air pollution control (APC) residue. The moisture content, loss on ignition (LOI), particle size
distribution, density, porosity, specific surface area and morphology were the physical properties addressed here. At the chemical level, total
elemental content (TC), total availability (TA) and the leaching behaviour with compliance tests were determined, as well as the acid neutralization
capacity (ANC). The main mineralogical crystalline phases were identified, and the thermal behaviour of the APC residues is also shown. The
experimental work involves several techniques such as laser diffraction spectrometry, mercury porosimetry, helium pycnometry, gas adsorption,
flame atomic absorption spectrometry (FAAS), ion chromatography, scanning electron microscopy (SEM), X-ray fluorescence (XRF), X-ray
diffraction (XRD) and simultaneous thermal analysis (STA). The results point out that the APC residues do not comply with regulations in force at
the developed countries, and therefore the waste should be considered hazardous. Among the considered heavy metals, lead, zinc and chromium
were identified as the most problematic ones, and their total elemental quantities are similar for several samples colleted in an industrial plant at
different times. Moreover, the high amount of soluble salts (NaCl, KCl, calcium compounds) may constitute a major problem and should be taken
into account for all management strategies. The solubility in water is very high (more than 24% for a solid/liquid ratio of 10) and thus the possible
utilizations of this residue are very limited, creating difficulties also in the ordinary treatments, such as in solidification/stabilization with binders.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The municipal solid waste incineration (MSWI) is a quite
recent process in Portugal, with well-known advantages, such
as significant volume and mass reduction, possibility of energy
recovery and pathogenic destruction. However, when compared
with other methods, the combustion processes have also the dis-
advantages of creating harmful solid wastes and large volume of
toxic gaseous emissions. The composition of the solid residues
produced during incineration depends mainly on the waste char-
acteristics, the operating conditions in the combustion chamber
and from the type of devices used for gaseous emissions control.
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In fact, the very restrictive gaseous emission limits established
by the legislation are responsible for some of the particular char-
acteristics of the APC residues, due to the required treatment of
the gaseous effluents before being released into the atmosphere.
The European legislation (Directive 2000/76/CE) set up lim-
its for particulate matter, total organic carbon (TOC), HCI, HF,
SO3, NO, NO», CO, heavy metals (Sb, As, Pb, Cr, Co, Cu, Mn,
Ni, V, Cd, Tl and Hg), dioxins and furans. The solid waste con-
sidered in this study comprehends then the fly ashes produced
during the incineration process and carried over into the gaseous
emissions as well as the additives used for controlling the atmo-
spheric emissions (a slurry of lime and activated carbon used
in scrubber units), and therefore a more appropriated designa-
tion is air pollution control (APC) residues. The addition of lime
aims to neutralize the acid gases (mainly HCIl, HF and SO») and
the activated carbon is used in order to comply with the limits
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concerning Hg, other volatile heavy metals and organic com-
pounds (dioxins/furans) as well. According to European waste
catalogue and hazardous waste list of European Union, the APC
residues are considered as hazardous waste, with the reference
19 01 07*. It should be noted that according to this list any waste
marked with an asterisk (*) is considered as a hazardous waste.
The hazardous characteristics of this waste are mainly related
with the high content of leachable heavy metals (e.g. Pb, Zn, Cd,
Cr, Cu, Hg), soluble salts (e.g. NaCl, KCl, calcium salts) and
toxic organic micro-pollutants (e.g. dioxins and furans) [1]. The
APC residues must be treated before disposed of in landfills,
in accordance with the corresponding environmental legisla-
tion. The current treatments can be grouped into three types: (i)
separation of the potential toxic pollutants [2—7]; (ii) solidifica-
tion/stabilization (S/S) treatment [8—13]; (iii) thermal treatments
[14-18]. Some studies integrate different types of treatments by
combining separation, S/S and or thermal methods [19-21]. On
the other hand, the utilization of incineration residues has been
also considered under the concept of sustainability [22-28].

As stressed by Sawell et al. [29], for the development of
the best options towards the management of the incinerations
solid residues, it is absolutely necessary to characterize them
and understand the factors which have major influence in their
physical, chemical and mineralogical properties. In literature,
the characterization of the solid wastes produced during the
MSW incineration has been reported by a number of studies
[1,30—42]. However, it is important to analyse which is the type
of the solid waste that was considered in a particular study before
using the corresponding data. In fact, in some cases it is not clear
which industrial units contribute to the waste, being then difficult
to use the described values. The solid wastes produced during
the incineration of MSW that are more often studied are the
bottom ashes [43—48], probably due to the several potential prac-
tical applications that are possible for this residue. Sometimes
the bottom ashes, fly ashes and APC residues are considered
in the same study [33-35,39,42,49-50]. In other cases, the
characterization is only referred to the particles that are col-
leted in the electrostatic precipitators (ESP) [41,51], or in the
scrubber units and fabric filters or other possible combinations
[31,32,36-38,40,52-56].

Several of the parameters determined in the present
study were also analysed in the literature, being the
physical properties scarcer than the chemical characteris-
tics. Some values related with moisture content, loss on
ignition (LOI), particle size distribution, density, porosity, spe-
cific surface area are examples of the properties reported
[1,12,36,38,40,42,50,54,57,58]. At chemical level, the total
elemental content (TC), the total availability (TA), the acid neu-
tralization capacity (ANC) and the leaching behaviour were
frequently determined [1,7,40,42,50,51,57,59-63]. The mor-
phology of APC residues was indicated in some references
[40,51,54,59], as well as the main mineralogical crys-
talline phases [12,36,40,42,50,51,53,59,64-68] and the thermal
behaviour [36,56,68]. The trace organic pollutants are also often
analysed, namely in what concerns dioxins and furans [69-74].
A few studies established the relationship between the operating
conditions and some of the characteristics of the residue [75,76].

The main goal of this study was the characterization of the
APC residues produced in a mass burning process in Portu-
gal, in order to handle safely and evaluate possible practical
applications of such waste.

2. Materials and methods

Five composed samples of APC residues from MSW incin-
eration were collected during more than 2 years in a Portuguese
industrial plant, with the characteristics referred in Table 1. The
feed to the incinerator is mainly composed by household rubbish
and some contribution of commercial waste similar to MSW, and
in the area of the industrial incineration plant some paper, glass
and plastic is recycled. The APC residues comprehend fly ashes
from the economizer as well as solids produced in the semi-dry
scrubbers (including Ca(OH), and activated carbon) and fab-
ric filters. To reduce nitrous gases, ammonia is injected into the
combustion chamber. For the neutralization of acid components,
the removal of Hg and organics, a certain amount of calcium
hydroxide and activated carbon is added into the scrubbing units.
To ensure that the heterogeneity of the different samples that
were colleted is minimised, the sampling procedure referred by
the International Ash Working Group (IAWG) [1] was taken into
account. The samples were taken from a screw downstream the
storage silo, which accumulates the APC residues produced in
the overall process, and plastic air-tight containers were used to
store the samples. Each sample was collected by using a com-
posed sampling strategy, collecting at least seven increments in
order to obtain 10-20 kg. The five samples were collected dur-
ing two and a half years, starting in March of 2000, and will
be referred in the next sections as A1-A5. At laboratorial level,
small samples were obtained by using the strategies referred at
the BS 3406-1, namely by using coning and quartering to obtain
samples with about 1-2 kg, and a rotating mechanical sampling
device to obtain samples of about 100 g. All the samples were
stored into plastic containers, which were hermitically closed.

Table 1

Nominal parameters of the industrial MSW incinerator located in Portugal
Start up 1999

Operation 24 h/day and 365 days/year

Type of process Mass burning of MSW

Number of furnaces in parallel 3

Capacity 28 t/h furnace or 2000 t/day

Grate type Detroit stoker reverse-acting stoker

Steam produced

Electrical energy produced
APC devices

Solid wastes handling

198 000 kg/h (52.8 bar at 420 °C)
587kWh/t MSW

Semi-dry scrubber + fabric filters
Bottom ashes separated from other
solid residues

Additives on scrubber units:

Slurry of Ca(OH), 8 kg/t MSW
Activated carbon 460 g/t MSW
Control of NO, with NH;OH 789 g/t MSW
(SNCR)?
Bottom ash ~300kg/t MSW
APC residues ~40kg/t MSW

2 SNCR: selective non-catalytic reduction.
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The morphology was observed through scanning electron
microscopy (SEM), Joel JSM-5310, for different magnifi-
cations. The moisture content was measured as soon as
possible (the material has hygroscopic properties) by gravimet-
ric method, using 2 g of material dried for 24 hat 105 £ 5 °C. The
LOI was determined as the weight loss after exposing the mate-
rial in an open porcelain crucible at 550 °C or 750 °C in a muffle
furnace during 1 h. The particle size distribution was obtained by
using laser diffraction spectrometry (LDS)-Coulter LS 130 par-
ticle size analyzer. The analyses were performed by keeping the
solid in a suspension of water with a few drops of a commercial
solution, and in some experiments ultrasonic treatment was also
used. The real density of the solid particles was determined by
using helium picnometry, AccuPyc 1330-Micromeritics, based
on the amount of displaced gas (helium). The samples were
previously milled in order to disintegrate as much as possible
the particles, so that the helium molecules were able to fulfil
the tiniest pores. The specific surface area was examined by
nitrogen adsorption, ASAP 2000-Micromeritics, being used the
BET model (Brunauer—-Emmett—Teller). The pore volume dis-
tribution of the particles was determined by mercury intrusion
porosimetry, PoreSizer 9320-Micromeritics. The mercury pres-
sure was increased from 0.5 to 1.5 psia to about 30,000 psia, and
due to the size of mercury atoms macro- and some mesopores
were characterized.

The total elemental composition (TC) of Pb, Cd, Zn, Cr,
Ni, Cu, K, Na, Ca, Fe, Al and Si was determined by flame
atomic absorption spectrometry (FAAS) (3300, Perkin-Elmer)
after acid digestion. An air/acetylene flame was used for Pb, Cd,
Zn, Cr, Ni, Cu, K, Na, Ca, Fe, and nitrous oxide/acetylene flame
was selected for Al and Si. The acid digestions were based on
the Method 3052-USEPA, and representative samples of 0.4 g
were digested in 12 mL of concentrated acids, in an acid diges-
tion bomb (Parr 4744), which is a non-stirred pressure vessel
with 45 mL, equipped with a Teflon liner. The solid sample and
the acid mixture within the bomb were heated in a conventional
oven during 6 h at 150 °C. Three concentrated acid mixture were
tested: HNO3, aqua regia, 9 mL HNOj3 +3 mL HF, which will
be further referred as TC1, TC2 and TC3. After an adequate
cooling period, the vessel content was filtered through a 0.45 um
pore membrane and diluted to 100 mL with demineralised water.
When HF was used, a small amount of boric acid solution (2.5%
wt) was added [60]. The total mercury concentrations were deter-
mined by AMA-254 LECO, which allow the quantification of
trace amounts of Hg in solid samples, by using direct combustion
in high oxygen concentration atmosphere and a gold amalgam-
ator for trapping all Hg from the gaseous phase. The detection
system of Hg is based on atomic absorption spectrophotometry.
Elemental analysis was performed, EA 1108 CHNS-O-Fisons,
in order to obtain the amounts of C, H, N and S in the APC
residues.

The total availability (TA) was determined according to the
Dutch availability test (NEN 7341), which is often used for
measuring the potential leachability of inorganic components
from solid building (earthy and stony) and waste materials. This
method requires two consecutive extractions with a liquid to
solid ratio (L/S) of 50 L/kg at pH 7 and at pH 4. In our case, some

milling was necessary to comply with the statement that 95% of
the material should have dimensions smaller than 125 pm. From
the data obtained with this test the acid neutralization capacity
(ANC) was estimated.

The leaching behaviour concerning compliance tests was
determined throughout different protocols (DIN 38414-S4,
TCLP, AFNOR X 31-210) being the test DIN 38414-S4 the
mostly used in our study. Also in literature this protocol is often
used for similar residues [39,42]. This is a German standard
batch leaching test established to determine the leaching of sed-
iments and sludges, also applicable to solids [77]. The test is
carry out at L/S =10, by shaking the suspension for 24 h with
demineralised water. In the leaching solutions, pH, conductivity,
total dissolved solids (TDS), as well as several elements (Pb, Cd,
Zn, Cr, Ni, Cu, Hg, K, Na, Ca), CI~ and SO42_ were measured.
The TDS was determined according to NF T 90-029, which is
a French standard commonly used for this purpose. The toxic-
ity characteristic leaching procedure (TCLP) is a batch method
established by USEPA in 1990, usually referred as the Method
1311. In this case, the liquid to solid ratio (L/S) is 20 L/kg and
an agitation period of 18h is used. According to the alkalin-
ity of the solid in our case a solution obtained with acetic acid
with pH 2.88 was used. The AFNOR X 31-210 is a French
standard method, which comprehends a batch leaching test with
L/S=10L/kg and a shaking period of 24 h. The ANC was esti-
mated based on the availability tests (NEN 7341) by taking into
account the quantities of nitric acid used for pH control at 7 and
4. The concentration of chloride and sulphate anions was deter-
mined by ion chromatography, Action Analyser-Waters, using
a 100 pL sample loop. However, due to the high concentration
of the chloride ions, in some cases this technique did not permit
to determine sulphates since the peak was not detected. On the
other hand, the analysis through ion chromatography is a time-
consuming technique, mainly due to calibration procedures and
the long retention times required. Therefore, in some cases the
silver nitrate titration method was used in order to provide faster
measurements. The total organic carbon (TOC) dissolved was
determined, TOC 5000A-Shimadzu, by subtracting the inor-
ganic value from the total carbon value. X-ray fluorescence
(XRF), PW1480-Philips, was only used in a qualitative way.

The mineralogical crystalline phases were identified through
powder X-ray diffraction (XRD), PW1710-Philips, with a Cu
Ka radiation (40 kVe and 30 mA), and the minerals were recog-
nized according to the data base ICDD (International centre for
diffraction data). The thermal behaviour of the APC residues
was obtained by using simultaneous thermal analysis (STA),
STA 449C-Netzsch, with a heating rate of 10 °C/min in air. For
this analysis sub-samples were previously milled to less than
75 pm, and about 20-30 mg were used.

3. Results and discussion

This study is centred on the characterization of five represen-
tative samples of air pollution control (APC) residues, collected
in a Portuguese municipal solid waste incineration (MSWI) pro-
cess. The work involved morphological analyses, physical and
chemical characterization, mineralogical investigation and ther-
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Fig. 1. SEM pictures of (a)-(b) APC residues and (c)—(d) washed APC residues.

mal analysis. The characterization of APC residues is essential
for evaluating the most adequate management strategy to protect
environment.

3.1. Morphology

By visual observation, the APC residues are characterized
by a white to ash grey colour, which results from a mixture of
fly ashes (produced in the combustion chamber) and high quan-
tity of calcium hydroxide and activated carbon (added in the
scrubber units). The morphology of APC residues was evalu-
ated by scanning electron microscopy (SEM), and Fig. 1(a) and
(b) illustrates some pictures of the waste as it was collected in
the plant (without any treatment), and Fig. 1(c) and (d) shows
images after the APC residues were washed with distilled water
(agitation during 24 h). It can be seen that the APC residues
are a fine particulate material, composed by a broad range of
sizes, with rough surfaces as a result from the condensation
processes during the decreasing of the gaseous temperature. In
spite of the complexity of shapes, two types of particles can be
observed: spherical particles (constituted by aluminosilicates)
and polycrystalline platelets. Fig. 1(b) shows a polycrystalline
particle where it is possible to observe that this type of particles
exhibits a high porosity (high specific surface area), with pores
smaller than 10 um. Fig. 1(c) clearly illustrates that after the
contact of the residue with water, spherical particles are more
evident, due to the dissolution of soluble salts from their sur-
face. The morphology of similar residues may be found in other
studies [1,40,50,51,54,59]. According to the International Ash
Working Group (IAWG), the APC residues may be composed
by five types of particles: fused spheres, crystalline, polycrys-

talline, opaque and char, and the most common ones are the
polycrystalline and opaque irregular shaped particles.

3.2. Physical characterization

In literature less attention has been focused on physical char-
acterization than to chemical properties. In this study, moisture
content, loss on ignition (LOI), particle size distribution, density
or true specific gravity, porosity and specific surface area were
investigated.

The moisture content (H) depends mainly on the industrial
equipment units that contribute for the final waste, which are in
our case the combustion chamber, semi-dry scrubbing units and
fabric filters. In Table 2 the moisture content for the five samples
(A1-A5) are indicated, as well as the confidence interval (CI) at
a significance of 95% and the number of sub-samples analysed
(n). The mean value for this parameter is about 0.86%, which
is similar to other values indicated in the literature [36,78]. O
According to the procedure indicated in the EURACHEM Guide
for “Quantifying Uncertainty in Analytical Measurement” [79]
the expanded uncertainty associated to a measurement of mois-
ture content for this material is about £0.014% (with a coverage
factor k=2). Since the residue contains hygroscopic phases, such
as calcium salts, the moisture content may vary with time, being
therefore required that the samples should be stored in laboratory
in air-tight containers.

The loss on ignition (LOI) was determined for APC residues
as the weight loss when sub-samples are kept at 550 and 750 °C,
and the results obtained are indicated in Table 2. At 550 °C the
weight decrease was 1.6% in average, which may be related with
the loss of structural water, organic matter and activated carbon.
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Table 2
Moisture content (H) and loss on ignition (LOI) for five samples
Sample Moisture content LOI at 550°C LOIat 750°C
H (%) CI (95%) n LOI (%) CI (95%) n LOI (%) CI (95%) n
Al 1.05 +0.26 4 1.16 +0.67 5 10.41 +0.35 5
A2 0.85 +0.21 3 1.17 +0.99 5 8.29 +0.60 5
A3 0.82 +0.39 4 1.49 +0.41 5 8.66 +0.61 4
A4 0.85 +0.08 6 2.03 +0.22 3 7.58 +0.23 6
AS 0.73 +0.11 5 1.93 +0.10 3 7.01 +0.14 5
The LOI corresponding to the further temperature increment up {a) 5.0
to 750 °C may be attributed to CO;, and HCl release, as a result
of the thermal decomposition of the CaCO3; and CaOHCI into 40
CaO. As a consequence, the average of the overall weight loss
calculated at 750 °C was 8.39%. L 30/
The particle size distribution for samples A1-AS5 were deter- 2
mined by laser diffraction spectrometry, after an adequate 2 20
>

amount of sample was suspended in water. The analysis were
done either without ultrasonic treatment or with 1 min of ultra-
sonic treatment, and the results obtained for mean diameter and
for median are presented in Table 3. The volume of the parti-
cles was measured by this technique, and therefore the mean
and median values were determined based on this property.
The distributions of the particle size diameters are character-
ized by mean diameters in the range of 159-244 pm, but if
1 min of ultrasonic treatment was used, these values decreased
to 44-189 pm. Fig. 2 shows the results obtained in our study
for the differential particle size distributions for five samples,
without treatment (in (a)) and with 1 min of ultrasonic treat-
ment (in (b)). In all the cases (even after ultrasonic treatment)
more than one maximum is evident which may indicate that
the distributions are at least bimodal. In Fig. 3(a) and (b) the
cumulative particle size distributions without and with 1 min of
ultrasonic treatment are represented, being marked the ranges
concerning the median diameters. Figs. 2 and 3 clearly show
that the ultrasonic treatment decreases the particle diameters,
which may indicate that the particles are originally agglomer-
ated or can be dissolved as a consequence of ultrasounds. In the
literature, some studies indicate data concerning particle size dis-
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Fig. 2. Differential particle size distributions (based on volume) for samples
A1-AS5: (a) without treatment and (b) with 1 min of ultrasonic treatment.

Table 3
Physical properties for samples A1-A5
Units Al A2 A3 A4 AS Mean

Mean diameter based on volume

Without ultrasonic treatment m 179 226 186 159 244 199

With 1 min ultrasonic treatment " 44 124 125 115 189 119
Median diameter based on volume

Without ultrasonic treatment pm 103 160 123 88 183 131

With 1 min ultrasonic treatment 24 86 77 47 110 69
True specific gravity g/em® 2.50 2.52 2.57 2.55 2.50 2.53
Specific surface area-BET m?/g 6.29 5.85 6.77 5.77 4.94 5.92
Bulk density g/em® 0.71 0.67 0.69 0.71 0.66 0.69
Skeletal density g/cm’ 2.09 2.11 2.01 1.95 1.80 1.99
Total porosity (inter and intraparticular) % 65.8 68.4 65.5 63.4 63.4 65.3
Open porosity of the particles % 48.2 51.3 48.3 53.2 47.1 49.6
Total particle porosity % 56.8 59.2 59.3 64.2 62.0 60.4




858 M.J. Quina et al. / Journal of Hazardous Materials 152 (2008) 853-869

ﬁ
J O
=
o
o

-~
(&)
.

50

25

Cumulative Volume (%

0.1 1 10 100 1000
Particle diameter (um)

(b)100

-
(6]

N
(6]

© 1ol b by

Cumulative Volume (%)
3

o

1 1 10 100 1000
Particle diameter (um)

Fig. 3. Cumulative particle size distributions (based on volume) for samples
A1-A5: (a) without treatment and (b) with 1 min of ultrasonic treatment.

tribution [1,38,40,42,54,55,57,58] and some of them also refer
the possibility of bimodal distributions [38,42,54].

The true density or specific gravity is defined by weight of a
given sample volume, considering that the material did not have
closed porosity. The obtained values are shown in Table 3, and it
can be concluded that this property is within a narrow range for
all samples, with a mean value of 2.53 g/cm?. Identical results
may be found in literature for similar residues [20].

The specific surface area was obtained by nitrogen adsorp-
tion measurements, considering the BET model. The results are
indicated in Table 3, where one can observe that the specific sur-
face area is in the range of 4.94-6.77 m?/g, with a mean value of
5.92 m?/g. Comparable values are also indicated in the literature
for the same type of residues [1,20,78].

The particles porosity distributions determined through mer-
cury intrusion porosimetry were indicated in Fig. 4, concerning
differential and the cumulative curves, respectively. From these
results, one may state that the volume of Hg related with pore
diameters less than 7 wm may correspond to intraparticle vol-
umes. By taking this into account the values for the different
characteristics are shown in Table 3 (for samples A1-AS). The
open porosity of the particles is close to 50% for all samples,
and the total porosity has a mean value of 60%.

3.3. Chemical characterization

In literature a lot of data may be found concerning chemi-
cal characteristics of the APC residues. In general, the waste is

1.2
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3 061
Q
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£ 0.4
3
= i
302 /
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dporo (L)

Fig. 4. Cumulative volume of Hg used in mercury porosimetry experiments.

considered as hazardous due to its toxic characteristics, mainly
related with the heavy metals concentration. In what regards
the total elemental concentration (TC), several studies refer
data, which were often obtained by destructive techniques, such
as acid digestions followed by atomic absorption spectrome-
try techniques [7,40,42,50,51,59,60]. However, non-destructive
techniques may be also used such as X-ray fluorescence (XRF),
and in our study a sample (A2) is analysed through this method.
XRF allowed the identification of about 20 different elements,
and the major peaks were related with Ca, Cl, K and S, and the
minor with Fe, Cr, Ti, P, Si, Al, Mg, Na, Cu, Zn, Ba, Sn, Sb,
Sr, Br and Pb. As will be discussed below, additional elements
are also present in APC residues, such as Cd, Ni and Hg, which
were identified by destructive methods. These elements could
not be identified by XRF because they are in amounts below the
detection limits.

The values indicated in Table 4 corresponding to samples
A1-AS are mean values from at least three measurements in each
case. For determining the total amount of Pb, Cd, Zn, Cr, Ni, Cu,
K, Na, Ca, Fe, Al, Si, three different digestion protocols were
tested (TC1, TC2 and TC3). The amounts indicated in Table 4
for Pb, Zn, Cr, Ni, Cu, Ca, Fe and Al were considered the ones
obtained through digestion with aqua regia (TC2); the amounts
of K and Na were determined through nitric acid (TC1); and
the quantities concerning Cd and Si were the ones found with
the acid protocol that involves nitric acid and fluoridric acid
(TC3). The chloride concentrations were obtained through the
total availability tests considering that the total amount leached
out. Fig. 5(a)—(f) shows a comparison of the total elemental
amount for various elements (Pb, Cd, Zn, Cr, Ni and Cu) obtained
through those acid digestions (TC1, TC2, TC3), for samples
A1-AS. By performing one-way analysis of variance (ANOVA),
and taking a significance value of 0.05, some conclusions can
be indicated:

e Pb: The acid digestions TC1 and TC2 are statistically similar,
but different from TC3. When an acid mixture of HF and
HNO3 (TC3) is used, a lower amount of Pb is released, being
then considered that the TC2 protocol (aquaregia) gives better
results for determining the Pb amount. The samples A1-AS
are statistically different concerning Pb content.
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Table 4
Total elemental contents for APC residues (samples A1-AS5)

Digestion Al A2 A3 A4 A5 Mean
Pb (mg/kg) TC2 2338 1924 1853 2408 2194 2143
Cd (mg/kg) TC3 65 57 74 87 75 72
Zn (mg/kg) TC2 5826 4308 5642 6367 4939 5416
Cr (mg/kg) TC2 259 232 216 188 228 225
Ni (mg/kg) TC2 132 121 113 87 60 103
Cu (mg/kg) TC2 568 456 647 600 504 555
K (g/kg) TCl1 28.3 28.5 24.2 249 30.2 27.2
Na (g/kg) TC1 29.5 28.9 28.2 27.8 33.1 29.5
Ca (g/kg) TC2 2433 287.3 nd 349.6 361.6 310.5
Fe (g/kg) TC2 11.4 16.1 13.2 9.94 9.62 12.1
Al (g/kg) TC2 40.0 39.1 29.9 36.5 35.1 36.1
Si (g/kg) TC3 45.4 59.9 65.5 83.1 68.5 64.5
Cl™ (g/kg) 118.9 106.4 101.1 131.9 138.3 119.3
Hg (mg/kg) 16.31 9.22 10.14 15.40 nd 12.8
C (%) 2.89 6.55 6.44 5.63 2.84 4.87
H (%) 0.68 0.72 0.75 1.89 1.51 1.11
N (%) <LD <LD <LD <LD <LD <LD
S (%) 1.47 1.24 1.48 1.19 1.85 1.45
O (%) nd nd nd nd 19.24 19.2

TC1: HNO3; TC2: aqua regia; TC3: HF + HNO3; nd: not determined; LD: limit of detection.

e Cd: Although the results do not seem different, the ANOVA
analysis show that the protocols TCI1-TC3 are statistically
different as well as the samples A1-AS5. The quantifi-
cation of Cd may be obtained through TC2 or TC3
protocol.
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e Zn: The amounts of zinc for samples A1-AS5 are different, but
any of the acid mixtures (TC1-TC3) gives similar results.

e Cr: The quantities of chromium seem to be more dependent
on the type of the acid digestion than on the sample. The TC3
protocol leads to lower quantities than the TC1 and TC2. The
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final results were established through the aqua regia deter-
minations (TC2). The samples (A1-AS) may be considered
statistically similar in respect to this element.

e Ni: Although the differences are low, the samples are sta-
tistically different and the digestion protocols are identical
concerning nickel content.

e Cu: In this case, samples and digestions protocols may be
considered statistically identical.

e Kand Na: In order to determine the total elemental quantities
of these elements, it was considered that the digestions with
only nitric acid (TC1) gave truthfully results.

e Ca: Both TC1 and TC2 provided similar amounts, and when
TC3 was used the quantity of calcium was lower. This result
may be related with the possibility of being formed insol-
uble calcium fluorides (though boric acid was added after
digestion).

e Fe and Al: The ANOVA established that samples (A1-AS5)
and digestion protocols (TC1-TC3) are different. However,
TC1 and TC2 lead to similar results.

e Si: For silicium the protocols TC1 and TC2 were not adequate,
and in this case it was absolutely necessary to use HF acid.

From these results one may conclude that the use of HF is not
necessary for determining the elemental quantities concerning
Pb, Cd, Zn, Cr, Ni, Cu, K, Na, Ca, Fe and Al, whereas it was
essential for obtaining Si content.

The total quantity of carbon may be different among samples,
Table 4, and for samples A1-AS5 values from 2.89% to 6.55%
were obtained. A low concentration of hydrogen and sulphur
was found while nitrogen was not detected through elemental
analysis technique. Concerning oxygen only the sample A5 was
analysed and a significant amount was determined (19.24%).
The quantity of oxygen obtained in our study is in accordance
with the literature [51]. It is important to note that the elemental
analysis does not give indication about the chemical species in
which the carbon is involved. Even if it is clear from the litera-
ture that one of the main concerns is related to dioxins and furans
[69-74], other studies refer that more than 600 organic micropol-
lutants were identified [80]. In our study, the total carbon content
for sample A5 is 2.84% (Table 4) and according to a preliminary
analysis, only 35.6% of the total carbon content is organic and
64.4% may be in inorganic forms (carbonates). These results
were obtained by heating sub-samples with HCI 1M, in order
to eliminate the carbonate compounds. Other important result is
the low percentage of the organic carbon that may be dissolved
(DOC) in water. In fact, the results showed that only 0.4% of
the carbon in the solid phase may be dissolved, and through
a TOC analysis (5000A-Shimadzu) it was observed that only
56.9 mg/kg of organic carbon and 53.3 mg/kg of inorganic car-
bon were dissolved. For a comprehensive analysis in order to
determine the carbon speciation, several analytical techniques
may be used in a complementary way to the elemental analysis,
such as mass spectroscopy, FTIR, thermogravimetric analysis
and GC-MS [80].

Table 5 shows the values obtained for the total availability
for Pb, Cd, Zn, Cr, Ni, Cu, K, Na, Fe, Al, Si and C1™ concerning
samples A1-AS5, as well as the ratio TA/TC. It should be noted

that this test was designed to determine the quantities that leach
out from the solids when exposed to extreme conditions such as
long time periods, disintegration of material, full oxidation and
after loss of acid neutralisation capacity in an aerobic ambient.
This method has been often used to APC residues [51,57,61].
The percentages indicated in Table 5 allow the comparison of
amounts that may be released from the waste under aggressive
conditions (TA) and the quantity that is really present (TC) in the
solid. Considering the different elements, the behaviour can be
diverse, and Fig. 6 illustrates clearly the amount in percentage,
that may be released into the environment under aggressive con-
ditions. Therefore, according to NEN 7341, our results showed
that only 6% of Pb will be released into the environment; about
90% of Cd can be released; Zn and Cu may be extracted around
50% and 40%, respectively; for Cr and Ni the driving force for
leaching is less than 20%; K and Na are associated with highly
soluble salts, and therefore close to 100% may be released; Fe,
Al and Si are usually associated to geologically stable phases,
and leach out in very low levels. No results are indicated for
calcium, because for this element the determinations were not
reliable. It is important to note that the results concerning Pb
are underestimated by this test NEN 7341, since the predicted
amount of about 6% is exceeded when the waste is in contact
with water. This is a well-understood behaviour, related with
the amphoteric characteristics of the element. Indeed, when the
waste contacts with water the pH is higher than 12 and in these
conditions higher concentrations of Pb are released, as it will be
shown below.

Based on the quantities of nitric acid used for pH control at
7 and 4 during the availability tests (NEN 7341), the acid neu-
tralization capacity (ANC) was estimated for samples A1-AS,
which is a measure of the capacity of the waste to neutralize
acids. Thus, by controlling pH in 7 for 3 h, in average 4.2 to
6.5 mequiv./g were required and taking as reference pH equal to
4, the ANC is in the range of 7.6 to 9.3 mequiv./g. The variation
among samples is mainly related with the quantity of lime slurry
used during the gaseous clean up operations.

Some leaching tests were used for evaluating the compli-
ance with regulatory thresholds, namely DIN 38414-S4, TCLP,
AFNOR X 31-210. In this study DIN 38414-S4 was the most
used, and Table 6 shows the main results. The legal limits
included in this table correspond to the regulatory Portuguese
legislation (Decreto-Lei n°152/2002) thresholds for consider-
ing hazardous waste, which is in agreement with the Directive
1999/31/CE. For calculating the mean values as well as the con-
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Fig. 6. Ratio TA/TC (%) for Pb, Cd, Zn, Cr, Ni, Cu, K, Na, Fe, Al and Si, for
samples A1-AS and mean value.
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Table 5
Total availability (TA) and TA/TC ratio for samples A1-AS5
Element Samples
Al A2 A3 A4 AS Mean
Pb TA (mg/kg) 189 104 94 216 108 142
TA/TC2 (%) 8 5 5 9 5 6
cd TA (mg/kg) 52 48 57 86 83 65
TA/TC3 (%) 80 84 77 99 1002 90
7 TA (mg/kg) 2279 1700 3013 4360 3328 2936
n TA/TC2 (%) 39 40 53 69 67 54
C TA (mg/kg) 40 25 24 28 45 32
r TA/TC2 (%) 15 11 11 15 20 14
Ni TA (mg/kg) 9 19 25 26 10 18
! TA/TC2 (%) 7 16 22 30 17 18
c TA (mg/kg) 136 115 249 288 262 210
U TA/TC2 (%) 24 25 38 48 52 38
K TA (g/kg) 249 259 23.6 28.6 325 27.1
TA/TCI (%) 88 91 97 100? 100? 100
N TA (g/kg) 23.8 235 24.2 28.4 29.3 25.8
a TA/TC1 (%) 81 81 86 100? 88 88
F TA (mg/kg) 20 35 59 46 17 35
¢ TA/TC2 (%) 0.2 0.2 0.4 0.5 0.2 0.3
Al TA (mg/kg) 1176 664 1022 1190 1152 1041
TA/TC2 (%) 3 2 3 3 3 3
Si TA (g/kg) 34 35 14.8 12.2 8.9 8.6
! TA/TC3 (%) 8 6 23 15 13 13
B TA (g/kg) 118.9 106.4 101.1 131.9 138.3 119.3
a TA/TC (%) b b b b b ~100
nd: not determined.
2 TA/TC slightly >100% and therefore admitted as 100%.
> TC not determined.
Table 6
Results obtained according DIN 38414-S4 for samples A1-A5
Legal limits Samples
Al (n=8)* A2 (n=10)* A3 (n=5)* A4 (n=6)* A5 (n=6)* Mean
pH 4-13 12.44+0.2 125+0.2 12.94+0.1 12.8+£0.03 12.54+0.02 12.6+0.3
Conductivity (mS/cm) 100 40.8+1.1 37.5+£0.6 38.0£0.5 41.3+0.8 395+05 394+£2.1
TDS (g/L) nd 24.6 (*%) 222404 22.24+0.9 25.6+0.7 245405 23.8+2.8
DOC (mg/kg) 2000 nq nq nq nq 56.9+1.9 56.9
Pb (mg/kg) 20 483 +£59 324+48 460 £+ 45 44449 462 +£72 435+79
Cd (mg/kg) 5 0.20 (*) 0.15+0.06 0.18+£0.08 0.20+0.07 <LD 0.18 +£0.04
Zn (mg/kg) 100 44.0+£6.0 50.5+3.6 63.0+4.7 459+53 434+3.1 494+£10
Cr total (mg/kg) 50 6.544+0.74 597+1.28 6.214+1.00 7.26+0.77 5.9240.71 6.44+0.7
Ni (mg/kg) 20 2.21£0.61 2.54£0.31 1.74 £0.37 2.01£0.30 0.10+0.09 1.7+1.2
Cu (mg/kg) 100 0.8640.32 1.38+£0.45 1.974+0.36 1.24+0.11 0.174+0.07 1.1+0.8
Hg (mg/kg) 1 nq nq nq nq 0.189£0.019 0.189
K (g/kg) nd 27.0£14 26.6 1.0 23.1£0.5 22.7£0.5 31.8+1.3 26.2+4.6
Na (g/kg) nd 222414 22.4+0.7 20.6+0.3 248+0.4 25.6+0.3 231425
Ca (g/kg) nd 33.8 (%) 409+11 51.3+£5.7 94.5+7.6 96.7+ 10 63.4£37
Cl™ (g/kg) 100 114.5 (*) 98.4+2.1 96.3+4.4 110.8+2.4 125.1+1.8 109+ 1.5
S04%~ (g/kg) 50 19.2 (*) 20.49+2.6 nq nq 15.3+4.1 18.3£6.8

TDS: total dissolved solids; nd: not defined; nq: not quantified; LD: limit of detection; (*): only one measurement was performed, and therefore no confidence interval

was calculated.
% Values within parenthesis indicate number of sub-samples.
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Fig. 7. (a) pH and (b) conductivity in the DIN 38414 eluates for samples A1-AS.

fidence internals (95%), the outliers were excluded. The results
obtained for samples A1-A5 regarding to pH and conductivity
are depicted in a box-and-whisker plot, Fig. 7, where the hor-
izontal line inside the boxes correspond to the median value.
From these results it can be concluded that pH is always highly
basic (12.2<pH<13.0), and the conductivity is in the range
36—43 mS/cm. Through an ANOVA analysis with a significance
value (p) of 0.05, the samples A1-A5 are statistically different
in order to pH as well as concerning conductivity. The val-
ues of conductivity are related to total dissolved solids (TDS),
which are in the range of 21.6-26.8 g/LL (considering all mea-
surements), and the mean values for the different samples are
22.2-25.6 g/L. (Table 6). The high amount of TDS is mainly
related to soluble salts such as NaCl, KCl and some calcium
salts. By comparing the mean values (considering the confidence
intervals) with the regulatory limits for pH it should be con-
cluded that this parameter could occasionally exceed the upper
limit of 13. Concerning the conductivity and taking into account
that this parameter depends on the L/S ratio (10 mL/g in this
case) the legal limit of 100 mS/cm should not be surpassed in
any situation. Though the dissolved organic carbon (DOC) was
only measured for sample AS, it is possible to conclude that this
parameter will hardly exceeds the limit of 2000 mg/kg, since the
obtained value was 56.9 mg/kg.

Regarding toxic heavy metals (Pb, Cd, Zn, Cr, Ni, Cu and
Hg), from Table 6 or more clearly through Fig. 8, one may
conclude that the APC residues surely represent environmental
concern, mainly due to the high Pb amount that may leach out,
if the residue contacts with 10 times more leachant (L/S =10).
In fact, the regulatory limit is exceeded more than 20 times.
It is worthy to underline that about 20% the total elementary
content (TC) of Pb was released, while only 6% was predicted
before with the total availability parameter, determined by NEN
7341. For this reason one may refer that NEN 7341 fails for Pb.
Fig. 8 shows that Cd, Zn, Cr total, Ni and Cu never exceeded
the regulatory threshold. The concentrations of Hg were deter-
mined in few cases due to the difficulties observed in the
analytical work. In fact, the used technique (hydride generation
accomplished with flame atomic absorption spectrophotome-
try) showed interference problems mainly as a result of the high
chloride concentration. However, from Table 6 one may con-
clude that seldom the legal limit (1 mg/kg) will be exceeded.
Contrarily, the amounts of K, Na and Ca in the eluates are

very high, but for these elements no legal limit is established,
and their effects are mainly taken into account in the conduc-
tivity (or TDS). For chlorides the legal limit is 100 g/kg, and
that value is exceeded for all samples, if the confidence inter-
val is taken into account. Therefore, chlorides represent a critical
parameter for APC residues, which should always be considered
during characterization studies. The sulphates concentrations
were determined through ionic chromatography, and due to the
high quantity of C1~, the peaks for SO4>~ were difficult to detect
for most cases. However, by comparing the results obtained with
the limit (50 mg/kg) it is possible to conclude that this anion does
not involve regulatory problems for this residue. The main con-
clusion from this study is the fact that the five different samples
of the APC residues analysed should be considered hazardous,
and therefore should be treated before landfilled. From ANOVA
analysis, the samples A1-AS5 can only be considered similar in
respect to Cd and Cr, since the significance parameter (p) is
higher than 0.05. In respect to Pb, Zn, Ni, Cu, K, Na, Ca, CI~
and SO42_ the ANOVA indicates values <0.05, and therefore
the samples should be considered different.

The analysis of the ionic balance for the major species in the
eluates, Eq. (3.1), allows to ensure that the major species were
quantified:

g ZiCi,poszg ZiCi,neg

where z; is the ion charge (positive or negative), Cj pos the con-
centration of positive ions and Cjpeg is the concentration of
negative ions (mmol/L). The cations considered in that balance
were CaZt, Na* and K*, and the anions were C1—, SO42~ and
OH™. The minimum difference of 2% was observed for sample
A2, while the maximum difference was about 10%.

The ionic strength, 7, is also an important parameter for the
eluates, and is defined by Eq. (3.2),

I= %Zciz%

where ¢ is the concentration of the ion i (mol/L) and z; is the
charge of ion i. By taking the mean values indicated in the right
column of Table 6, the calculated ionic strength of these eluates
is close to 0.6 M. It should be noted that when L/S decreases
the ionic strength increases. According to this value the models
of Debuy-Huckel or Davies may not be used for estimating the

3.1

(3.2)
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Fig. 8. Released amounts for samples A1-AS in the DIN 38414 eluates: (a) Pb; (b) Cd; (c) Zn; (d) Cr; (e) Ni; (f) Cu.

activity coefficients, since they are limited to the cases where
ionic strength is less than 0.005 or 0.5 M, respectively [1].

Other important result of our work is related with the
uncertainty associated to the measurements of concentration
in leachates from DIN 38414. According to the methodology
indicated in the literature [79], when a measurement is for
example 638 mg/kg, the uncertainty associated to that value is
+24 mg/kg (for a coverage factor k=2). The uncertainty cal-
culations showed that the calibration procedures during FAAS
analysis and the dilution of samples are the most important
phases.

In order to compare different compliance tests, DIN 38414,
AFNOR X 31-210 and TCLP were used for sample Al, and
the obtained results for n sub-samples were resumed in Table 7,
for Pb, Zn, Cr, Ni and Cu, where the respective limits for each
test are also referred. All the leaching tests give similar results
for Pb, which means that the residue is hazardous accordingly
all those regulatory tests. Although for TCLP method a more
aggressive leachant solution is used, the released amount of Pb
is lower than for the cases where water is used (DIN 38414 and
AFNOR X 31-210). This is in agreement with the amphoteric
behaviour of Pb. For the other heavy metals (Zn, Cr, Ni and Cu)

Table 7
Released quantities (mg/kg) for sample A1, according to standard methods (DIN 38414, X 31-210 and TCLP)
n Pb Zn Cr Ni Cu
Mean Limit Mean Limit Mean Limit Mean Limit Mean Limit
DIN 38414 8 483 20 44.0 100 6.5 50 22 20 0.9 100
AFNOR X 31-210 4 521 33 55.5 166 3.0 3 1.8 33 0.9 nd
TCLP 5 209 100 324 nd 10.0 nd 53 nd 2.5 nd

nd: not defined.



864 M.J. Quina et al. / Journal of Hazardous Materials 152 (2008) 853-869

none limit is exceeded and therefore the same conclusions are
obtained through the different standards.

Finally, it is worthy to emphasize that the chemical behaviour
of the APC residues is strongly dependent of their mineral com-
position. The total availability and leaching behaviour are mainly
determined by the chemical speciation of the solid material and
in less extent from the total content. Indeed, the matrix min-
eralogy has a relevant effect on the chemical properties of the
solid.

3.4. Mineralogy

In spite of the complexity of the mineralogical composition
of APC residues, some literature indicates a comprehensive
analysis, where the main mineralogical phases are identified
[12,36,40,42,50,51,59,64—67]. According to Le Forestier and
Libourel [40] the complex mineralogy of APC residues is a con-
sequence of several processes that occur during incineration and
treatment of flue gases, which may include vaporization, melt-
ing, crystallization, vitrification, condensation and precipitation.
Furthermore, the APC residues may contain a significant amor-
phous phases (glass) as referred in various published papers.
Quantifications by the Rietveld method for this type of waste
showed that amorphous phases may be higher than 30%, namely
33%, 47% and 50% for three different samples [36]. In another
work the solid residues recovered from the treatment of flue gas
resulting from the combustion of municipal solid waste were
identified as a heterogeneous assemblage of glasses, metals, and
other crystals in which polluting elements are distributed [40].
Indeed, this study refers that ESP (electrostatic precipitator) ash
samples may contain around 40 wt.% glass and 60 wt.% crystal-
lized phases whereas semidry scrubber residues (SDSR) enclose
approximately 20 wt.% glass and 80 wt.% crystallized phases.
When bottom and fly ashes were combined, Kirby and Rim-
stidt indicate that 18% correspond to minerals, 9% structural

[counts]
5000+

Ha
40004
3000 1

20004

10004

and adsorbed water and 72% glass [50]. Moreover, studies with
municipal solid wastes treated by thermolysis processes also
showed a considerable amount of glass material (~50 vol.%)
[82-84].

Taking into account the high number of the elements in
APC residues, even before any inspection through X-ray diffrac-
tion (XRD), a highly complex mineralogy is expected for these
residues. In fact, 20 elements were identified through XREF, plus
Cd and Ni throughout flame atomic absorption spectrophotom-
etry (FAAS) and Hg by using amalgamation. XRD was used to
analyse samples A2 and A5, and Fig. 9 shows the correspond-
ing results. By using the International Centre for Diffraction
Data (ICDD) several mineralogical phases were identified: halite
(NaCl), sylvite (KCl), calcite (CaCOs3), anhyidrite (CaSOg),
quartz (SiOj), gehlenite (CapAl(AlSiO7)), hematite (Fe,03),
portlandite (Ca(OH);) and calcium hydroxychloride (CaOHCI).
These phases were identified in both spectra, which are in fact
very similar in what regards the crystalinity of both samples
A2 and AS. Moreover, it seems that the phases KCl, NaCl and
CaOHCI are present in higher quantities in sample A5, since
the previous results obtained through acid digestion (Table 4)
and total availability (Table 5) revealed higher amounts of Na,
K and CI; this because these species were only detected in
those phases. Concerning calcium the analysis is more com-
plex because this element may be found as CaCO3, CaSOy,
Ca(OH),, CayAl(AlSiO7) and CaOHCI. Similar mineralogical
phases were identified in literature [20,36,40,42,51,67,81] and
our results are in particular agreement with the ones presented
by Bodéman and Deniard [36], with the exception for gehlenite
(Cay Al(AlSi0O7)) and hematite (Fe,O3), which were not identi-
fied in that work. In our XRD spectra, calcium hydroxychloride
was identified instead of CaCl,, which is also in accordance with
those researchers [36] that refer that the formation of CaOHCl is
favoured by the solid—gas interactions in dry and semi-dry pro-
cesses, as it is our case. Moreover, some analysis through fourier
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Fig. 9. X-ray diffraction (XRD) results for samples A2 and AS.
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Fig. 10. X-ray diffraction (XRD) results for sample A2 before and after leaching.

transform infrared spectroscopy (FTIR), Nicolet Magna IR Sys-
tem 750, in KBr pellets, also showed the patterns of absorption
of CaOHCl at 3572 and 676 cm™!.

As it was referred above, when the APC residues were leached
with water (washed), according DIN 38414, more than 20% is
dissolved, and XRD analysis allows the identification of the
main solubilized phases. In fact, comparing the curves indicated
in Fig. 10, for sample A2, for which a weight loss of 22% was
observed, it is clear that halite (NaCl), sylvite (KCl) and cal-
cium hydroxychloride (CaOHCI), were no longer detected after
washing. On the other hand phases such as portlandite, cal-
cite and anhydrite are more pronounced after leaching. Similar
observations were referred in other studies [12,81].

Based on our results and in the literature, the most probable
phases concerning the major elements (Ca, Na, Cl, K, S) as well
as for the most environmental problematic heavy metals (Pb,
Cd, Zn, Cr, Cu) are indicated in Table 8. The phases that proba-
bly limited the solubility are also indicated. Besides the phases
referred in this Table, other minerals may be present. It should

Table 8
Mineralogical phases in APC residues, and leaching controlling solids

be noted that, with the exception of Na, K and CI~, the solu-
bility of the other elements is in general limited by hydroxides,
sulphates and carbonates, which are normally dependent on the
solution pH.

3.5. Thermal behaviour

The knowledge of the thermal behaviour of APC residues
may be important for some treatments (sintering, melting and
vitrification) or final applications of the waste (ceramic or glass-
ceramic). When the temperature was increased from 20 to
1200 °C, in a rate of 10 °C/min, the behaviour of two samples of
APC residues (A2 and AS5) was observed through simultaneous
thermal analysis (STA), which is shown in Fig. 11. The thermal
gravimetric (TG) analysis measures weight changes in the waste,
and when the temperature reached 1200 °C, a loss of 32.2% (for
A2) and 32.8% (for AS) was detected (TG equal to 67.8% and
67.2% represented on left y-axis of Fig. 11). Due to the min-
eralogical complexity of the APC residues, it is not possible to

Element Probably minerals Control of solubility Element Probably minerals Control of solubility
CaOHCI PbCl,
CaCO3 Ca(OH); PbO Pb(OH),

Ca Ca(OH), CaSOy Pb PbSO4 PbSOy4
CaSO;4 CaCO; Pb° PbCO;
Aluminosilicates Aluminosilicates Aluminosilicates

K Ka All solubl cd Cdo Cd(OFD,
K250, soluble CdCO;
CaOHCI ZnCl, 7nCO;.
KCl ZnO .

Cl All soluble Zn ° 7Zn0-Si03,
NaCl Zn Zn(OH)

Aluminosilicates 2

NaCl Almost all soluble Cu(OH)3

Na Aluminosilicates Ca CuO Cu,S

S CaSOq4 CaSOq4 Cr Cr,03 PbCrOq4
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Fig. 11. Simultaneous thermal analysis—STA (TG and DSC) for samples A2
and AS.

interpret all individual energetic events observed in the Differ-
ential Scanning Calorimetry (DSC) curves, which are referred
to the right y-axis. The TG loss of 4% until 500 °C corresponds
to structural water, oxidation of organic matter (including acti-
vated carbon) and to the decomposition of the portlandite (which
occurs in the range of 400—450 °C). The Ca(OH), decompo-
sition may explain the endothermic event observed for both
samples (A2 and AS5). The significant loss observed when tem-
perature is in the range of 600-750°C is mainly due to the
decomposition of calcium hydroxychloride and calcite through
the following reactions:

CaOHCl(s) — CaO(s) + HCl(g)

CaCO3(s) — CaO(s) + CO2(g)

In fact, both reactions are endothermic, which are in agreement
with the DSC curves (endothermic peaks). For higher temper-
atures than 750 °C a significant weight loss is again observed,
which is probably related with the decomposition of the NaCl
and KCI phases, with the release of HCI gas. In Fig. 12 a com-
parison between the behaviour of the residue before and after
washing is presented, being evident that contrarily to the origi-
nal sample for which the weight loss is about 32.2%, after the
APC residues having been in contact with water, only 22.1%
is lost. However, during the washing process the waste lost was
about 24.5% due to solubilization, and adding this quantity to the
heating loss of 22.1%, an overall loss of 41% is then observed.

02
0.0
L-02

Ll g4 @

04 8

L-06 3

1 ‘ F-08 Q

4 2]

809| — 18 N = ol
1| — Te_w e S e e 1O
504| —— psc i T =40

|| — pscw -1 ,L
40 =+ -14

0 200 400 600 800 1000 1200
T(°C)

Fig. 12. Simultaneous thermal analysis—STA (TG and DSC) for sample A2
before and after washed (w).

By comparing the curves for unleached and washed residue (w),
it is observable that until near 800 °C the behaviour is simi-
lar. For temperatures higher than 800 °C, the leached residue
(w) looses a smaller amount of weight. This result is in accor-
dance with the previous conclusion, starting that NaCl and KCl
were the main phases responsible for that decrease. In fact, tak-
ing into account the results of XRD indicated in Fig. 10, it is
clear that after washing, the halite (NaCl) and sylvite (KCI)
phases are no longer present in the residue. In particular, above
1050 °C a lower weight loss is observed, which may correspond
to some decomposition of phases such as anhydrite (CaSOj)
and melting of inorganic matter as referred by other authors
[83].

4. Conclusion

In this context, the main objective of the present work is the
characterization of five samples of APC residues collected in an
industrial incineration plant located in Portugal for more than 2
years.

The morphological analysis through SEM examination
revealed that APC residues is a fine particulate material com-
posed by a broad range of sizes, with rough surfaces as a result of
the condensation processes during the decreasing of the gaseous
stream temperature. In spite of the complexity of shapes, two
types of particles can be observed: spherical particles (consti-
tuted by aluminosilicate) and polycrystalline platelets. The mean
value for moisture content of those APC residues is about 0.86%,
and the loss on ignition (LOI) at 550 °C revealed a mean weight
loss of 1.56% and around 8.39% at 750 °C. The distributions of
particle size diameters are characterized by mean diameter in
the range of 159-244 um, and when 1 min of ultrasonic treat-
ment was used, that parameter decreases to 44—189 wm. The true
density was found to be 2.53 g/cm? in average, and the specific
surface area is in the range 4.94-6.77 m?/g.

In terms of chemical characteristics, XRF analysis allowed
the identification of 20 elements (Ca, Cl, K, S, Fe, Cr, Ti, P,
Si, Al, Mg, Na, Cu, Zn, Ba, Sn, Sb, Sr, Br and Pb), and addi-
tionally through acid digestions followed by FAAS, also Cd and
Ni were detected, while by amalgamation Hg was identified as
well. In general, digestion with aqua regia leads to more reli-
able results in what respects Pb, Cd, Zn, Cr, Ni, Cu, K, Na,
Ca, Fe and Al. Only Si requires digestion with HF acid. The
carbon content is 2.8-6.55%, and about 35.6% of the total car-
bon may be from organic compounds whereas 64.4% is due to
inorganic forms (carbonates). However, only 0.4% of the carbon
can be dissolved in water. The released quantity under aggres-
sive condition (NEN 7341) depend on the element: almost all
Na, K, Cl is released, near 90% of Cd, 40-50% of the Zn and
Cu, 15-20% of Cr and Ni, and very low quantities of Al, Fe and
Si. The availability test fails for Pb (6%), since a higher amount
is released (near 20%) when the residue is in contact with water.
This behaviour results from the amphoteric characteristics of
this element. Several compliance tests (DIN 38414-S4, TCLP,
AFNOR X 31-210) have revealed that the main problem of the
APC residues is related with the high released amount of Pb, as
well as with the high amount of soluble salts (TDS).
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The mineralogical phase identified by XRD were halite
(NaCl), sylvite (KCl), calcite (CaCQO3), anhyidrite (CaSQOy),
quartz (SiO3), gehlenite (CayAl(AlSiO7)), hematite (FeyO3),
portlandite (Ca(OH);) and calcium hydroxychloride (CaOHCI).
When the residue contacted with water, the main solubilized
phases were NaCl, KCl and CaOHCI. Thermal analysis showed
that when the temperature increases to 1200 °C, the weight loss
is near 32%, and if the residue is previously washed that amount
decreases to 22%. The weight loss corresponds mainly to the
thermal decomposition of organic compounds, activated carbon,
Ca(OH),, CaCO3, CaOHCI, NaCl and KCl.
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