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a b s t r a c t

The focus of this study was to identify the main compounds affecting the weight changes of bottom ash
(BA) in conventional loss on ignition (LOI) tests and to obtain a better understanding of the individual
processes in heterogeneous (waste) materials such as BA. Evaluations were performed on BA samples
from a refuse derived fuel incineration (RDF-I) plant and a hospital waste incineration (HW-I) plant using
thermogravimetric analysis and subsequent mass spectrometry (TG–MS) analysis of the gaseous thermal
decomposition products. Results of TG–MS analysis on RDF-I BA indicated that the LOI measured at
550 �C was due to moisture evaporation and dehydration of Ca(OH)2 and hydrocalumite. Results for
the HW-I BA showed that LOI at 550 �C was predominantly related to the elemental carbon (EC) content
of the sample. Decomposition of CaCO3 around 700 �C was identified in both materials. In addition, we
have identified reaction mechanisms that underestimate the EC and overestimate the CaCO3 contents
of the HW-I BA during TG–MS analyses. These types of artefacts are expected to occur also when conven-
tional LOI methods are adopted, in particular for materials that contain CaO/Ca(OH)2 in combination with
EC and/or organic carbon, such as e.g. municipal solid waste incineration (MSWI) bottom and fly ashes.
We suggest that the same mechanisms that we have found (i.e. in situ carbonation) can also occur during
combustion of the waste in the incinerator (between 450 and 650 �C) demonstrating that the presence of
carbonate in bottom ash is not necessarily indicative for weathering. These results may also give direction
to further optimization of waste incineration technologies with regard to stimulating in situ carbonation
during incineration and subsequent potential improvement of the leaching behavior of bottom ash.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Loss on ignition (LOI) is one of the most adopted methods to
estimate the amount of residual unburned organic carbon of the
bottom ash (BA) generated during incineration of waste materials
such as (presorted) municipal solid waste (MSW), industrial waste
or biomass and, hence, is also generally considered as a quality
control parameter of the effectiveness of the combustion process
from which the BA originated. According to the current Italian leg-
islation regulating waste thermal treatment (Leg. Decree 133,
2005), for example, one of the landfill acceptance requirements
for waste incineration BA is that LOI values are equal or lower than
5% by weight.

In general, LOI refers to the mass loss of a sample after it is
heated under an air or oxygen atmosphere for a certain period of
time. So far, many LOI standard procedures have been developed

each one characterized by a specific heating temperature and test-
ing time depending on the type of analyzed material and its field of
application. If a solid residue such as MSW incineration (MSWI) BA
is analyzed to determine its unburned carbon content in relation to
landfill disposal or reuse in e.g. concrete, a commonly accepted LOI
method determines its weight loss at 550 �C for 2 h. Therefore, high
LOI values have been associated with a poor effectiveness of the
combustion process from which the BA are originated (e.g. Chan-
dler et al., 1997; Izquierdo et al., 2002). With regard to the evalu-
ation of the organic carbon content of coal fly ash (FA) to be
reused in cement production, LOI has been referred to the mass
losses of samples heated to temperatures between 750 and
950 �C (Payá et al., 1998; Fan and Brown, 2001; Zhang et al., 2012).

A critical evaluation of the suitability of using LOI as a proxy for
the organic carbon content of a combustion residue is particularly
important because the residual organic carbon provides not only
an indication of the efficiency of the combustion process, but is
also an important parameter when evaluating reuse options for
BA, e.g. as a material for concrete production. Furthermore, the
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study of van Zomeren and Comans (2004) indicated that only spe-
cific organic carbon species (i.e. humic substances) in the BA ma-
trix may contribute to the leaching of dissolved organic carbon
(DOC) and associated contaminants. Hence, detailed information
about the different carbon species contained in BA is needed for
assessing the environmental risk related to its reuse in specific
application scenarios.

There is evidence that different kind of incineration residues
contain (residual) organic carbon (OC) and elemental carbon (EC)
species, identified using a combination of thermogravimetric (TG)
and mass spectrometry (MS) analyses (Priester et al., 1996; Rubli
et al., 2000; Ferrari et al., 2002; van Zomeren and Comans, 2009).

On the basis of TG analyses, it was also found that the dehydra-
tion of portlandite (Ca(OH)2) and the decomposition of carbonates
and/or volatile organic compounds may significantly overestimate
the unburned OC content of fly ash (FA) measured adopting con-
ventional LOI methods, as shown by Brown and Dykstra (1995)
and Fan and Brown (2001).

Van Zomeren and Comans (2009) observed a large contribution
from EC to the LOI results obtained for MSWI BA samples using a
combination of different carbon-specific analytical techniques.
The results demonstrated that only 25% of the LOI consisted of or-
ganic carbon. The authors concluded that LOI is not a sufficiently
discriminative parameter for quantifying the unburned organic
carbon content of BA, which proved to be overestimated on the ba-
sis of LOI analysis compared to other methods.

On the other hand, Vandenberghe et al. (2010) showed that oxi-
dation of iron minerals in coal BA and FA samples led to a weight
gain at temperatures of about 960 �C. This weight gain may par-
tially compensate the weight loss due to the burning of the resid-
ual organic carbon (combustion at around 350 �C) of the sample.
Thus, LOI when defined at this temperature range can possibly
underestimate the remaining organic content of ash materials.

In the present study, several analytical techniques, including
thermogravimetric and mass spectrometry (TG–MS) analysis were
applied in order to assess the content of specific phases (i.e. hy-
drated compounds and inorganic, elemental and organic carbon)
in BA samples originating from a refuse derived fuel (RDF) and from
a hospital waste (HW) incinerators (see Section 2.1 for further
description of the incineration facilities). RDF is specifically pro-
duced by sorting, size and weight based separation and shredding
of commingled MSW, mainly consisting of high calorific waste frac-
tions like paper and cardboard, plastics, textiles and rubber. There-
fore, this type of feedstock material is characterized by a relatively
constant size distribution and composition, leading to quite stable
operating conditions of the waste thermal treatment process. On
the other hand, the HW originated from medical, veterinary and/
or medical research waste, typically containing different types of
infectious and toxic substances for which incineration at high tem-
perature is required by European guidelines. Owing to the differ-
ences in composition of the feed waste and the type of
incineration technology adopted by the two plants, the resulting
BA were quite different in compositions and environmental behav-
ior, as evidenced in a previous study (Rocca et al., 2009). However,
the LOI values determined for the two materials were quite signif-
icant and higher than those generally reported for waste incinera-
tion BA (e.g. Chandler et al., 1997). The aim of this study was,
hence, to gain insight on the main reactions and organic or inor-
ganic species that contribute to the high LOI values (>5 wt.% in most
samples) that were measured at temperatures of 550 and 1000 �C
for both types of BA. Up to now, only few studies have focused on
the characterization of the physical, chemical and environmental
properties of these special types of BA (e.g. Kougemitrou et al.,
2011; Rocca et al., 2012) and, furthermore, to our knowledge there
is no comprehensive study regarding the thermal analysis and the
carbon speciation of these types of waste materials.

Specifically, in order to identify and quantify the phases respon-
sible of the LOI values measured for each type of BA, several analyt-
ical techniques were employed. First, the LOI values were compared
to the overall weight losses resulting for the two types of BA sam-
ples in relation to controlled temperature variations by TG analysis.
TG–MS analysis was performed to identify the major processes (e.g.
water desorption, dehydration of hydrated phases, carbonate
decomposition and mineral oxidation) contributing to the weight
losses for each type of BA at different temperature intervals. MS
analysis of the gaseous products that were released during the
heating of the samples allowed us also to discriminate between
the main carbon species contained in each type of BA. In addition,
from the results of TG–MS analysis performed on BA samples mixed
with different amounts of Ca(OH)2, the reactions that can take place
during thermal analysis of specific materials and may affect the re-
sults of LOI or TG analysis were also identified.

2. Materials and methods

2.1. Bottom ash sampling and preparation

Approximately 100 kg of freshly quenched BA was sampled
from two thermal treatment plants: a refuse derived fuel incinera-
tion (RDF-I) plant with a grate combustion chamber operating at
temperatures between 850 and 1000 �C and a hospital waste incin-
eration (HW-I) plant equipped with a rotary kiln combustion
chamber operating at 1000–1200 �C. Both samples were homoge-
nized by quartering and oven-dried at 60 �C. Next, both materials
were sieved to produce two size classes that were separately ana-
lyzed: a coarse fraction (0.425–12 mm) and a fine fraction
(<0.425 mm) which accounted for, respectively, about 90% and
10% by weight of both BA types. Experiments were performed on
both the coarse and fine size fractions of the RDF-I and HW-I BA
samples prior to and after 6 months of natural weathering. The
weathering treatment was carried out in the laboratory by contact-
ing the samples with air at controlled temperature and humidity
and at atmospheric pressure. Detailed characterization analyses
of these BA samples in terms of elemental composition, mineralogy
and leaching behavior are reported in previous studies (Rocca et al.,
2009, 2011, 2012).

2.2. Loss on ignition (LOI) test methods

Two types of LOI standard methods were employed in this
study. The first method was performed according to UNI EN
15169 (2007). In this procedure the weight loss was determined
after heating the samples at 550 �C for 2 h (LOI 550). The second
LOI method was performed in accordance with the ASTM C25 pro-
cedure (2011) by heating the samples first at 400 �C for 30 min,
then, at 1000 �C for 20 min and recording the overall weight loss
(LOI 1000). Tests were performed with about 5 g of BA placed in
a ceramic crucible and heated in a muffle furnace according to
one of the above cited standard procedures. After heating, the sam-
ples were placed in a desiccator for about 30 min before weighing.
LOI was calculated as the relative weight difference between the
initial and the heated sample. The difference between LOI 1000
and LOI 550 was assumed to be essentially related to the amount
of carbonate phases contained in the BA samples and was hence
employed to calculate the inorganic carbon content of the two
types of slag. All measurements were carried out in triplicate.

2.3. Thermogravimetric and mass spectrometry (TG–MS) analysis

The TG–MS analysis was performed with a Mettler-Toledo TG
system coupled with a Quadrupole mass-spectrometer (Pfeiffer,
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Thermostar). About 20 mg of BA were heated from 25 to 1100 �C
under an oxygen atmosphere at a heating rate of 40 �C/min. A spe-
cific temperature program was applied for each BA type in order to
obtain a good separation of the individual reactions occurring at
different temperatures (Table 1). Indeed, preliminary TG–MS
experiments indicated that isothermal equilibration time steps of
15 min at the temperatures of 350 and 550 �C were needed to
clearly identify the weight losses and associated gaseous products
derived from the complete thermal decomposition of hydrated
compounds or (organic/inorganic) carbon species present in the
two types of BA. The weight loss of the samples was recorded by
the TG microbalance, while the MS was used to monitor the CO2

and H2O simultaneously released from the samples. All measure-
ments were carried out in triplicate.

2.4. Carbonate analysis methods

Besides LOI and TG–MS analysis, the carbonate content of the
BA samples was analyzed also applying other traditionally adopted
techniques, i.e.: total inorganic carbon (TIC) content and calcimetry
analysis. The former was performed employing a Shimadzu TOC
analyzer (V-CPH model) coupled with a solid sample module
(SSM-5000A). About 100 mg of BA were weighted and the TIC
was determined after H3PO4 addition at 200 �C for carbonate
decomposition. The released CO2 was subsequently quantified
using a non-dispersive infrared detector.

In addition, the amount of carbonate in the BA samples was also
measured using a Dietrich-Früling calcimeter. This analysis in-
volved acidification (HCl) of the sample and subsequent measure-
ment of the total evolved gas volume. Tests were performed with
about 1 g of material that was put into contact with 10 ml of
(11.4 M) HCl in a glass bottle. All measurements were carried out
in triplicate.

3. Results and discussion

3.1. Comparison of overall weight losses measured by LOI and TG
analyses

The results of the cumulative weight losses determined by the
two LOI standard methods for the different coarse and fine frac-
tions of the fresh and aged BA samples showed that the LOI 550
values measured for the HW-I BA (from 9.6% to 23% on a dry
weight basis) were generally higher compared to those obtained
for the RDF-I BA (from 3% to 8.4% on a dry weight basis), indicating
a higher content of volatile compounds with low decomposition
temperatures in the HW-I BA samples. On the other hand, the

LOI 1000 values obtained for specific RDF-I and HW-I BA samples
were quite similar for the two types of BA (from 8% to 16% on a
dry weight basis) as a possible result of the significant content of
carbonate phases and/or volatile compounds with high decomposi-
tion temperatures in the RDF-I samples. The detailed description of
the LOI analysis results obtained for the different RDF-I and HW-I
BA samples is provided in the previous study (Rocca et al., 2009).
In addition, the results of the carbonates content of the two types
of BA as determined by LOI analysis are described in the
Section 3.3.

Fig. 1 compares the results of the two applied LOI methods (LOI
550 and LOI 1000) to the weight losses determined by TG analysis
(total weight loss up to 1100 �C, following the temperature pro-
grams reported in Table 1) for the two types of BA samples. The
RDF-I BA samples are plotted as open (550 �C) and closed
(1000 �C) dots, while the HW-I BA samples are plotted as open
(550 �C) and closed (1000 �C) diamonds.

The results show that the cumulative weight loss determined
by LOI and TG analysis are in reasonably good agreement
(550 �C: slope = 0.88, R2 = 0.95; 1000 �C: slope = 0.83, R2 = 0.90),
although the TG results were consistently lower than the LOI re-
sults. Maximum deviation between the cumulative LOI and the
TG values was found at 1000 �C for the coarse fraction of the fresh
HW-I BA sample, for which the weight loss measured by TG was
7.8 wt.% (as reported in Table 3) whereas that determined by LOI
analysis was 15.5 wt.% (results evidenced by the dotted line in
Fig. 1). These differences might be attributed to possible oxidation
of (oxidizing) metals (e.g. Si, Zn and Cu) or iron-minerals (e.g.
hematite, Fe2O3; ferrous and silicon oxides, Fe2SiO4) during TG
analysis, since the use of pure oxygen in the TG experiments is
likely to establish stronger oxidizing conditions than during the
LOI analysis for which air is used. The results of the previous study
on this BA sample corroborates the hypothesized mechanism since
the coarse fractions of the ash proved to be enriched in oxidizing
metals compared to the fine ones (results shown in Rocca et al.,
2009).

3.2. TG–MS analysis

3.2.1. Quantification of the different weight losses determined for the
two types of bottom ash at specific temperature intervals

In Fig. 2, examples of the TG–MS results obtained for the coarse
fraction of fresh RDF-I BA (graph a) and HW-I BA (graph b) are re-

Table 1
Temperature programs applied for the RDF-I BA and the HW-I BA samples during the
TG–MS analysis.

Step Temperature range (�C) Isothermal time (min)

RDF-I BA
1 25 15
2 25–100 –
3 100 15
4 100–350 –
5 350 15
6 350–1100 –
HW-I BA
1 25 15
2 25–100 –
3 100 15
4 100–550 –
5 550 15
6 550–1100 –
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Fig. 1. Comparison of the weight loss (wt.%) of the RDF-I BA and HW-I BA samples
at 550 �C and 1000 �C obtained by the LOI standard methods and TG analysis (up to
1100 �C, see Table 1). The dotted line indicates the samples exhibiting maximum
deviation values between the LOI and TG results.
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ported. Similar results, summarized in Table 2 (RDF-I BA) and Ta-
ble 3 (HW-I BA), were determined for the other tested samples.

With regard to the RDF-I BA, a relatively large H2O peak was re-
leased from moisture evaporation at 100 �C (0.9 wt.%). In addition,
two weight loss steps are visible at 280 �C (1.2 wt.%) and 430 �C
(0.1 wt.%) associated with the release of H2O as detected by the
MS. These weight losses may be ascribed to the decomposition of
hydrated phases, such as hydrocalumite (Ca4Al2Cl2O6�10H2O),
which shows a complete dehydration between 260 and 280 �C
(Vieille et al., 2003), and Ca(OH)2 which decomposes at around
400–450 �C (Brown and Dykstra, 1995; Payá et al., 1998). These

specific two types of hydrated phases were indicated since they
were both identified by X-ray diffraction (XRD) analysis in this
type of BA (Rocca et al., 2012). Therefore, it is concluded that the
weight loss measured for RDF-I BA at 280 �C and 430 �C was most
probably associated with the dehydration of hydrocalumite and
Ca(OH)2, respectively. Additional experiments with standard addi-
tion of Ca(OH)2 for further confirmation of the processes control-
ling the weight loss of these BA samples in this temperature
range are described in Section 3.2.2. The weight loss measured at
around 700 �C (1.0 wt.%) in correspondence with only a CO2 peak
suggested the decomposition of inorganic carbon from carbonate

Fig. 2. Typical examples of TG–MS analysis results obtained for the coarse fraction of the fresh RDF-I BA (graph a) and the HW-I BA (graph b) samples. Results of additional
TG–MS experiments with mixtures of BA and Ca(OH)2 (graphs c and d) or CaCO3 (graphs e and f) are shown in the same figure. The dashed line indicates the weight loss
recorded by TG, while the line with circles represents the temperature program applied. Black and grey lines show the relative MS signals for evolved CO2 and H2O,
respectively. The insets of the graphs (a) and (b) evidence the (slight) weight gain of the samples detected from 700 to 800 �C up to 1000 �C. The arrows included in the graphs
indicate the increased mass losses of H2O and CO2 during additional TG–MS experiments with mixtures of BA and Ca(OH)2 (graphs) or CaCO3 (graphs e and f).
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phases (CaCO3), in agreement with the findings of van Zomeren
and Comans (2009) and Ferrari et al. (2002). This observation is
also consistent with the results of the calcimetry and the XRD anal-
yses obtained for this BA sample (Rocca et al., 2012). Additional
experiments with standard additions of CaCO3 for further confir-
mation of the processes controlling the weight loss of these BA
samples in this temperature range are described in Section 3.2.2.

The TG–MS results obtained for the HW-I BA showed a rela-
tively large weight loss (6.2 wt.%) of the sample at 550 �C in com-
bination with a CO2 peak detected by the MS. Since the CO2 peak
was not associated with a H2O peak, this weight loss can most
probably be ascribed to the oxidation of EC, according to van Zom-
eren and Comans (2009). In addition, the weight loss (0.7 wt.%)
measured at about 700 �C, for which only a CO2 peak was detected
by the MS was, similarly to the other type of BA, ascribed to the
presence of CaCO3 in this type of BA, which was confirmed also
by calcimetry and XRD analyses, see Rocca et al. (2009). Finally,
only small amounts of water were found to be released from this
type of BA at 100 �C (moisture content) and at temperatures be-
tween 160 and 240 �C (crystal water desorption or hydrated
phases decomposition, according to Brown and Dykstra, 1995).

Furthermore, the insets of the graphs (a) and (b) in Fig. 2 shows
that a small weight gain was observed in both types of ashes, from
700–800 �C up to 1000 �C. This weight gain might be related to the
oxidation of metals and/or iron-bearing minerals occurring in the
ash materials as suggested by Vandenberghe et al. (2010). This

observation is consistent with the presence of hematite (Fe2O3)
but also of iron oxide (FeO) especially in the coarse fractions of
both types of BA, as detected by XRD (Rocca et al., 2009, 2012).
These results also corroborate our explanation of the lower TG val-
ues compared to those of LOI, discussed in Section 3.1.

3.2.2. Identification of chemical processes as a function of temperature
Subsequently, in order to further identify the origin of the H2O

and CO2 peaks that were primarily released at different combus-
tion temperatures from the two BA samples, additional TG–MS
experiments with mixtures of BA and about 2 mg of portlandite
(Ca(OH)2) or 1 mg of calcium carbonate (CaCO3) were performed;
the amounts of the two additives were calculated such that the ex-
pected MS peaks were doubled in area. Fig. 2 shows the TG–MS re-
sults for the RDF-I BA (graphs c and e) and the HW-I BA (graphs d
and f) when Ca(OH)2 or, alternatively, CaCO3 were added to the
samples.

The addition of Ca(OH)2 to the RDF-I BA (graph c and Table 2)
resulted in an increased weight loss and associated H2O peak at
430 �C as compared to the initial samples. These results confirmed
the decomposition of Ca(OH)2 at 430 �C in these samples. The same
results were obtained with the addition of Ca(OH)2 to the HW-I BA
samples (graph d and Table 3), although there was no Ca(OH)2

present in the original HW-I BA samples (i.e. no observed weight
loss at 430 �C).

Fig. 2 (graph c and d) and Tables 2 and 3 also show that for both
types of BA the addition of Ca(OH)2 caused an increased weight
loss at 700 �C and a corresponding higher CO2 peak compared to
the original samples, indicating an increased inorganic carbon con-
tent. Preliminary TG–MS experiments of the Ca(OH)2 standard
sample used for these tests allowed to verify that it contained
some carbonate (±5% weight loss of CaCO3 was found in the pure
Ca(OH)2) probably owing to partial carbonation during storage in
the laboratory. Hence, the increased weight losses in the samples
of up to 1% at 700 �C after Ca(OH)2 addition can be related to the
presence of some CaCO3 in the Ca(OH)2 standard. These observa-
tions explain the increased carbonate content of the RDF-I BA
(see Table 2), but not that of the HW-I BA, since the weight loss
was significantly higher than 1% in this case (from 0.7 to 5.2 wt.%).

Furthermore, the addition of Ca(OH)2 to the HW-I BA also
showed a reduction in the weight loss at 550 �C (from 6.2 to
4.7 wt.%) and corresponding CO2 peak that was related to the EC
content of the sample. A possible mechanism that can explain
these results is provided and discussed in Section 3.2.3.

On the other hand, the addition of CaCO3 to both BA types re-
sulted in an increased weight loss at 700 �C (Fig. 2, graphs (e)
and (f) and Table 2 and 3) in combination with the formation of
only CO2, compared to the initial samples. Thus, these results con-

Table 2
Weight loss (% dry wt.) measured during TG analysis for all the examined RDF-I BA
samples.

RDF-I BA samples Weight loss (wt.%)

100 �C 280 �C 430 �C 700 �C
(moisture) (hydrated

phases)
(Ca(OH)2) (CaCO3)

Coarse fresh 0.9 1.2 0.1 1.0
Coarse

fresh + Ca(OH)2

0.9 1.2 1.7 1.8

Coarse fresh + CaCO3 0.8 1.1 0.1 3.4
Coarse weath. 1.8 2.7 0.3 1.8
Coarse

weath. + Ca(OH)2

1.9 2.6 1.9 2.6

Coarse
weath. + CaCO3

1.8 2.5 0.2 4.2

Fine fresh 1.8 2.5 0.9 9.5
Fine fresh + Ca(OH)2 2.2 3.3 2.9 7.6
Fine fresh + CaCO3 1.7 2.5 0.9 12.6
Fine weath. 2.6 3.6 0.6 4.8
Fine weath. + Ca(OH)2 2.1 3.4 2.4 6.0
Fine weath. + CaCO3 2.0 3.4 0.7 8.6

Table 3
Weight loss (% dry wt.) measured during TG analysis for all the examined HW-I BA samples.

HW-I BA samples Weight loss (wt.%)

100 �C 160–240 �C 430 �C 550 �C 700 �C
(moisture) (crystal water/hydrated phases) (Ca(OH)2) (EC) (CaCO3)

Coarse fresh 0.3 0.6 – 6.2 0.7
Coarse fresh + Ca(OH)2 0.4 0.5 1.1 4.7 5.2
Coarse fresh + CaCO3 0.3 0.4 – 6.3 3.6
Coarse weath. 0.3 0.3 – 7.4 0.8
Coarse weath. + Ca(OH)2 0.3 0.3 1.7 4.7 4.7
Coarse weath. + CaCO3 0.2 0.3 – 6.7 3.4
Fine fresh 0.9 0.3 – 17.6 1.9
Fine fresh + Ca(OH)2 0.9 0.7 – 14.1 8.5
Fine fresh + CaCO3 0.8 0.6 – 17.2 5.0
Fine weath. 0.9 0.3 – 20.2 1.3
Fine weath. + Ca(OH)2 0.8 0.5 – 16.2 7.6
Fine weath. + CaCO3 0.7 0.5 – 19.0 5.3
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firm the presence and decomposition of CaCO3 at 700 �C in both
bottom ash types.

3.2.3. Reaction mechanisms occurring in bottom ash during thermal
analyses

We propose that the results presented in Fig. 2 (and Tables 2
and 3) can be explained by the following chain of reactions occur-
ring during the TG–MS experiment. At 430 �C, dehydration of
Ca(OH)2 takes place according to Eq. (1). Next, the newly formed
CaO reacted with (part of the) CO2 that was released from combus-
tion of EC at 550 �C to form CaCO3 following a so called gas-solid
carbonation reaction (Eq. (2)). It has been found for air pollution
control residues that this reaction can occur at operating tempera-
tures above 350 �C, even for short (below 1 min) contact times
(Prigiobbe et al., 2009). Finally, the newly formed CaCO3 subse-
quently decomposed at 700 �C releasing the CO2 that originated
from the oxidation of EC (Eq. (3)).

CaðOHÞ2ðsÞ ! CaoðsÞ þH2OðgÞ ð1Þ

CaOðsÞ þ CO2ðgÞ ! CaCO3ðsÞ ð2Þ

CaCO3ðsÞ ! CaOðsÞ þ CO2ðgÞ ð3Þ

The hypothesized mechanisms taking place during the TG–MS
analyses with mixtures of HW-I BA and Ca(OH)2 were found for
all the samples (see Table 3), with the highest effects measured
for the fine fraction of the fresh BA (EC decrease: from 17.6 to
14.1 wt.% and CaCO3 increase: from 1.9 to 8.5 wt.%). In addition,
from the TG–MS results presented in Table 3 it can be noted that
the weight loss due to the dehydration of Ca(OH)2 at 430 �C was
not observed for the fine fractions of the HW-I BA when mix-
tures of these (fresh/weathered) samples and Ca(OH)2 were ana-
lyzed. The expected decrease in EC and increase in CaCO3 are
clear for these samples, suggesting that the considerably high
weight loss at 550 �C (about 18–20 wt.%) due to the oxidation
of EC probably masked the weight loss associated to the dehy-
dration of Ca(OH)2.

As already mentioned, the TG–MS results for RDF-I BA (see
Table 2) after the addition of Ca(OH)2 did not reveal the same effect
on the increase of the CaCO3 weight loss that was observed for the
HW-I BA samples. These results confirm that the RDF-I BA did not
contain (unburned) carbon species that decompose at 550 �C lead-
ing to a relevant CO2 production. When humic acid was added to
the samples in preliminary experiments, both CO2 and H2O peaks
appeared in the temperature range of about 300–400 �C, where
these peaks were absent in the original results. Furthermore, the
results are in good agreement with those derived from the analysis
of the Total Organic Carbon (TOC) content of the RDF-I BA, which
appeared to be formed of only 0.35% wt. of unburned organic mat-
ter (Rocca et al., 2012). As such, the results of this study suggest
that the relatively constant size distribution and composition of
the RDF feedstock in the incineration plant possibly contributed
to the high efficiency of the combustion system, resulting in a neg-
ligible content of the residual organic carbon in the produced BA.
On the other hand, the TG–MS results for HW-I BA imply that a
pyrolytic-like process may take place in the rotary kiln combustion
system due to an oxygen-deficient atmosphere that limits the
complete combustion of the HW feedstock. Consequently, the BA
originating from such a thermal treatment process results in a car-
bonaceous solid residue that is mainly constituted of elemental
black carbon with decomposition temperature of 550 �C that was
clearly identified by TG–MS. With regard to these results, it must
be pointed out that the elemental carbon content of the HW-I BA
was adequately approximated by the TOC value of the sample,
which accounted for 8–20 wt.% (results not shown) depending on
the size fractions of the analyzed material, but did not contribute

to the production of the DOC and hence to an enhanced release
of metals such as Cu, as indicated by the leaching results that were
obtained in a previous study on the same HW-I BA sample (Rocca
et al., 2011). These findings confirmed those obtained by van Zom-
eren and Comans (2009).

3.2.4. Quantification of the reaction products determined during
thermal analyses

In order to further investigate the observed decrease in EC and
increase in CaCO3, TG–MS experiments were also carried out with
the coarse and fine fractions of the fresh HW-I BA samples and
addition of different amounts of the Ca(OH)2 standard sample. As
shown in Fig. 3, the samples exhibited an increased weight loss
of H2O (graphs a and d) in combination with a decreased weight
loss of EC (graphs b and e) and increased weight loss of CaCO3

(graphs c and f) compared to the initial samples, as an effect of
the increasing addition of Ca(OH)2. From Fig. 3 it can also be seen
that the measured mass losses of H2O (from dehydration of
Ca(OH)2, graphs a and d) and CO2 (from decomposition of CaCO3,
graphs c and f) were always lower than the theoretical maximum
values calculated based on the amounts of Ca(OH)2 that were
added to the samples, according to Eqs. (1)–(3). This observation
indicates that only a fraction of the added Ca(OH)2 is converted
to CaCO3. This effect is particularly noticeable in Fig. 3 graphs (b)
and (e) (related to decomposition of EC) which show that the the-
oretically calculated weight gain at high Ca(OH)2 additions
(according to Eqs. (1) and (2)) was not observed.

Moreover, a linear correlation was observed between the mea-
sured decreases in EC and increases in CaCO3 both for the coarse
and fine fractions of BA, as an effect of the different amounts of
Ca(OH)2 added to the samples (slope = �0.34, R2 = 0.98 for the
coarse sample; slope = �0.38, R2 = 0.97 for the fine sample). This
observation further corroborates the hypothesized chain of reac-
tions represented by Eqs. (1)–(3).

Given the results of the additional TG–MS experiments with
mixture of the BA samples and increasing amounts of Ca(OH)2, it
can also be deduced that the conversion of free lime (CaO) (origi-
nated from dehydration of Ca(OH)2) to CaCO3 ranged from 40% to
100%. In particular, the highest conversion values were determined
for the BA samples exhibiting the lowest additional amounts of
Ca(OH)2, i.e. 1 or 2 mg. As such, the results suggest that the reac-
tion time might not be sufficient for converting the total amount
of CaO to CaCO3 when the highest amount of Ca(OH)2, i.e. 4 or
8 mg were added to the samples during the TG–MS analyses. How-
ever, experiments with pure Ca(OH)2 indicated that the decompo-
sition was complete within the time frame of the experiment. For
this reason, it cannot be excluded that other, yet unknown, reac-
tions might take place during decomposition of Ca(OH)2 at around
430 �C (such as hydration of other phases).

3.3. Comparison of the carbonate content of bottom ash determined by
different methods

The TG–MS results presented in Tables 2 and 3 indicate that the
CaCO3 content of both types of BA were significantly higher in the
finer particle size fractions. This effect was noteworthy in particu-
lar for the RDF-I BA (1.0 wt.% for the coarse fraction and 9.5 wt.%
for the fine fraction of the fresh BA) in comparison to that observed
for the HW-I BA samples (0.7 wt.% for the coarse fraction and
1.8 wt.% for the fine fraction of the fresh BA). These results are con-
sistent with those reported in previous studies on different size
fractions of BA (e.g. Chimenos et al., 2003; Baciocchi et al., 2010;
Onori et al., 2011). In general, the same trend was found when
comparing the individual results of the LOI, TG, MS, TIC and calci-
metry analyses for both types of BA. However, for the same BA
sample, the CaCO3 values obtained applying the different methods
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appeared to vary quite significantly. Results are reported in Fig. 4,
in which MS value indicates the CaCO3 content calculated by inte-
gration of the peak areas for evolved CO2 at 700 �C measured by MS
analysis.

With regard to the RDF-I BA (graph a), the results from LOI, TG,
MS and TIC were in reasonably good agreement with each other,
mainly for the coarse fraction of the fresh/weathered samples.
For the fine fractions of the same type of BA, instead, TIC results
proved to be higher in comparison with those obtained by TG
and MS analyses.

For the HW-I BA, the results in Fig. 4 (graph b) shows that TG,
MS and TIC methods led to similar CaCO3 concentrations for the
coarse fractions of the sample, while LOI appeared to consistently
overestimate the carbonate content for the coarse fraction of the
fresh sample. On the other hand, also for the fine fractions of this
type of BA, the results from TIC measurements were 2 times higher
in comparison with the values determined applying the other
methods.

These results suggest that the TIC method (heating of the sam-
ple at 200 �C after the addition of H3PO4) may affect the measure-
ment accuracy of CaCO3 in these ash materials as it might account
for additional CO2 quantities originating from oxidation of (a small
part of) EC or decomposition of further minerals other than carbon-
ates contained in BA. The identification of such kind of processes in
these materials is needed in future research.

In addition, Fig. 4 shows that the CaCO3 content as measured by
calcimetry analysis was about 2 times higher in comparison with
the results obtained by the other methods for most samples of both
types of BA (e.g. the coarse fraction of the fresh/weathered RDF-I
BA and the fine fraction of the fresh/weathered HW-I BA). Calcime-
try analyses is based on the estimation of the total gas volume
evolved after acidification of the sample. The relatively large over-
estimation of the CaCO3 content might be related to the release of
gaseous products other than the CO2 released from the decomposi-
tion of CaCO3. It is likely that hydrogen gas and/or H2S were also
released from the samples after contact with water and thus have
contributed to the measured gas volume in the calcimeter. Hydro-
gen sulfide was organoleptically detected in eluates at low pH,
while the formation of hydrogen gas is known to occur in MSWI
bottom ash (e.g. Chandler et al., 1997) and can be substantial
(around 50 ml per 500 g of BA, unpublished results).

In addition, Fig. 4 shows that the CaCO3 concentrations deter-
mined by TG analysis were only slightly lower than those derived
by LOI, apart from the coarse sample of the fresh HW-I BA. Thus,
from these results we can exclude that the oxidation of iron-bear-
ing minerals occurring at 700–1000 �C (as detected in the TG–MS
thermograms, see graphs (a) and (b) in Fig. 2) has substantially
influenced the carbonate measurements of both the BA types. Gi-
ven the findings of this study, it should be acknowledged that dur-
ing the quantification of CaCO3 in heterogeneous materials, such as

0

2

4

6

8

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

H2O_Coarse fraction(a)

-15

-10

-5

0

5

10

15

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

CO2(EC)_Coarse fraction(b)

0

5

10

15

20

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

CO2(CaCO3)_Coarse fraction(c)

0

4

8

12

16

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

H2O_Fine fraction(d)

-20

-15

-10

-5

0

5

10

15

20

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

CO2(EC)_Fine fraction(e)

0

10

20

30

40

0 1 2 4 8

W
ei

gh
t l

os
s 

(w
t. 

%
)

Ca(OH)2 (mg)

CO2(CaCO3)_Fine fraction(f)

Measured Calculated
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BA by each of the applied methods, other phases present in the BA
matrix can contribute to the different measurement principles
(weight loss, gas volume or CO2 release).

4. Conclusions

In the present study, bottom ash (BA) samples from two differ-
ent incineration plants treating refuse derived fuel (RDF-I) and hos-
pital waste (HW-I) were analyzed by thermogravimetric and mass
spectrometry (TG–MS) analysis. The aim of this study was to iden-
tify the main compounds affecting the weight changes of BA sam-
ples determined by conventional loss on ignition (LOI) tests and to
obtain a better understanding of the individual processes that take
place during laboratory characterization of the carbon species in
heterogeneous waste materials such as BA, by combining different
analytical techniques.

The TG–MS experiments performed on RDF-I BA indicated that
the LOI measured at 550 �C was mainly due to moisture evapora-
tion and dehydration of hydrated phases. We found that hydrocal-
umite and Ca(OH)2 are most probably the phases that decompose
in RDF-I BA at temperatures below 550 �C and determine the LOI
values. Both phases were identified by XRD and the decomposition
of Ca(OH)2 was also confirmed by standard addition experiments.
Furthermore, the LOI measured at 1000 �C for this type of BA ac-
counted for the decomposition of CaCO3 as was also confirmed
by standard addition experiments. TG–MS results obtained for
the HW-I BA showed that the total LOI at 550 �C mostly resulted
from the decomposition of elemental carbon contained in this
material. The results thus indicate that no organic carbon (OC) spe-
cies could be detected in either of the examined types of materials.
The results of this investigation are, hence, important for a correct
interpretation of LOI measurements for waste incineration
residues.

Furthermore, the TG–MS results obtained with mixtures of BA
and Ca(OH)2 have revealed a number of processes that take place
during thermal analysis (LOI and TG–MS measurements) of these
materials and influence the assignment of observed results to spe-
cific carbon species. The results of this study, hence, imply that TG–
MS analysis and conventional LOI measurements can overestimate
the carbonate content and underestimate the EC content of a com-
bustion residue, as was clearly demonstrated for the HW-I BA. We
have identified the reaction mechanisms that influence the deter-
mination of the LOI in general and of the EC and CaCO3 contents
in particular. In fact, the results showed that the CO2 released from
the combustion of EC (and possibly OC) is partly reacting directly
with the (newly formed) CaO to produce CaCO3. This reaction

causes an underestimation of EC because the production of CaCO3

causes a weight gain of the sample. The determination of (origi-
nally present) CaCO3 is subsequently overestimated due the CaCO3

that is newly formed during the thermal analysis. Similar phenom-
ena are expected to occur also for other materials that contain CaO/
Ca(OH)2 in combination with EC/OC, e.g. MSW incineration bottom
and fly ashes. In addition, given the findings of this study, it should
be realized that in the quantification of CaCO3 in heterogeneous
materials, such as BA by different analytical methods, i.e. LOI, TG,
MS, TIC and calcimetry other phases present in BA matrix can con-
tribute to the measurement principles of each of the applied meth-
od (weight loss, gas volume or CO2 release).

Hence, the results of the present study may also have implica-
tions when considering the CaCO3 formation in BA. Several authors
indicate that carbonates usually form as a result of several interre-
lated alteration processes, e.g. hydrolysis, dissolution, precipitation
and carbonation which start immediately after the production of
the bottom ash (e.g. Meima and Comans, 1997; Speiser et al.,
2000; Polettini and Pomi, 2004). In general, it is believed that the
presence and concentration of CaCO3 in BA samples indicates the
stage of weathering of the material. It is likely that the same reac-
tions that we observed to operate in TG–MS analysis do also occur
during combustion of the waste in the incinerator. Carbonate can
then be formed when the BA reaches a temperature comprised be-
tween 450 and 650 �C. This finding would also explain the consid-
erable carbonate content that has been found in unquenched and
freshly quenched incineration ashes (Meima and Comans, 1997),
demonstrating that the presence of carbonate in bottom ash is
not necessarily indicative for weathering. As such, the carbonation
process that is known to exert significant effects on the leaching
behavior of bottom ash starts already during incineration. There-
fore, these results may also give direction to further optimization
of waste incineration technologies with regard to stimulating
in situ carbonation and subsequent potential improvement of the
leaching behavior of the bottom ash. The feasibility and practical
considerations applying this concept have to be tested in future
experiments possibly also utilizing (CO2 enriched) recycled gas
flows from the incinerator.
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