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SUMMARY 
 
In Europe, an increasing amount of municipal solid waste (MSW) is incinerated. The 
residues generated contain antimony (Sb) as a critical element because the mobility of 
this semimetal often exceeds the limit values stipulated by the European Union. A 
treatment lowering the availability of Sb in the ashes would result in lower disposal 
costs or enable a utilization of bottom ash.  A treatment by washing the ashes, i.e. a 
separation of Sb from the ashes, could possibly be obtained if it is known how Sb is 
released from ash.  
 
Thus, the leaching experiments performed on Swedish bottom ash and fly ash aimed at 
the identification of the factors affecting the Sb release. The following factors were 
investigated: Liquid to solid ratio (L/S), time, pH, carbonation (treatment with CO2), 
ultrasonics and temperature. The data were evaluated using multiple linear regression 
(MLR). The empirical models were used to quantify the impact of the significant factors 
(α = 0.05). The software PHREEQC 2.8.03 was used for chemical equilibrium 
calculations. 
 
The derived models explained the observed data well (R2 = 0.898 and 0.856 for bottom 
ash and fly ash, respectively). The following factors and factor interactions affected Sb 
leaching from bottom ash: L/S, time, pH, carbonation, temperature, time×pH, 
pH×carbonation and time×carbonation. The factors affecting Sb release from fly ash 
were: pH, carbonation, temperature, pH×temperature, L/S, carbonation×temperature, 
pH×carbonation and L/S×pH. The maximum Sb release was 13 mg (kg TS)-1 on a 95%-
confidence interval between 9 to 20 mg (kg TS)-1 for bottom ash, and 51 mg (kg TS)-1 
on a 95%-confidence interval of 19 to 137 mg Sb (kg TS)-1 for fly ash. No solid phase 
controlling Sb release from the ashes could be identified. For bottom ash, a lowering of 
the Sb total content of approximately 22% could be achieved. If this also involves a 
sufficient lowering of the Sb mobility to meet EU limit values could not yet be assessed 
so that it remains questionable if such a treatment is sensible. 
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ZUSAMMENFASSUNG 
 
Eine zunehmende Menge der in Europa erzeugten Haushaltsabfälle wird der 
Abfallverbrennung zugeführt. Die dabei anfallenden Rückstände enthalten Antimon 
(Sb) als kritisches Element, da dessen Mobilität die Grenzwerte gemäß EU-
Deponierichtlinie überschreitet. Eine Behandlung, die die Mobilität von Sb in den 
Aschen senkt, würde zu wesentlich geringeren Entsorgungskosten führen bzw. eine 
Wiederverwendung (im Fall von Rostasche) ermöglichen. Denkbar ist eine Wäsche der 
Asche, d.h. die Separierung von Sb von der Asche. Um einzuschätzen, ob dies möglich 
ist, ist es notwendig, das Eluationsverhalten von Sb zu kennen. 
 
Die an schwedischer Rost- und Flugasche durchgeführten Laugungsversuche zielten 
darauf ab, die Faktoren, von denen die Antimonauslösung beeinflusst wird, zu 
identifizieren. Die folgenden Faktoren wurden untersucht: L/S, Laugungsdauer, pH, 
Karbonatisierung (Behandlung mit CO2), Ultraschall und Temperatur. Die Daten 
wurden mit Hilfe von multipler linearer Regression (MLR) ausgewertet. Die 
empirischen Modelle wurden dann angewendet, um den Einfluss der signifikanten (α = 
0.05) Faktoren zu quantifizieren. Die Software PHREEQC 2.8.03  wurde für chemische 
Gleichgewichtsberechnungen angewendet. 
  
Die hergeleiteten Modelle passten sich gut an die Versuchsdaten an (R2 = 0.898 für die 
Rostasche und R2 = 0.856 für die Flugasche). Folgende Faktoren und 
Faktorüberlagerungen beeinflussten die Antimonlaugung aus Rostasche: L/S, 
Laugungsdauer, pH, Karbonatisierung, Temperatur, Laugungsdauer×pH, 
pH×Karbonatisierung und Laugungsdauer×Karbonatisierung. Folgende Faktoren und 
Faktorüberlagerungen beeinflussten die Antimonlaugung aus Flugasche : pH, 
Karbonatisierung, Temperatur, pH×Temperatur, L/S, Karbonatisierung×Temperatur, 
pH×Karbonatisierung, und L/S×pH. Die maximale Auslaugung war 13 mg (kg TS)-1 in 
einem 95%-Konfidenzintervall von 9 bis 20 mg (kg TS)-1 für die Rostasche und 51 mg 
(kg TS)-1 in einem 95%-Konfidenzintervall von 19 bis 137 mg (kg TS)-1 für die 
Flugasche. Es konnten keine die Antimonauslaugung kontrollierenden Festphasen 
identifiziert werden. 
 
In der Rostasche konnte der Antimongehalt um ca. 22% gesenkt werden. Ob dies auch 
bedeutet, dass die Mobilität von Sb so weit gesenkt worden ist, dass die EU-Grenzwerte 
eingehalten werden können, kann an dieser Stelle noch nicht eingeschätzt werden. 
Somit bleibt fraglich, ob eine Behandlung der Verbrennungsrückstände im Hinblick auf 
Sb sinnvoll ist.  
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1   INTRODUCTION 
 
In the EU, the direct disposal of organic or combustible wastes is prohibited (EU 1999), 
and therefore municipal solid waste (MSW) is incinerated to a large extend. However, 
municipal solid waste incineration (MSWI) generates a considerable amount of solid 
residues and two major MSWI residues of concern are bottom ash and fly ash. In 
Sweden, 40 % of household waste was incinerated in 2002 and thus 335000 t slag, 
comprising bottom ash and scrap metal, and 67000 t flue-gas residue were generated 
(RVF 2003). These residues are often referred to as waste and are of potential harm for 
the environment. Among others, they contain the metalloid antimony (Sb) as it is 
contained in the MSW incinerated.  
 
Bottom ash is a residue generated in the combustion chamber of an incineration plant 
where it falls to the bottom of the grate. It is gravel-like and sometimes utilised, e.g. in 
road construction. Fly ash consists of fine particles that are caught up in the flue gas, it 
is usually more contaminated than bottom ash. In EU legislation, three waste categories 
are defined: inert waste, non-hazardous waste and hazardous waste (EU 1999) and 
recently, limit values for the acceptance of waste at landfills were stipulated also for Sb 
(EU 2002). Bottom ash and fly ash are usually classified as non-hazardous waste and 
hazardous waste, respectively, because the mobilities of some elements, among others 
Sb, exceed the limit values. An ash treatment could lower the Sb mobility in the ashes 
and thus they could be down-classified, e.g. bottom ash to inert waste which is often a 
criterion for utilisation. Furthermore, a disposal would be less cost-intensive for both 
ashes. Several treatment methods are conceivable. A promising one is a separation of Sb 
from the residues by washing to lower the Sb content. For this, the question of concern 
is how Sb is released from the ashes.  
 
The objectives of this work are (1) to find the significant factors affecting Sb release 
from bottom ash and fly ash, (2) to quantify the factor impact using empirical models 
and (3) to explain the empirical results using chemical equilibrium calculations. 
 
 
2   MATERIAL AND METHODS 
 
2.1 Material 
 
Fly ash and bottom ash from two MSW incinerators in Sweden were investigated. The 
bottom ash was received from Dåva kraftvärmeverk, Umeå. This incinerator treats 
household waste, light industrial waste, construction waste and residues from wood 
industry. The fly ash was sampled from the combustion and air pollution control line P6 
at the incinerator Högdalenverket, Stockholm. Mainly wood, with some impurities of 
paper and plastics, is used as a fuel there. P6 has a dry air pollution control system. 
Activated carbon is added to bind critical metals such as mercury, and limestone is 
added to capture acidic components such as hydrogen chloride (HCl) and sulphur 
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dioxide (SO2). Besides, there is a circulation of sand in the furnace of P6 and thus the 
fly ash contains approximately 30 weight-% of sand.  
 
The ashes are characterized in table 1. The mobility of Sb in both ashes exceeds the 
limit values for inert resp. non-hazardous waste stipulated by the European Union (EU 
2002) (Appendix II, table 1). The procedure for waste classification is based on a 
sequential two-step batch leaching protocol described in the Nordtest method NT 
Enviro 005 (Nordtest 1998). 
 
Table 1   Properties of the two investigated ashes  

 TS  availability  total content  mobility of Sba) 
 [kg kg-1]  [mg (kg TS)-1]  [mg (kg TS)-1]  L/S 2 L/S 10 
 mean SD  mean SD  mean SD  mean SD mean SD 

bottom 
ash 0.848 0.002  3.27b) 0.85b)  59.1b) ---  0.06c) 0.02c) 0.33c) 0.08c) 

fly ash 0.994 0.000  --- ---  --- ---  0.78 0.26 0.75 0.13 
a) determined by compliance leaching test (Nordtest 1998), in [mg (kg TS)-1] 
b) from Todorovic 2004 (data not published) 
c) from (Todorovic 2004) 
 
 
2.2 Methods 
 
2.2.1 Experimental design 
 
The following factors, presumably affecting Sb release from ash, were investigated: 
liquid to solid ratio (L/S), leaching time, pH, carbonation (addition of CO2), treatment 
with ultrasonics and temperature (table 2). CO2 treatment was a qualitative factor with 
settings on and off; all other factors were quantitative. The experiment was designed 
(Umetrics 2001) according to a 2-level fractional factorial design with 6 factors and a 
resolution of five, i.e. 26-1 = 32 runs were performed. Additionally, 6 center point runs 
were conducted resulting in 38 runs per ash in total. The run order was randomized 
(Appendix I, table 1).  
 
Table 2   Factors and their ranges investigated. 
Level Factor 

 L/S time pH CO2 ultrasonics temperature 
 [l (kg TS)-1] [h] [-] [-] [min] [°C] 

low 5 2 7 off 0 20 
center 12 15 10 --- 10 40 
high 20 24 12 on 40 60 
 
 



Sb leaching from MSWI residues 
 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

 
3

2.2.2 Batch leaching tests 
 
The two ashes were leached according to a defined protocol (appendix I) while 
controlling the six factors (table 2). The leaching set-up is illustrated in figure 1 and the 
experimental procedure is described in appendix I. Utrasonic treatment was performed 
using Branson DTH2510E ultrasonics apparatus (Branson Ultrasonics Corporation, 
Danbury, USA), with a frequency of 42 kHz and an output of 100 W. pH stat tests were 
performed using an automatic titrator (TIM900 Titration Manager and ABU901 
Autoburette, Radiometer Anlaytical S.A., Copenhagen) and the computer software 
TimTalk 9 (LabSoft 2000).  
 
 
2.2.3 Analyses 
 
Total solids (TS) were determined by drying the samples for 24 h at 105ºC.  
 
pH was measured using pHC2011-8 electrode (Radiometer analytical S.A., 
Villeurbanne Cedex, France).  
 
Electrical conductivity and temperature were measured using a WTW/TetraCon®325 
standard conductivity cell.  
 
Redox potential was measured using pHM 95 pH/ion meter, Radiometer Copenhagen, 
and Mettler Toledo InLab®501 redox electrode.  
 
Sb in the final leachate was analyzed by Analytica AB, Luleå, using ICP-MS technique. 
 
 
2.2.4 Multiple linear regression (MLR) 
 
The data were evaluated using multiple linear regression (MLR) (Eriksson et al. 2000). 
Histogram plots and box whisker plots were used to assess normality of the data. Three 
diagnostic tools were used to assess the goodness of the model: 
 

• R2 and Q2 values 
• Analysis of variance (ANOVA)  
• Normal probability plot of residuals. 
 

R2 is the coefficient of determination, also called goodness of fit and specifies how well 
the model fits the data (Umetrics 2001). Q2 indicates how well the model predicts new 
data (Umetrics 2001). High R2 and Q2 values that are not separated by more than 0.2-
0.3 point to a good model (Eriksson et al. 2000). In ANOVA, two F-tests are made: the 
first assesses the significance of the regression model and the second compares the 
model error to the pure error (replicate error) (Eriksson et al. 2000). A failure of the 
latter points to a low model validity (lack of fit, i.e. the model error is too high 
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compared to the replicate error). The normal probability plot of residuals was used to 
detect deviating experiments (outliers) (Eriksson et al. 2000). 
 
 
2.2.5 Chemical equilibrium calculations 
 
The computer software PHREEQC 2.8.03 (Parkhurst & Appelo 2004) was used to 
calculate the speciation of Sb in aqueous solution depending on pH and pe. The 
database used was Minteq. No modifications on the database were performed. An 
aqueous solution containing Sb, S and Ni at concentrations of the final leachate of 
experiment no. 1 (appendix I) was modelled at a temperature of 60ºC. The solution was 
set into equilibrium with CO2. 
 
 
 

ash
H2O

water
bath:
room
temperature

Treatment with
ultrasonics

CO2

Carbonation with
continuous pH observation

pH electrode
stirrer

HNO3 resp. NaOH

water bath:
20, 40 resp.

60°C

Leaching at constant pH

filter
0.45 µm

Final leachate

Filtration

glass beaker

 
Figure 1   Leaching set-up. 
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3   RESULTS 
 
3.1 Multiple linear regression (MLR) 
 
For both ashes, the raw data on Sb (Appendix I) were logarithmically transformed to 
adapt them to a normal distribution because the histogram and box whisker plot 
(appendix I, figures 1 and 2) revealed a skewed response. Result data of both ashes 
showed a very small replicate error and therefore a high reproducibility. The outcome of 
the three diagnostic tools is compiled in table 3.  
 
Table 3  Outcome of MLR diagnostic tools 

Sample R2 Q2 ANOVA F-tests outliers 
   significance 

of model 
lack of fit 

test  

bottom ash 0.898 0.833 yes failed no 
fly ash 0.856 0.741 yes failed no 

 
 
3.2 Sb release from bottom and fly ash 
 
With 95% confidence, the factors and factor interactions shown in figure 2A and 2B had 
an effect on Sb leaching from bottom ash and fly ash.With the help of the models, a 
quantification of the impact of the significant factors and factor interactions (α = 0.05) 
on the leaching of Sb from bottom ash and fly ash is possible by calculating extreme 
values applying equation 1 and 2 (appendix I). According to equation 1 (appendix I), 
the average maximum Sb release from bottom ash is 13 mg Sb (kg TS)-1. The 95% 
confidence interval for this result is 9 to 20 mg Sb (kg TS)-1. It is achieved with the 
following factor settings: 
 

• L/S = 20 
• time = 24h 
• pH = 12 
• CO2 = on 
• temperature = 60°C. 
 

According to equation 2 (appendix I), the average maximum Sb release from fly ash is 
51 mg Sb (kg TS)-1. The 95% confidence interval for this result is 19 to 137 mg Sb (kg 
TS)-1. It is achieved with the following factor settings: 
 

• L/S = 20 
• pH = 7 
• CO2 = off 
• temperature = 60°C. 
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Figure 3   Sb release [mg (kg TS)-1] from bottom ash as a function of time and pH, 

with L/S = 20 and CO2 = on 
 

 
Figure 4   Sb release [mg (kg TS)-1] from bottom ash as a function of time and pH, 

with L/S = 20 and CO2 = off 
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Figure 5  Sb release [mg (kg TS)-1] from fly ash as a function of pH and temperature, 

with L/S = 20 and CO2 = on 
 
 

 
Figure 6  Sb release [mg (kg TS)-1] from fly ash as a function of pH and temperature, 

with L/S = 20 and CO2 = off 
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3.3 Chemical equilibrium calculations 
 
The predominating Sb species in aqueous solution are shown in figure 7. pe values 
observed in the final leachates ranged from -1.6 to 5.7 and from -1.6 to 6.1 for bottom 
ash and fly ash, respectively, whereas pe was highest at pH 7 and decreasing towards 
pH 12. High positive pe values were observed at pH 7 and low, mostly negative, pe 
values at pH 12. As an example, a solution at concentrations of the final leachate of 
experiment no. 1 was modelled because it contained rather high Sb, Ni and S 
concentrations, but a variation in element concentrations in solution does not change the 
appearance of the diagram. For the following solid phases, positive saturation indices 
were observed: Sb2S3 (stibnite), NiSb, SbO2, Sb2O4 and Sb(OH)3(s).  Stibnite and NiSb 
were supersaturated at pe < -3 and pH < 8.5, i.e. under conditions that led to a 
predominance of Sb2S4

2- (figure 2). Under conditions that led to predominance of 
Sb(OH)3 (figure 2), a supersaturation of SbO2 and Sb(OH)3(s) was observed. Along the 
boundary between Sb(V) and Sb(III), Sb2O4 was supersaturated. Under oxidising 
conditions (pe > 0), a supersaturation of SbO2 was observed between pH 7 and 8.5, but 
at higher pH, no supersaturated solids could be identified. When the solution was set 
into equilibrium with CO2, supersaturation of the aforesaid solid phases were observed 
in a wider range of conditions, e.g. SbO2 was supersaturated at pH values up to 13 and 
Sb2O4 was identified nearly in the whole area of Sb(OH)3. 
 
 

7 8 9 10 1211 13

-3

0

3

6

Sb(OH)3

Sb (V) as
SbO3

-

Sb2S4
2-

pH

pe

-6

Sb(OH)3 (when in equilibrium with CO2)

SbO2
- (otherwise)

Figure 2  pH-pe predominance diagram for an aqueous Sb-S-Ni system at 60 ºC. 
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4   DISCUSSION 
 
4.1 Methods 
 
The factor ranges (table 2) were chosen for mainly practical reasons with regard to a 
feasibility of ash treatment. For instance, L/S ratio was limited to 20 with regard to the 
amount of waste water produced and the lower limit for pH was set to 7 because a 
decrease of pH requires the addition of acid which might be expensive. 
 
The Sb leaching from bottom and fly ash was modelled using MLR. As the application 
of the model on normally distributed data enhances model validity and reliability, the 
raw data were transformed logarithmically. The model adapted to the data of both 
bottom and fly ash showed a significant lack of fit, i.e. a low model validity, detected 
during ANOVA (analysis of variance) although the R2 and Q2 values were acceptable 
high and not separated by more than 0.2-0.3. This may have several reasons (Umetrics 
2001):  
 

• low reproducibility within replicates  
• deviating experiments 
• response curvature  
• skew response distribution. 
 

As the replicate error is very small, a low reproducibility within replicates cannot be the 
reason for the lack of fit. Deviating experiments (outliers) could not be detected either 
(table 3). It is assumed that the response data follow a linear function (MLR). A 
curvature in the response would result in a low model validity. However, curvature 
could not be detected with the tools provided with the statistical software (Umetrics 
2001). Despite data transformation, no satisfying normal distribution of the response 
was obtained, especially for the fly ash data (appendix I, figures 1 + 2). Hence, the 
adaption of the data to a normal distribution could be considered as insufficient. 
However, the histogram and box whisker plots (appendix I, figure 1 + 2) are only visual 
statistical tools to verify a normal distribution of the data and their interpretation might 
be subjective. Furthermore, the lack of fit might be artificial (Umetrics 2001). The F-
test employed in ANOVA compares the model error to the pure error (replicate error). 
A small pure error leads to the failure of the F-test and thus to a significant, but not real, 
lack of fit (Umetrics 2001). Hence, the lack of fit detected in ANOVA was not 
considered to point to a poor model, but to be artificial, also because the high R2 and Q2 
values strongly indicate model validity. 
 
The models (eq. 1 and eq. 2) are only valid for factor values within the defined ranges 
(table 1) because they are based on measurements taken within these ranges. Especially 
for the factor pH, it cannot be expected that the response stays linear outside the defined 
ranges because metal leaching is often V-shaped with a minimum at around pH 7 
(Eighmy et al. 1995; Meima & Comans 1997). The factor settings calculated for 
maximum Sb release represent optimal conditions within the defined ranges which does 
not preclude that a higher Sb release could be obtained at other factor settings. 
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4.2 Chemical equilibrium calculations 
 
Sb speciation calculated in the modelled solution indicates that in the leachates, Sb 
might be present mainly in the pentavalent state, e.g. as SbO3

-, which is the least toxic 
form of the element. Sb can bind to other elements and form solid phases. With element 
concentrations and pe conditions present in the leachate, SbO2, Sb(OH)3(s) and Sb2O4 
could be identified as solid phases of importance because they showed positive 
saturation indices and were thus supersaturated (Parkhurst & Appelo 2004). Between pe 
-3.5 to -6 and pH 7 to 8.5, Sb2S3 (Stibnite) and NiSb were supersaturated. Therefore, an 
aqueous system containing Sb, Ni and S was modelled. As an example, element 
concentrations of the final leachate of fly ash sample no. 1 were chosen because it 
contained rather high concentrations of Sb, S and Ni. The solution was set into 
equilibrium with CO2 to imitate conditions present in the leachate.  
 
Sb2O4 and Sb4O6 (Watanabe et al. 1999) and Sb2O3 (Vehlow et al. 1997) were 
suggested to be two Sb compounds of importance in bottom ash. Saturation indices ≥ 0 
did not occur for Sb4O6 and Sb2O3 under the conditions investigated and thus, these 
compounds do not seem to control Sb release from the ashes. Positive saturation indices 
for Sb2O4 were found in a pH range of 7 to 9.5 and at pe values from 2 to -5, which 
means that this compound might precipitate under these conditions. However, it does 
not seem to play a role in controlling Sb leaching because the pe values measured in the 
leachates at pH 7 were higher than 3.0 and 3.8 for bottom ash and fly ash, respectively, 
so that aforesaid conditions do not occur.  
 
It is very likely that there are other solid phases controlling Sb concentrations in the 
leachate that were not identified as not contained in the database. For example, a 
binding of negatively charged Sb (Sb(OH)6

-) to iron oxides has been observed 
(Fohrmann 2002) but Fe-Sb-complexes and belonging solubility constants were not 
comprised in the database used. Besides, a substitution for other anions by Sb in 
ettringite and a sorption of Sb with Al- and Fe-(hydr)oxides as suggested by 
Thanabalasingam & Pickering (1990) and Meima & Comans (1998) could not be 
validated. If Sb stands in equilibrium with Ca3(SbO4)2 that might present in bottom ash 
(Paoletti et al. 2000) remains unsettled. Sb in fly ash has been found to be present as 
Pb3Sb2O7 and SnSb2S4 (Eighmy et al. 1995) but also these compounds could not be 
modelled as missing in the database.  
 
 
4.3 Sb release from bottom ash and fly ash 
 
An exposure of bottom ash and fly ash to ultrasonics did not affect the release of Sb 
from the ashes. Thus, this factor can be neglected with regard to a potential ash 
treatment. Sb release from both ashes was positively affected by the factors temperature 
and L/S (figure 2) and the maximum Sb release was calculated to occur at the highest 
setting of these factors, i.e. at 60ºC and L/S 20, which implies that a higher temperature 
and a higher L/S ratio would probably lead to a higher Sb release. Except time, all 
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quantitative factors had to be set either on their highest or lowest limit to obtain 
maximum Sb leaching. 
 
pH conversely affects Sb release from bottom and fly ash: from bottom ash, Sb is 
preferably released at high pH (pH 12) whereas Sb mobility in fly ash is highest at pH 
7. The reason for this dissimilar behaviour can hardly be explained at this point. 
Possibly, Sb is bound to different phases in the ashes and thus released under different 
conditions. The factor carbonation affected Sb release from both ashes and was the 
factor influencing the release from bottom ash the most. Without CO2 treatment, no 
satisfying Sb release can be gained (figure 4). A treatment with CO2 led to a decrease of 
pH in the samples, pH values between 6 and 7 were observed. Thus, carbonation 
probably affected Sb release also by causing pH fluctuation. Besides, Sb has been 
suggested to act as a substitute in ettringite (Meima & Comans 1998) which has been 
observed to dissolve during carbonation (Meima & Comans 1997) (Appendix II). This 
could explain the high impact of carbonation on Sb release from bottom ash.  
 
 
4.3.1 Bottom ash 
 
The effect of pH on the release of Sb from bottom ash (figures 3 and 4) constrasts with 
former investigations. Sb release is expected to be high at neutral pH and low at pH 12 
(Vehlow et al. 1997; Meima & Comans 1998). However, the contrary was observed 
during the experiments: With increasing pH, the Sb release increased as well and the 
effect of pH was intensified by the factors time and carbonation, as indicated by the 
time×pH and pH×CO2(on) factor interactions. This contrast might be due to 
dissimilarities in chemical composition of different bottom ashes, i.e. different sorption 
and release processes might take place. MnOOH, Al(OH)3 and FeOOH have been 
reported to serve as adsorbent phases for Sb (III) between pH 7 and 9 showing a 
decreasing adsorption towards pH 9 (Thanabalasingam & Pickering 1990). If these 
adsorption processes actually take place in bottom ash could not be validated but they 
could explain antimony release at higher pH values. 
 
The factor time was involved in some factor interactions affecting the Sb release from 
bottom ash (figure 2). The effect of time is shown in figures 3 and 4. It is discernable 
that the effect of pH is higher than that of time and thus a shortening of time does not 
lead to a high decrease in Sb leaching. With regard to an ash treatment, the time period 
that leads to a sufficient Sb release should be determined. 
 
 
4.3.2 Fly ash 
 
Electrostatic precipitator ash (that is similar to fly ash) consists of spherical 
aluminosilicate particles coated by polycrystalline, aggregated platelet material (Eighmy 
et al. 1995). It has been suggested that the latter is enriched in more volatile species 
(Eighmy et al. 1995) and thus, as Sb is volatile, it might be present in the coatings. Sb in 
fly ash is, for instance, present as SnSbS4 which contains reduced sulphur and is 
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therefore formed under reducing conditions during the incineration process, as e.g. in an 
electrostatic precipitator (Eighmy et al. 1995). As the conditions in the leachate during 
the experiments were oxidising between pH 7 and pH 10, Sb might be released from 
this compound in the fly ash preferably at low pH. pH was the factor effecting the Sb 
leaching the most. With increasing pH the Sb release decreased. This is consistent with 
data for electrostatic precipitator ash reported by (Osako et al. 1996), but inconsistent 
with data reported by  (Vehlow et al. 1997) who observed a leaching minimum at pH 
10, increasing towards pH 7 and ph 12. The data evaluated by Vehlow et al. (1997) 
were yielded by different leaching tests and scattered widely. Besides, the statements of 
the authors were based on only a small number of experiments that were performed on 
ashes from different incineration plants. It can thus be assumed that different ash 
properties and the application of different leaching tests led to unreliable results 
concerning the investigation of the factor pH. 
 
The factor time did not significantly affect the Sb release from fly ash and was therefore 
excluded from the model. However, this only indicates that there is no effect by this 
factor when it is set on values between 2 and 24 hours, and it is liable to have an effect 
at, for instance, shorter time periods than two hours. Thus, when the leaching time is 
shortened, this factor may perhaps not be neglected any longer but at this point, no 
propositions can be made about how to optimise Sb release within a time period of two 
hours as an extrapolation of the model is not possible. 
 
The highest Sb release was reached with the factor setting CO2=off. The negative 
effects of pH and CO2(on)×temperature exceeded the positive effects of CO2(on) and 
pH×CO2(on). Nevertheless, carbonation played a major role in Sb release; its impact 
becomes distinct in figure 5 and 6. With carbonation, a notable amount of Sb is released 
also at high pH values. With regard to a treatment of the ash, a lowering of the pH 
might be more cost-intensive than a treatment with CO2. Hence, it is reasonable to 
examine if the lowering of the Sb content gained with CO2(on) and high pH values is 
already sufficient to meet the limit values. Besides, a further increase in Sb release 
might be gained even at high pH by increasing the temperature or the L/S ratio as the 
optimum setting for these factors might not have been reached yet. This should be 
investigated with further experiments.  
 
It should be noted that the Sb response shown in figures 3 to 6 does not take into 
account the data variability. 
 
 
4.4 Availability of Sb in bottom ash 
 
For bottom ash, the availability of Sb was determined (table 1). The availability of an 
element is the maximum amount that can be leached under aggressive (but natural) 
conditions (Chandler et al. 1997). The amounts of Sb released from bottom ash during 
the leaching tests exceeded the available amount in 13 cases and up to three orders of 
magnitude (appendix I, table 1). The availability leaching test was performed at L/S 100 



 Sb leaching from MSWI residues 
14 
 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

 

in two steps; the first step was carried out at pH 7 for 3 h and the second at pH 4 for 18 
h (Todorovic 2004). The availability of Sb under the conditions present during the 
leaching experiments was higher than under natural aggressive conditions. The Sb 
release from bottom ash appeared to be highly pH dependent and increased with 
increasing pH. Low pH values might not favour Sb release in the same way. In addition, 
the factors carbonation and temperature that are not considered in an availability 
leaching test contribute to a higher Sb release.  
 
 
4.5 Assessment of the achieved lowering of the Sb mobility in bottom ash and fly ash 
 
To assess if the lowering of Sb mobility in the ashes is sufficient to meet EU limit 
values, a check-leaching should be performed for both ashes under optimum conditions. 
After that, the ash should be dried and a compliance leaching test should be performed. 
Nevertheless, the achieved Sb release might be assessed already now by comparing the 
amount of Sb released under optimum conditions with the total Sb content in the ash. 
An analysis of the total content is only available for bottom ash, it was 59.1 mg Sb(kg 
TS)-1 (table 1). The maximum Sb release achieved with optimum factor settings for 
bottom ash was 13 mg (kg TS)-1 which means that approximately 22 % (15 to 34%) of 
the total Sb content were leached. However, a lowering of the content is not the decisive 
criterion for a successful treatment (Sb release from fly ash has actually been reported 
to be independent on the total content (Osako et al. 1996)) so that the remaining Sb 
mobility cannot be quantified yet.  
 
 
4.6 Feasibility of ash treatment by washing 
 
This study quantifies the impact of the significant factors on the mobility of Sb from 
bottom and fly ash when mixed with water. Furthermore, it suggests factor settings that 
represent optimum conditions for the Sb release. In a stoker incineration plant, bottom 
ash falls in a water filled tank for quenching after generation and this might be a 
conceivable location for ash washing. An addition of CO2 could be obtained as CO2 is 
continuously generated during incineration. During the experiments with fly ash, it was 
observed that some samples did not settle (Appendix I) so they had to be centrifuged to 
separate the ash from the leachate. The reasons for this were not investigated further but 
are important to reveal with regard to a treatment. As it until now remains unrevealed if 
a washing under the conditions described above would lead to a decrease in Sb mobility 
that is sufficient to meet the EU limit values, it cannot yet be assessed if such treatment 
is reasonable. Furthermore, other elements exceeding EU limit values were not taken 
into consideration in this study so that optimum conditions favouring the release of all 
critical elements still have to be developed. Besides, an assessment of an economic 
sensibility of the afore described treatment does not lay in the scope of this work. 
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5   CONCLUSIONS 
 
Sb release from MSWI bottom ash and fly ash was modelled using multiple linear 
regression (MLR). The derived models fitted the data well so that the factors 
significantly (α = 0.005) affecting the release could be identified and the models could 
be used to predict optimum release which was 13 mg Sb (kg TS)-1 and 51 mg Sb (kg 
TS)-1 for bottom ash and fly ash, respectively. Optimum factor settings for bottom ash 
were: L/S = 20, time = 24 h, pH 12, CO2 = on and temperature = 60ºC; and for fly ash: 
L/S = 20, pH 7, CO2 = off, temperature = 60ºC. However, values calculated with the 
models are subject to quite high uncertainties and can only be refined by further 
experiments. It was not possible to explain Sb release from the residues by means of 
chemical equilibrium calculations; no solid phases controlling the release could be 
indentified. In the leachate generated during treatment, Sb is expected to be present 
mainly in the least toxic (pentavalent) oxidation state.  
 
The total content of Sb in bottom ash could be decreased by approximately 22%. 
However, if the lowering of Sb mobility achieved was sufficient to meet EU limit 
values could not yet be assessed and thus it remains questionable if such a treatment is 
reasonable. Future work should investigate leaching conditions favouring the release of 
not only Sb, but all critical elements. Furthermore, it should be examined if such 
treatment is economically sensible.  
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1. DESCRIPTION OF THE LEACHING EXPERIMENTS 
 
The two ashes were leached according to a defined protocol (appendix 1, table 1) while 
controlling the six factors (table 1). The bottom ash was sieved through a 4 mm sieve. The 
fly ash was not sieved. For each ash, the following procedure was performed:  
 

• 5 g, 8.33 g or 20 g of ash were mixed with 100 ml of distilled water in a glass 
beaker to gain a liquid to solid ratio of 25, 12 or 5 ml/g, respectively. 

• The beaker was put into a water bath and exposed to ultrasonic waves of a 
frequency of 42 kHz for 0, 10 or 40 min. The output of the ultrasonics apparatus 
was 100 W, so that the samples were exposed to an energy of 0, 60 or 240 kJ. 
During this process, the water bath temperature was held at room temperature. 
When the treatment time was less than 40 min, the sample was standing at room 
temperature for that time period. 

• A 2.5h-time period of CO2 treatment (on or off) followed whereas CO2 (g) was 
continually added to the sample. 

• Leaching: the sample was held at constant temperature of 20°C, 40°C or 60°C (in a 
water bath) and stirred for 2h, 15h or 24h. The beaker was covered to prevent 
evaporation. pH was kept constant at 7, 10 or 12 with 1M NaOH resp. 1M HNO3 
using an automatic titrator (TIM900 Titration Manager and ABU901 Autoburette, 
Radiometer Anlaytical S.A., Copenhagen) and the computer software TimTalk 9 
(LabSoft 1995-2000). The added volume of base or acid was noted. 

• The sample was weighed to determine the amount of water lost through 
evaporation. 

• After cooling, the sample was filtered using a 0.45 µm filter paper. Some fly ash 
samples did not settle and were centrifuged at 10,000 rpm for 10 min to separate the 
ash from the leachate.  

• In the final leachate, pH, electrical conductivity, redox potential and temperature 
were measured. 

• To conserve, 0.4 ml concentrated HNO3 was added to the leachate. It was then 
stored at 4 °C. 

• Sb was analysed by Analytica AB, Luleå, using ICP-MS technique. 
 

Electrical conductivity and temperature were measured by WTW/TetraCon®325 standard 
conductivity cell before and after ultrasonic treatment as well as after carbonation and 
before filtration. pH was measured using pHC2011-8 electrode, Radiometer analytical S.A., 
Villeurbanne Cedex, France, before and after ultrasonic treatment and continuously during 
carbonation. 
 
 
2. BATCH LEACHING TEST PROTOCOL 
 
The factor settings and the results for the experiments performed on bottom ash and fly ash 
are shown in table 1.  



Appendix I 
2 
 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

 

 
Table 1  Batch leaching test protocol and results of Sb analysis in the final leachate 
exp. 
name 

run 
order 

L/S 
[l (kgTS)-1] 

time 
[h] 

pH 
[-] 

CO2 
[-] 

ultras 
[min] 

temp 
[ºC] 

Sb leached  
[mg kg(TS)-1] 

        bottom ash fly ash 
N1 20 5 2 7 off 0 20 0.46 13.78 
N2 22 20 2 7 off 0 60 2.11 26.61 
N3 17 5 24 7 off 0 60 0.67 8.05 
N4 13 20 24 7 off 0 20 0.78 17.56 
N5 3 5 2 12 off 0 60 0.4 3.64 
N6 38 20 2 12 off 0 20 0.39 0.01 
N7 16 5 24 12 off 0 20 0.56 0.00 
N8 26 20 24 12 off 0 60 4.81 15.14 
N9 24 5 2 7 on 0 60 2.08 11.95 

N10 18 20 2 7 on 0 20 5.74 24.03 
N11 12 5 24 7 on 0 20 0.55 7.73 
N12 11 20 24 7 on 0 60 1.13 24.76 
N13 32 5 2 12 on 0 20 3.1 0.14 
N14 10 20 2 12 on 0 60 7.18 3.43 
N15 29 5 24 12 on 0 60 5.46 8.11 
N16 30 20 24 12 on 0 20 9.04 13.57 
N17 5 5 2 7 off 40 60 0.6 12.30 
N18 21 20 2 7 off 40 20 1.17 21.29 
N19 1 5 24 7 off 40 20 0.29 8.13 
N20 2 20 24 7 off 40 60 0.74 24.34 
N21 4 5 2 12 off 40 20 0.17 0.00 
N22 25 20 2 12 off 40 60 1.31 7.21 
N23 27 5 24 12 off 40 60 2.25 2.55 
N24 19 20 24 12 off 40 20 0.76 0.01 
N25 37 5 2 7 on 40 20 1.84 11.62 
N26 28 20 2 7 on 40 60 8.78 31.02 
N27 6 5 24 7 on 40 60 1.19 7.93 
N28 34 20 24 7 on 40 20 0.82 19.40 
N29 14 5 2 12 on 40 60 5.31 1.01 
N30 31 20 2 12 on 40 20 6.25 12.43 
N31 23 5 24 12 on 40 20 3.39 0.04 
N32 33 20 24 12 on 40 60 10.8 30.98 
N33 35 12 15 10 off 10 40 1.33 3.55 
N34 9 12 15 10 off 10 40 1.02 2.51 
N35 8 12 15 10 off 10 40 1.33 3.59 
N36 36 12 15 10 on 10 40 8.03 8.57 
N37 15 12 15 10 on 10 40 5.63 6.69 
N38 7 12 15 10 on 10 40 6.79 4.26 

exp. name: name of experiment, ultras: treatment with ultrasonic waves, temp: temperature 
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3. STATISTICAL ANALYSIS OF MODEL (histograms and box whisker plots) 
 
Figure 1 and 2 show the response distribution of bottom and fly ash respectively. A bell-
shaped histogram and a box in the middle of a whisker point to a normal distribution. The 
whisker represents the 95% confidence interval.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Histogram and box whisker plot for the response of bottom ash after log- 
 transformation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  Histogram and box whisker plot for the response of fly ash after log- 
 transformation 
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4. CALCULATION OF Sb RELEASE FROM BOTTOM ASH AND FLY ASH 
 
The Sb release can be calculated with equation 1 and 2. The uncertainty of the results 
obtained by applying these equations is not quantified here.  
 
Bottom ash: 
 
a) for CO2(on):    b) for CO2(off):  
log (Sb) [mg (kg TS) -1] =  log (Sb) [mg (kg TS) -1] = 
 -0.0084 - 0.0394 

+ 0.0186 × L/S + 0.0186 × L/S 
- 0.0756 × time - 0.0565 × time 
+ 0.0169 × pH - 0.0745 × pH  
+ 0.0070 × temperature + 0.0070 × temperature  
+ 0.0068 × time × pH + 0.0068 × time × pH        

(eq. 1a+b) 
 
 
Fly ash: 
 
a) for CO2(on):    b) for CO2(off):   
log (Sb) [mg (kg TS) -1] =  log (Sb) [mg (kg TS) -1] = 

+ 5.9897 + 6.2669 
- 0.0359 × L/S - 0.0359 × L/S 
- 0.6514 × pH - 0.8518 × pH  
- 0.0771 × temperature - 0.0487 × temperature 
+ 0.0084 × L/S × pH + 0.0084 × L/S × pH   
+ 0.0092 × pH × temperature   + 0.0092 × pH × temperature 

(eq. 2a+b) 
with L/S [l (kgTS)-1], time [h], temperature [°C], pH [-], confidence level 0.95. Only factor 
values within the defined ranges (thesis, table 1) may be set in the equations. 
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1   INTRODUCTION 
 
Today, many products contain antimony (Sb) and thus the element is also found in the 
waste stream. The main non-recyclable waste fraction is plastic and synthetic material 
which often contains Sb as a flame retardant. As these materials are incinerated, Sb is 
present in the residues of municipal solid waste incineration (MSWI). In Sweden, the 
recycling rate of Sb is 20% and it is predicted to be lower in the future (Sternbeck & 
Östlund 1999) so that Sb in MSWI ashes is a persistent problem for the time being. The 
Sb mobility in bottom and fly ash often exceeds the limit values stated in the EU 
directive and therefore requires an expensive disposal. Hence, it seems to be reasonable 
to take measures for a lowering of the Sb mobility from ash. Then, the ash can be used 
for other purposes (e.g. in road construction) or, when disposed, potentially 
environmentally harmful emissions from landfills can be reduced. Several measures are 
conceivable; but promising is a chemical treatment of the ash directly after generation at 
the incineration plant which it is elementary to know the leaching behaviour of Sb in 
ash for.  
 
The objective of this work is twofold: Firstly, as Sb is rather unbeknown, this work 
compiles information about its properties and behaviour in the environment and thus 
investigates why it is considered to be an element of environmental significance. 
Secondly, the flow paths of Sb into MSW and MSWI residues are investigated and, 
with regard to a possible treatment, the leaching properties of Sb-containing MSWI 
residues are gleaned. 
 
 
2   PROPERTIES OF ANTIMONY  
 
In nature, antimony mainly occurs as Sb3S3 (stibnite, antimonite) and Sb2O3 
(valentinite) and is commonly found in ores of copper, silver and lead (Filella et al. 
2002a). It shows a strong affinity for abovementioned metals and for sulphur and the 
word antimony (from the Greek anti and monos) means element not to be found alone 
(Anderson 2001). The fraction of Sb in the earth�s crust is 10-4 % (Jakubke & Jeschkeit 
1994). In history, it was known 3000 years ago in China and later in Babylon. The 
Greeks and the Romans used stibnite for makeup to darken their eyelids and lashes 
(Jakubke & Jeschkeit 1994). 
 
 
2.1 Chemical properties 
 
Sb, stibium, is an element of the 5th main group of the periodic system. It is a semimetal 
and under natural conditions, it is observed in the trivalent and pentavalent oxidation 
state. It has a density of 6.684 g mm-3, a melting point at 630.5°C, a boiling point at 
1750°C, an electrical conductivity of 2.56 Sm mm-2 at 0°C and a standard electrode 
potential of 0.1445V (Jakubke & Jeschkeit 1994). Jakubke & Jeschkeit (1994) state the 
following: Above its melting point, Sb burns in air to form Sb(III) oxide, Sb2O3. In 
finely divided form, it burns in chlorine to Sb(V) chloride, SbCl5. Its position in the 
electrochemical potential series is such that it is not attacked by non-oxidizing acids. 
Nitric acid, HNO3, oxidizes antimony to Sb2O3 or Sb2O5. In melts with S, Sb forms Sb 
sulfides such as Sb2S3 and Sb2S5. Antimonates(V) are strong oxidizing agents, 
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especially in acid solution. In aqueous solution, Sb(III) salts typically form SbO+ 
cations. (Jakubke & Jeschkeit 1994) 
 
 
2.2 Toxicity 
 
2.2.1 Effects on humans 
 
Metallic Sb is considered most toxic, followed by Sb(III) and then Sb(V) (Berg & 
Skyberg 1998). Furthermore, inorganic forms of Sb appear more toxic than organic 
forms (Lynch et al. 1999). Sb(III) is deposited in soft tissues, mainly liver, whereas 
Sb(V) is more rapidly cleared from the blood plasma and excreted in urine (Patriarca et 
al. 2000). 
 
Acute effects of oral Sb poisoning are abdominal pain, vomiting, diarrhoea, 
dehydration, muscular pain, shock and haemoglobinuria that may lead to anuria and 
uremia (Berg & Skyberg 1998). An acute respiratory uptake of SbCl5 may cause 
gastrointestinal disturbances and pulmonary oedema (Berg & Skyberg 1998), and 
furthermore respiratory ailments and defects of heart and liver (Suer & Lyth 2003). 
Berg & Skyberg (1998) report that chronic poisoning causes headache, vomiting, 
coughing, joint and muscular pain, sleeplessness, vertigo and loss of appetite. An 
exposure to Sb2O3 causes respiratory symptoms and cutaneous reactions. According to 
the authors, Sb is considered to be cardiotoxic but it is controversial if it has any 
carcinogenic effects. (Paumgartten & Chahoud 2001) tested pentavalent antimonials on 
rats and found them to be embryotoxic. The lethal dose of antimony potassium tartrate 
(APT) for humans has been reported to be 1g (Fohrmann 2002). 
 
The half-life period of Sb(III) and Sb(V) in humans is 94 hours and 24 hours, 
respectively, which involves that Sb does not bioaccumulate and does not concentrate in 
the food chain (Suer & Lyth 2003). Therefore, an uptake of Sb through food is unlikely. 
However, there is Sb contamination in dust and soil  being an additional source of 
exposure for infants and young children (Patriarca et al. 2000). The contamination 
results from traffic as Sb compounds are present as fire retardants in rubber for vehicle 
tyres. Infants and young children are at greater risk from permanent damage and both 
adsorption and retention can be considerably greater in infants than in adults (Patriarca 
et al. 2000).  
 
 
2.2.2 Environmental impact 
 
Sb and its compounds are considered to be pollutants of priority by the USEPA and EU 
(Filella et al. 2002a). Sb has no known biological function (Filella et al. 2002a), but 
toxic effects of Sb on saltwater fish (Takayanagi 2000) and on freshwater fish larvae 
that are generally considered to be sensitive to environmental pollution (Lin & Hwang 
1998) were observed. The toxicity of Sb is not only dependent on its oxidation state but 
also on the type of compound it is in; e.g. SbCl5 is seven times more toxic than 
K[Sb(OH)6] (Takayanagi 2000).  
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Current problems and concentrations in natural environments 
In aquatic environments, Sb is present as result of rock weathering, soil runoff and 
anthropogenic activities (Filella et al. 2002a). The authors predicate that in unpolluted 
waters, typical concentrations of dissolved Sb are less than 1 µg l-1, but in the proximity 
of anthropogenic sources, concentrations can reach up to 100 times the natural level. 
For example, a Sb concentration of 13 mg (kg sludge) -1 caused by traffic emissions was 
detected in street runoff in Sweden and concentrations up to 1.7 µg l-1 have been 
detected in Swedish landfill leachate (Sternbeck & Östlund 1999). Sb contamination of 
river sediment and water caused by mining activities, i.e. silver, lead, zinc and arsenic 
exploitation, were observed in Idaho, USA (Mok & Chien 1990) and Corsika, France 
(Migon & Mori 1999); Sb concentrations measured were up to 8.25 µg l-1 and 330 µg l-

1, respectively. Trojan et al. (2003) compared ground water Sb concentrations under 
different land uses and found slightly higher Sb concentrations of 0.09 µg l-1 in 
industrial and commercial areas compared to agricultural and nondeveloped areas. 
There are substantial anthropogenic Sb inputs through atmospheric deposition into the 
Baltic Sea (Andreae & Froehlich 1984) and into the western Atlantic Ocean (Cutter et 
al. 2001). In the latter case, atmospheric deposition delivers twice as much Sb to the 
region than does the Amazon and Sb is considered to be delivered with combustion flue 
gases (Cutter et al. 2001). However, direct Sb emission from waste incineration is 
considered to be low, as Sb concentrates in the ash (Sternbeck & Östlund 1999).  
 
In soils, according to the few data available, Sb seems to accumulate near the soil 
surface and concentration decreases with depth which points to an atmospheric 
deposition (Filella et al. 2002a). Wagner et al. (2003) found enhanced Sb concentrations 
in orchard soils that lead arsenate-treated fruit trees were grown on. Lead arsenate 
insecticide contains Sb impurities that enrich in soil; Sb concentrations up to 1.46 mg 
kg-1 were measured whereas apparently uncontaminated orchard soils contain up to 0.71 
mg kg-1. The measured concentrations were not considered to be of any environmental 
harm because the bioavailability of soil Sb appear to be low and concentrations that 
cause detrimental effects on human health or environmental quality are given much 
higher in literature (Wagner et al. 2003). Sb concentrations in air are generally low, 
even at urban sites (<0.03 ng m-3) (Patriarca et al. 2000). 
 
Behaviour of Sb in natural environments 
To assess the environmental impact of a toxic substance, it is important to know its 
behaviour and the way it is transported in the environment, i.e. its mobility. Not much is 
known about the reactivity of Sb in natural systems, but the element seems to be rather 
non-reactive in marine environments and soils (Filella et al. 2002a) whereat Sb mobility 
is strongly dependent on the soil type (Fohrmann 2002). When deposited as an oxide, it 
remains in this (non-reactive) form. Interactions with natural organic matter seem to be 
minor (Filella et al. 2002b), although certain Sb species are retained by humic acid 
(Pilarski et al. 1995). However, Jenkins et al. (1998) demonstrated that non-volatile 
inorganic Sb can be volatilized to trimethylantimony (Sb(CH3)3) by an aerobic 
microorganism and then converted by oxidation to more mobile forms, leading to 
increased interaction of this element with biological food chains. Methylated Sb 
compounds are considered to be very toxic (Sternbeck & Östlund 1999). 
 
In natural waters, at natural pH values, Sb exists as Sb(V) in oxic systems (i.e. SbO3¯ 
present as Sb(OH)6¯) (Kang et al. 2000; Filella et al. 2002b) and as Sb(III) in anoxic 
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ones (i.e. as Sb(OH)3) (Filella et al. 2002b). Both compounds are soluble, but under 
anoxic conditions, and in the presence of sulphur, Sb forms insoluble stibnite Sb2S3(s) 
below pH 6 and soluble SbS2¯ above pH 6 (Filella et al. 2002b). Helz et al. (2002) also 
report that, under aforesaid conditions, electrically neutral Sb compounds are 
transformed to anionic complexes when HS¯ is present in water. The authors conclude 
that this transformation could diminish the adsorption of Sb to negatively charged 
mineral surfaces, supporting the transport of Sb in anoxic aquifers. Filella et al. (2002a) 
report that Sb scarcely interacts with solid phases and that it is nearly exclusively 
present in the dissolved phase. However, in the Baltic Sea, a strong affinity of Sb to 
particulate phases was observed (Andreae & Froehlich 1984). Moreover, a high content 
of iron and manganese oxides in river sediments increases the retention of Sb (Mok & 
Chien 1990), but Sb sorbed to iron and manganese oxyhydroxides may be released 
under anoxic conditions (Chen et al. 2003). Mok & Chien (1990) observed that a pH 
variation between pH 2.7 and pH 11.4 also effects the release of Sb in river sediments: 
Sb(III) is preferably released at low and high pH values and Sb(V) release increases 
with increasing pH.  
 
Sternbeck & Östlund (1999) report the Sb emission from landfills into air, soil and 
water to be proportional to the amount of Sb in the landfill. The authors report that 
Sb(CH3)3 has been detected in landfill gas at concentrations of 25-70µg m-3 which 
exhibit that gas emissions from landfills can be notable for the spread of Sb at least at 
local scale. 
 
 
3   ANTIMONY IN WASTE AND MSWI RESIDUES 
 
3.1 Origin and quantities of Sb in waste 
 
Origin 
Sb is produced from ore; the leading producer is China (Anderson 2001). Other reserves 
of Sb are in South Africa, Bolivia, Russia and Mexico (van Velzen et al. 1998). The 
world production of Sb is estimated at 150,000 t yr-1 and in Sweden, approximately 
1500 t yr-1 are consumed whereof about 300 t are recycled (Sternbeck & Östlund 1999). 
The Sb consumption strongly increased in the last two decades (Sternbeck & Östlund 
1999), but a decrease of production is expected for the future (van Velzen et al. 1998; 
Sternbeck & Östlund 1999), first of all because the demand for flame retarded polyvinyl 
chloride (PVC) is expected to decrease (van Velzen et al. 1998). 
 
The Sb consumption can be roughly divided into three categories (van Velzen et al. 
1998): 

• 60% flame retardants (36% are used in construction, 18% in electrical-
electronics, 6% in automobile industry and miscellaneous) 

• 20% metal products 
• 20% non-metal products. 

As a flame retardant, mostly Sb2O3 is used which takes effect by reacting with halogen 
compounds and forming SbBr3 or SbCl3 (Sternbeck et al. 2002). It can be found in 
wallpaper, fabrics (e.g. curtains) and paint (Osako et al. 1996), plastics, electrical and 
electronical products (e.g. computers, cables), certain building material, certain 
packings and vehicle interiours. Flame retarded plastics are for instance PVC, 
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acrylonitrile butadiene styrene (ABS), polystyrene and polycarbonate; they can contain 
2.5-4 weight-% Sb (Sternbeck & Östlund 1999). The largest application of Sb in metal 
products is in lead batteries, but from these, Sb is nearly 100% recycled in Sweden 
(Sternbeck & Östlund 1999) and The Netherlands (van Velzen et al. 1998). Sb is also 
contained in ammunition (Anderson 2001). In non-metal products, Sb is present in 
rubber where it is used as a vulcanization agent, in glass (e.g. in screens and television 
sets), as a pigment in paint and plastics and as a catalyst and stabilizer in plastics 
(Sternbeck et al. 2002). 
 
Quantities 
The average concentration of Sb in municipal solid waste varies widely. Paoletti et al. 
(2000) compiled Sb concentrations in household waste in Japan, Canada, Germany, The 
Netherlands and the European Union and report concentrations of up to 30 000ppm (≤ 
30 000 mg kg-1). Including own measurements, the authors state the average 
concentration of Sb in MSW to be 50 ppm (50 mg kg-1). By measuring the Sb content of 
various household waste samples in Japan, Nakamura et al. (1996) found the total 
amount of Sb to be 7.6 mg kg-1, whereof 38 weight-% of Sb was found in plastics, 
textiles and other physical compositions and about 62 weight-% was found in high 
concentration items such as curtains and bedding clothes (polyester fibre). The authors 
observed the total Sb content of bulky waste to be 48 mg kg-1, whereof 45 weight-% 
was found in plastics (e.g. plastic covers of television sets) and 15 weight-% was found 
in textiles and glasses (e.g. carpets and the glass of the cathode-ray tube of a television 
set). Hence, they concluded that the Sb content of bulky waste was high compared to 
daily household waste. This is confirmed by Jung et al. (2004) who found the Sb 
content in Japanese shredded bulky waste to be very high, i.e. 295 g t-1. Industrial waste, 
especially from plastic and metallurgical industries, has a greater content of Sb than 
domestic waste (Paoletti et al. 2000). 
 
 
3.2 Behaviour and partitioning of Sb in MSWI 
 
Sb entering a waste incineration plant is mainly present as an oxide, as a component in 
metal alloys and perhaps as an organic compound (Paoletti et al. 2000). The oxide 
present is Sb4O6 because this compound is widely used (Watanabe et al. 1999). Sb 
oxides, such as Sb2O4 and Sb2O3 (Vehlow et al. 1997), and SbCl5 are likely to be 
formed during the combustion process, if enough oxygen and chlorine are available in 
the fuel bed (Paoletti et al. 2000). Above 930ºC, Sb oxides are dominated by Sb2O3 
(Jakubke & Jeschkeit 1994). SbCl5 decomposes, when heated, to SbCl3; both 
compounds are gaseous above 283ºC (Jakubke & Jeschkeit 1994).  
 
In general, the amount of gaseous Sb species in waste combustion flue gases is 
insignificant and Sb is probably bound to particulate matter (Paoletti et al. 2000). The 
occurring gaseous Sb species during incineration is SbCl3(g), volatilization as an oxide 
hardly occurs (Watanabe et al. 1999). The transfer of Sb into the gaseous phase and thus 
to the fly ash is influenced by the incineration temperature and the chlorine content; it is 
highest at 500ºC and decreases towards 900 ºC (Belevi & Langmeier 2000). However, a 
fuel bed temperature of 1200°C compared to 900°C as well as a high chlorine content of 
the waste feed promote the volatilization of Sb (Paoletti et al. 2000). Jung et al. (2004) 
state that there is no correlation between furnace temperature in the range of 850 to 
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950°C and volatilization of Sb. Volatilization is not influenced by the residence time of 
the waste in the furnace bed (Belevi & Langmeier 2000). 
 
Nakamura et al. (1996) analyzed bottom ash, electrostatic precipitator ash, exhaust gas 
and waste water of two MSW incinerators in Japan and observed a Sb partitioning 
shown in figure 1. However, an investigation on 19 incineration plants in Japan did not 
reveal any observable partitioning pattern; between 20 weight-% and 80 weight-% of 
the Sb in the residues (bottom and fly ash) was present in the fly ash (Jung et al. 2004). 
Watanabe et al. (1999) investigated two incineration plants in Japan and found 74 
weight-% and 33 weight-% of Sb to be present in the fly ash. Paoletti et al. (2000) and 
van Velzen et al. (1998) report that about 50% of the Sb input remains in the grate ash. 
A possible reason for this may be the reaction of Sb oxide with calcium oxide present in 
the grate ash according to the following equation: Sb2O3 + O2 + 3 CaO � Ca3(SbO4)2 
(Paoletti et al. 2000). 
 
 

Incinerator
Electrostatic
precipitator

(EP)

Gas scrubber
equipment

Sb-
containing

waste
100%

Bottom Ash
54%

EP ash
45%

Gas
scrubber

water
1%

Final
exhaust gas

<1%

 
 
Figure 1   Partitioning of Sb in MSWI plants in Japan (Nakamura et al. 1996), in 

weight-% 
 
 
3.3 Sb-containing ash 
 
3.3.1 Handling 
 
Ashes from MSWI are either disposed or utilised, sometimes with preceding treatment. 
Fly ash is mostly referred to as hazardous waste and consequently landfilled whereas 
bottom ash is the primary material being utilised in the following applications (Chandler 
et al. 1997): 

• as an aggregate substitute in paving applications 
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• as an aggregate in terrestrial Portland cement applications 
• as an aggregate substitute in Portland cement-based marine applications such as 

shoreline protection 
• as daily cover for municipal waste landfills 
• granular fill material for embankments. 

Currently, a treatment of MSWI residues is mainly performed in Japan. State-of-the-art 
treatments in Japan are melting, treatment with cement, treatment with a chemical agent 
or leaching with acids and other solvents (Ecke et al. 2000). Treatment costs are lowest 
for cementitious stabilization and solidification and highest for melting processes (Ecke 
et al. 2000). Further treatments for bottom ash are washing processes, aging (to change 
chemical properties) and acid leaching (Chandler et al. 1997). 
 
In Sweden, ash and slag from MSWI is mainly landfilled, but a small part is used in 
road construction and as cement but until now, there is no recycling of metals from 
ashes (Sternbeck & Östlund 1999). In 1991, in Germany, about one half of the bottom 
ash production was utilised and the remaining amount was landfilled (Chandler et al. 
1997). Air pollution control residues are used in the coal mining industry as filling 
materials for excavation cavities in Germany (Chandler et al. 1997). 
 
 
3.3.2 Assays and limit values 
 
Assays 
Data on Sb concentration in ashes from MSWI vary widely. A summary of Japanese 
literature providing Sb data on MSWI residues from stoker fired incineration systems 
showed the average Sb concentration in fly ash and bottom ash to be 352 mg kg-1 and 
67 mg kg-1, respectively (Jung et al. 2004). Ashes from 7 fluidized bed and 19 stoker 
incinerators in Japan were investigated. The Sb concentration was 155 mg kg-1 
(fluidized bed) and 98/435 mg kg-1 for bottom/fly ash (stoker) (Jung et al. 2004). 
Birnbaum et al. (1996) compiled literature data and own measurements and state the Sb 
concentration in fly ash to be between 150 and 2500 mg kg-1. The average Sb content in 
fly ash from waste incineration in Japan has been given as 1120 mg kg-1 (Tateda et al. 
1997). In Sweden, the annually produced ash from MSWI contains altogether 60-200 t 
Sb (Sternbeck & Östlund 1999). The Sb content in MSWI residues is highly dependent 
on the share of bulky waste incinerated (Jung et al. 2004). Measurements on ashes from 
household waste and bulky waste in Japan revealed a Sb content of 9.5g t-1 and 16g t-1, 
respectively (Nakamura et al. 1996).  
 
Limit values 
According to German legislation "waste" means all movable property that the owner 
disposes of, wishes to dispose of or must dispose of, and furthermore movable property 
that falls within a group listed in Annex 1 of the act (Germany 1994). Thus, incineration 
residues from MSWI are often referred to as waste. The EU defines limit values for 
three waste categories: inert waste, non-hazardous waste and hazardous waste (EU 
2002). Waste is landfilled according to these categories. To verify compliance with the 
limit values, a two step leaching test of the waste material has to be performed at two 
liquid to solid (L/S) ratios, i.e. at L/S 2 and at L/S 10. For each of the two leachates, Sb 
limit values were developed (table 1) on the basis of already existing limit values for 
drinking water (Hjelmar et al. 2001): as Sb containing waste on a landfill may 
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contaminate ground water, limit values for the groundwater around the landfill were 
chosen and transport processes from the landfill to the groundwater were modeled. To 
not exceed the groundwater limit values, the waste may contain only a certain amount 
of mobile Sb which is assessed by the leaching test. As  there are no uniform 
groundwater limit values in the EU, limit values for drinking water were applied 
instead. The drinking water limit value for Sb stipulated in the EU drinking water 
directive is 5 µ l-1 (EU 1998). 
 
Table 1   Sb limit values (mg (kg TS)-1) for waste acceptable at landfills for inert waste, 

non-hazardous waste and hazardous waste (EU 2002), L/S in l kg-1 
inert  non-hazardous  hazardous 

L/S 2 L/S 10  L/S 2 L/S 10  L/S 2 L/S 10 
0.02 0.06  0.2 0.7 2 5 

 
 
3.3.3 Leaching properties 
 
Sb in ash leachate exists as Sb(V); between pH 3 and 12, SbO3¯ is the dominating Sb(V) 
species, also written as Sb(OH)6¯ (Meima & Comans 1998; Suer & Lyth 2003). Osako 
et al. (1996) state that Sb(V) is the dominant chemical form in neutrality-to-alkalinity 
range while Sb(III) is predominant in the acid domain. 
 
In bottom ash, the availability of Sb is much smaller than the actual release which 
implies that Sb is largely retained in the ash matrix (Chandler et al. 1997). Meima & 
Comans (1998) investigated the influence of pH and liquid to solid ratio (L/S) on Sb 
leaching from fresh MSWI bottom ash and observed the leaching to be maximal at 
around pH 8, independent of L/S, followed by a decrease between pH 8 and 5.5 and an 
increase below pH 5.5 (figure 2). L/S 2, 5, and 10 were examined and at L/S 2, the 
maximum Sb concentration in the leachate was reached. The authors suggest that at 
alkaline pH, Sb acts as a substitute for other anions (possibly sulphates) in ettringite 
(Ca6Al2(SO4)3(OH)12×26H2O) which is present in fresh bottom ash but only persists at 
alkaline pH whereas at neutral pH, the leaching is likely to be controlled by sorption to 
amorphous Fe- and Al-(hydr)oxides, the concentration of which is low in the fresh ash 
(Meima & Comans 1998). Vehlow et al. (1997) observed a high mobility from MSWI 
bottom ash a pH 4 that decreases towards pH 12.  
 
Seames et al. (2002) examined the solubility of Sb from fly ash particles from the 
combustion of coal by leaching the ash at pH 2.9 and pH 5 according to EPA�s method 
TCLP 1310. They observed Sb to be fairly soluble from the ash at pH 5 and very 
soluble at pH 2.9. A 6h-leaching test at L/S 10 and 20°C performed on different fly 
ashes from Japan revealed no correlation between the Sb leaching concentration and the 
Sb content in the ash but showed that the leaching concentration is in inverse proportion 
to the pH value between pH 7 and pH 12 (Osako et al. 1996) which means that the 
leaching concentration continuously decreases with increasing pH. A slightly different 
observation on MSWI fly ash was made by Vehlow et al. (1997): Sb leaching decreases 
between pH 2 and pH 9, but increases again between pH 9 and 12.  
 
Leaching properties may be influenced by several applications. By adding Fe(III)- or 
Al(III)-salts, the leaching of Sb from fresh MSWI bottom ash can be reduced (Meima & 
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Comans 1998): Fe- and Al-hydroxides precipitate, and as the pH is lowered, Sb 
oxyanions show an increased affinity to Fe- and Al-hydroxides and coprecipitate. Sb 
leaching from fly ash might be reduced by the application of a process for vitrification 
(VITROARC®), but with this method, it was still not possible to meet the Dutch 
leaching limit for Sb of 0.054 mg kg-1 (Haugsten & Gustavson 2000). 
 
 

 
Figure 2   Total dissolved Sb in MSWI bottom ash leachates as a function of pH at L/S 

ratios   of 2 (∆), 5 (�) and 10 (�) (Meima & Comans 1998) 
 
 
4   DISCUSSION 
 
Sb is toxic (Berg & Skyberg 1998; Paumgartten & Chahoud 2001; Fohrmann 2002). 
However, it does not bioaccumulate and has a relatively low mobility in natural 
environments. Moreover, antimony potassium tartrate (APT) concentrations in water up 
to 2500 ppm, i.e. very high concentrations, have not lead to any adverse effects in rats 
(Lynch et al. 1999). Thus, Sb might not be a hazard for humans in the concentrations 
found in the environment. However, it must be taken into consideration that different Sb 
compounds have different toxicities (Takayanagi 2000). Information about 
concentrations that lead to adverse effects in humans are very scarce literature. Reports 
on APT that is used in medicine exist but are not representative for other Sb 
compounds. In natural environments, only local contaminations have been reported 
(Andreae & Froehlich 1984; Mok & Chien 1990; Migon & Mori 1999; Cutter et al. 
2001; Wagner et al. 2003) so that Sb contamination does not seem to be a widespread 
problem. When Sb containing ash is deposited, it must be taken into account that the 
element might be transformed to more mobile and toxic forms (e.g. Sb(CH3)3) (Jenkins 
et al. 1998).  
 
The main source for Sb in MSWI residues is flame retarded plastics, especially PVC, 
the consumption of which is expected to decrease in Western Europe (van Velzen et al. 
1998). Nevertheless, in different countries and depending on waste composition, the Sb 
content in MSW varies considerably and high Sb concentrations in MSW and MSWI 
residues have been reported (Nakamura et al. 1996; Paoletti et al. 2000; Jung et al. 
2004). Hence, MSWI residues may often exceed the limit values for Sb stipulated by 
the EU and therefore require a cost-intensive disposal. Bottom ash usually fulfils, or 
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nearly fulfils, the limit values for inert waste and this is often a criterion for utilization. 
To meet the Sb limit values for inert waste, several measures are conceivable. The 
avoidance of Sb containing waste or its recycling is a desirable possibility but is 
unfeasible in the short term because the element is spread over a countless number of 
products. An optimisation of the incineration process by shifting Sb towards the APC 
residue appears to be a promising measure to lower the content of Sb in bottom ash. 
However, data provided in literature indicate that this is not feasible as Sb cannot be 
volatilised to a sufficient extent because it probably binds to compounds in bottom ash 
(Paoletti et al. 2000). Some methods that decrease the Sb mobility in ash or stabilise the 
ash have been reported (Meima & Comans 1998; Ecke et al. 2000; Haugsten & 
Gustavson 2000). However, a treatment aiming at the lowering of the Sb content in ash 
by leaching seems worthwhile, not only because the Sb mobility from ash can be 
lowered but also because the removal of Sb from the ash is requisite for a recovery of 
this metal. A recycling seems reasonable as the Sb world resources are not infinite: the 
year of depletion for Sb has been estimated to be in 2123 (Tateda et al. 1997) and a 
recycling would prolong the use of this element.  
 
Leaching of Sb from ash has been suggested to be dependent on pH (Osako et al. 1996; 
Vehlow et al. 1997; Meima & Comans 1998; Seames et al. 2002), L/S ratio and 
different chemical compounds present in the ash (Meima & Comans 1998). The 
leaching behaviour of Sb from bottom ash as well as from fly ash is reported 
controversially in literature. This may be due to different leaching tests applied under 
different conditions, e.g. different pH ranges investigated, and different ash properties 
so that the results are hardly comparable. Ash properties vary depending on the waste 
feed, the incinerator type, the conditions under which the incineration takes place, the 
EPC system, the sampling technique etc. Thus, different Sb contents and different 
retention mechanisms taking place might lead to the variation in Sb release. Studies 
performed on the topic of Sb leaching from MSWI residues aim mostly at the reduction 
of Sb leaching (Meima & Comans 1998). Thus, it is still unknown how to effectively 
separate Sb from MSWI residues. As only above named factors influencing the Sb 
mobility from ash were investigated, other factors that may have an impact on Sb 
release remain unidentified. Further imaginable factors are: CO2 partial pressure, as an 
excess of CO2 can lead to the mobilization of metals from ash (Chandler et al. 1997); 
exposure to ultrasonics, as it could expedite certain release processes in the ash; 
temperature, as solubility coefficients are temperature dependent; addition of chemicals 
and time. A quantification of the impact of the factors is not possible with the help of 
the available literature and thus it is unknown how the Sb release from MSWI residues 
can be optimised. 
 
 
5   CONCLUSIONS 
 
The dominating Sb application is as a flame retardant in materials used in construction 
and electrical-electronics. As these materials are incinerated, Sb containing ash is 
produced that often exceeds the Sb limit values stipulated by the European Union. Sb in 
MSWI residues is of potential harm for the environment and for humans as it is 
considered to be toxic and can be mobilised under certain conditions. Sb containing 
MSWI residues are mostly landfilled, but bottom ash is to some extend utilised.  
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Leaching of Sb from ash has been suggested to be dependent on pH, L/S ratio and 
different chemical compounds present in the ash. It remains unknown which factors 
effectively influence the Sb release as the impact of only few factors has been 
investigated and a release maximization has never been the aim of a study. 
 
 



 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

Sb in MSWI residues 
12 

6   LITERATURE CITED 
 
Anderson, C. G. (2001) Hydrometallurgically Treating Antimony-Bearing Industrial 

Wastes. JOM 53(1): 18. 
Andreae, M. O. & P. N. Froehlich (1984) Arsenic, antimony, and germanium 

biogeochemistry in the Baltic Sea. Tellus 36B(2): 101-17. 
Belevi, H. & M. Langmeier (2000) Factors Determining the Element Behavior in 

Municipal Solid Waste Incinerators.  
2. Laboratory Experiments. Environmental Science & Technology 34(12): 2507-12. 
Berg, J. E. & K. Skyberg (1998) The Nordic Expert Group for Criteria Documentation 

of Health Risks from Chemicals, 123. Antimony. Arbetslivsinstitutet (National 
Institute for Working Life), Solna, Sverige. 

Birnbaum, L., U. Richers & W. Köppel (1996) Untersuchung der 
physikalisch/chemischen Eigenschaften von Filterstäuben aus 
Müllverbrennungsanlagen (MVA). FZKA 5693. Forschungszentrum Karlsruhe 
GmbH, Technik und Umwelt, Karlsruhe. 

Chandler, A. J., T. T. Eighmy, J. Hartlen, O. Hjelmar, D. S. Kosson, S. E. Sawell, H. 
Van der Sloot & J. Vehlow (1997) Municipal Solid Waste Incineration Residues. 
Amsterdam, Elsevier Science B.V. 

Chen, Y.-W., T.-L. Deng, M. Filella & N. Belzile (2003) Distribution and early 
diagenesis of antimony species in sediments and porewaters of freshwater lakes. 
Environmental Science & Technology 37(6): 1163. 

Cutter, G. A., L. S. Cutter, A. M. Featherstone & S. E. Lohrenz (2001) Antimony and 
arsenic biogeochemistry in the western Atlantic Ocean. Deep Sea Research Part 
II: Topical Studies in Oceanography 48(13): 2895-915. 

Ecke, H., H. Sakanakura, T. Matsuto, N. Tanaka & A. Lagerkvist (2000) State-of-the-
art treatment processes for municipal solid waste incineration residues in Japan. 
Waste Management & Research 18: 41-51. 

EU (1998) Council Directive 98/83/EG of 3 November 1998 on the quality of water 
indended for human consumption. Official Journal of the European communities 
L330: 32-54. 

EU (2002) "Council Decision establishing criteria and procedures for the acceptance of 
waste at landfills pursuant to Article 16 and Annex II of Directive 1999/31/EC." 
Document 14473 ENV 682. Council of the European Union, Brussels. 

Filella, M., N. Belzile & Y.-W. Chen (2002a) Antimony in the environment: a review 
focused on natural waters:  I. Occurrence. Earth-Science Reviews 57(1-2): 125-
76. 

Filella, M., N. Belzile & Y.-W. Chen (2002b) Antimony in the environment: a review 
focused on natural waters:  II. Relevant solution chemistry. Earth-Science 
Reviews 59(1-4): 265-85. 

Fohrmann, G. (2002) Untersuchungsergebnisse zur Mobilität und Remobilisierung von 
Kupfer und Antimon in wasserwirtschaftlich relevanten, porösen 
Lockergesteinen durch Säulenversuche und mit reaktiver 
Transportmodellierung. Fakultät für Geowissenschaften, Ludwig-Maximilians-
Universität München, München. 

Germany (1994) Waste Avoidance Recycling and Disposal Act (KrW-AbfG). 
Bundestag, with the consent of the Bundesrat, Berlin. 



Sb in MSWI residues 
 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

 
13

 

Haugsten, K. E. & B. Gustavson (2000) Environmental properties of vitrified fly ash 
from hazardous and municipal waste incineration. Waste Management 20(2-3): 
167-76. 

Helz, G. R., M. S. Valerio & N. E. Capps (2002) Antimony speciation in alkaline 
sulfide solutions- Role of zerovalent sulfur. Environmental Science & 
Technology 36(5): 943. 

Hjelmar, O., H. A. van der Sloot, D. Guyonnet, R. P. J. J. Rietra, A. Brun & D. Hall 
(2001) Development of acceptance criteria for landfilling of waste: An approach 
based on impact modelling and scenario calculations. Eights International 
Waste Management and Landfill Symposium, S. Margharita di Pula (Cagliari), 
Sardinia, Italy. 

Jakubke, H.-D. & H. Jeschkeit, Eds. (1994) Concise encyclopedia chemistry. Berlin, 
New York, de Gruyter. 

Jenkins, R. O., P. J. Craig, W. Goessler, D. Miller, N. Ostah & K. J. Irgolic (1998) 
Biomethylation of Inorganic Antimony Compounds by an Aerobic Fungus: 
Scopulariopsis brevicaulis. Environmental Science & Technology 32: 882-5. 

Jung, C. H., T. Matsuto, N. Tanaka & T. Okada (2004) Metal distribution in 
incineration residues of municipal solid waste (MSW) in Japan. Waste 
Management 24(4): 381-91. 

Kang, M., M. Kawasaki, S. Tamada, T. Kamei & Y. Magara (2000) Effect of pH on the 
removal of arsenic and antimony using reverse osmosis membranes*1. 
Desalination 131(1-3): 293-8. 

Lin, H. & P. Hwang (1998) Acute and chronic effects of antimony chloride (SbCl 
sub(3)) on tilapia (Oreochromis mossambicus) larvae. Bulletin of Environmental 
Contamination and Toxicology 61(1): 129-34. 

Lynch, B. S., C. C. Capen, E. R. Nestmann, G. Veenstra & J. A. Deyo (1999) Review of 
Subchronic/Chronic Toxicity of Antimony Potassium Tartrate. Regulatory 
Toxicology and Pharmacology 30(1): 9-17. 

Meima, J. A. & R. N. J. Comans (1998) Reducing Sb-leaching from municipal solid 
waste incinerator bottom ash by addition of sorbent minerals. Journal of 
Geochemical Exploration 62(1-3): 299-304. 

Migon, C. & C. Mori (1999) Arsenic and antimony release from sediments in a 
Mediterranean estuary. Hydrobiologia 392(1): 81-8. 

Mok, W.-M. & M. W. Chien (1990) Distribution and Mobilization of Arsenic and 
Antimony Species in the Coeur D'Alene River, Idaho. Environmental Science & 
Technology 24(1): 102-8. 

Nakamura, K., S. Kinoshita & H. Takatsuki (1996) The origin and behavior of lead, 
cadmium and antimony in MSW incinerator. Waste Management 16(5-6): 509-
17. 

Osako, M., N. Machida & M. Tanaka (1996) Risk management measures against 
antimony in residue after incineration of municipal waste. Waste Management 
16(5-6): 519-26. 

Paoletti, F., H. Seifert, J. Vehlow & P. Sirini (2000) Oxyanions forming elements in 
waste combustion - partitioning of antimony. Waste Management & Research 
18(2): 141-50. 

Patriarca, M., A. Menditto, B. Rossi, T. D. B. Lyon & G. S. Fell (2000) Environmental 
exposure to metals of newborns, infants and young children. Microchemical 
Journal 67(1-3): 351-61. 



 

 
I. Herrmann, Luleå University of Technology / University of Rostock, 2004 

Sb in MSWI residues 
14 

Paumgartten, F. J. R. & I. Chahoud (2001) Embryotoxicity of meglumine antimoniate in 
the rat. Reproductive Toxicology 15(3): 327-31. 

Pilarski, J., P. Waller & W. Pickering (1995) Sorption of antimony species by humic 
acid. Water, Air and Soil Pollution 84(1-2): 51-9. 

Seames, W. S., J. Sooroshian & J. O. L. Wendt (2002) Assessing the solubility of 
inorganic compounds from size-segregated coal fly ash aerosol impactor 
samples. Journal of Aerosol Science 33(1): 77-90. 

Sternbeck, J., A. Palm & L. Kaj (2002) Antimon i Sverige - användning, spridning och 
miljöpåverkan. B 1473. IVL Svenska Miljöinstitutet AB, Stockholm. 

Sternbeck, J. & P. Östlund (1999) Nya metaller och metalloider i samhället. B 1332. 
IVL Svenska Miljöinstitutet, Stockholm. 

Suer, P. & M. Lyth (2003) Antimon i askor: källor, lakning och möjliga åtgärder. SGI, 
Göteborg. 

Takayanagi, K. (2000) Acute Toxicity of Waterborne Se(IV), Se(VI), Sb(III), Sb(V) an 
Red Seabream (Pagrus major). Bulletin of Environmental Contamination and 
Toxicology 66(6): 808-13. 

Tateda, M., M. Ike & M. Fujita (1997) Loss of metallic elements associated with ash 
disposal and social impacts. Resources, Conservation and Recycling 19(2): 93-
108. 

Trojan, M. D., J. S. Maloney, J. M. Stockinger, E. P. Eid & M. J. Lahtinen (2003) 
Effects of Land Use on Ground Water Quality in the Anoka Sand Plain Aquifer 
of Minnesota. Ground Water 41(4): 482. 

Wagner, S. E., F. J. Peryea & R. A. Filby (2003) Antimony Impurity in Lead Arsenate 
Insecticide Enhances the Antimony Content of Old Orchard Soils. Journal of 
Environmental Quality 32(2): 736. 

van Velzen, D., H. Langenkamp & G. Herb (1998) Antimony, its sources, applications 
and flow paths into urban and industrial waste: a rewiew. Waste Management & 
Research 16(1): 32-40. 

Watanabe, N., S. Inoue & H. Ito (1999) Mass balance of arsenic and antimony in 
municipal waste incinerators. Journal of Material Cycles and Waste 
Management 1(1): 38-47. 

Vehlow, J., L. Birnbaum & W. Köppel (1997) Arsen und Antimon in der 
Abfallverbrennung (Arsenic and Antimony in Waste Incineration). 
Abfallwirtschaftsjournal 9: 9-19. 

 




