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  Pref ace   

    It has become appallingly obvious that our technology has exceeded our humanity.  
  Intellectuals solve problems, geniuses prevent them.  

 Albert Einstein 

   Pollution has no borders. This popular 1970s saying from early ecologists is surprisingly 
still true nowadays despite overwhelming scientifi c evidence and public awareness 
of the occurrence of artifi cial toxic substances in water, food, air, living organisms – 
including humans – and the environment. On the positive side, considerable 
efforts have been made by most governments, environmental agencies, industries 
and individuals to reduce the release of pollutants in the environment. So why 
are we still breathing, eating and drinking man-made toxicals? What is the real 
problem? In the wise quotes above, Albert Einstein clearly foresaw the profound 
grounds of technological side effects. The progressive separation of physical 
sciences from humanities during the last century has indeed favoured the design 
of advanced technologies without taking into account possible hazardous 
consequences. In other words, today we accept paradoxically both the benefi ts and 
drawbacks of technology, the later being measured in thousands of deaths caused by 
pollutants. So what is the solution? 

 The solution is very simple: since humanities and other social sciences have 
been historically split up within universities and research bodies, we should gather 
them again and make them really work together to design both innovative and safe 
technology. A such reunifi cation of sciences into nexialism – the science of all 
sciences – has been imagined by the science fi ction author Alfred Elton van Vogt 
in his novel  The Voyage of the Space Beagle . Trained in integrated science and 
thought, the novel’s hero was able to see the connection between many aspects of 
a problem that other specialists could not see because of their narrow training. The 
story provides an uncanny allegory for the situation we face aboard our planetary 
‘spaceship’.      
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    This book presents advanced reviews on pollutant occurrence, transfer, toxicity 
and remediation. The chapter on school air quality by Dambruoso et al. highlights 
the overlooked health issue of airborne pollutants in buildings. Children are particu-
larly threatened because they spend 90 % of their time indoors, even in summer. The 
chapter on industrial wastewater pollutants by Dsikowitzky and Schwarzbauer 
reviews pollutants from textile, petrochemical, paper, tire, chemical and pharma-
ceutical plants. The authors describe advanced analytical methods and ecotoxicity 
tests. Industrial pollutants such as dioxins and furans are also reviewed in the 
chapter by Mudhoo et al. The chapter on fl y ash by Gianoncelli et al. presents many 
techniques to treat fl y ash and, in turn, decrease pollutant concentrations. The 
authors also explain that fl y ash can be recycled in agriculture, buildings and 
 geopolymers. The chapter on antifouling paints used for ship protection, by Sousa 
et al., highlights the occurrence of toxic organotins in human organs such as heart, 
liver and breast milk. The chapter on surfactants by Rebello et al. focuses on safety 
concerns for humans and the ecosystems. Remediation techniques and green 
 surfactants are presented. The chapters on toxic metals by Nava-Ruíz and 

 Fig. 1    Effect of lead (Pb) on rat brain showing cell death, oedema, dendritic breakdown and 
myelin damage (Source: Nava-Ruíz and Méndez-Armenta. This book)  

Preface
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Méndez- Armenta, and Abarikwu and Ristić et al. describe sources, monitoring and 
diseases induced by lead, mercury, cadmium and thallium (Fig.  1 ). The chapter on 
carcinogenic nitrosamines by Li et al. presents techniques and materials such as 
zeolites to remediate liquids and smoke containing nitrosamines. 

 Thanks for reading 
 Eric Lichtfouse*, Jan Schwarzbauer and Didier Robert    
  Founders of the journal Environmental Chemistry Letters and of the European 
Association of Environmental Chemistry  
 E-mail: Eric.Lichtfouse@dijon.inra.fr, Jan.Schwarzbauer@emr.rwth-aachen.de, 
Didier.Robert@univ-lorraine.fr

  *Author of the best-selling textbook “Scientifi c Writing for Impact Factor Journals”  

Preface



         



ix

   Other Publications by the Editors   

  Books  

 Environmental Chemistry 
 ISBN: 978-3-540-22860-8 (Print) 978-3-540-26531-3 (Online) 

 Organic contaminants in riverine and ground water systems. Aspects of the anthro-
pogenic contribution 
 ISBN: 978-3-540-31169-0 (Print) 978-3-540-31172-0 (Online) 

 Sustainable Agriculture 
 Vol. 1: ISBN: 978-90-481-2665-1 (Print) 978-90-481-2666-8 (Online) 
 Vol. 2: ISBN: 978-94-007-0393-3 (Print) 978-94-007-0394-0 (Online) 

 Rédiger pour être publié! 
 ISBN: 978-2-8178-0288-6 (Print) 978-2-8178-0289-3 (Online) 

  Journals  

 Environmental Chemistry Letters 
 ISSN: 1610–3653 
 http://www.springer.com/10311 

 Agronomy for Sustainable Development 
 ISSN: 1774–0746 
 http://www.springer.com/13593 

  Book series  

 Environmental Chemistry for a Sustainable World 
 ISSN: 2213–7114 
 http://www.springer.com/series/11480 

 Sustainable Agriculture Reviews 
 ISSN: 2210–4410 
 http://www.springer.com/series/8380  



         



xi

 Contents

 1 School Air Quality: Pollutants, Monitoring and Toxicity .................... 1
Paolo Rosario Dambruoso, Gianluigi de Gennaro, 
Annamaria Demarinis Loiotile, Alessia Di Gilio, 
Pasquale Giungato, Annalisa Marzocca, Antonio Mazzone, 
Jolanda Palmisani, Francesca Porcelli, and Maria Tutino

 2 Organic Contaminants from Industrial Wastewaters: 
Identifi cation, Toxicity and Fate in the Environment .......................... 45
Larissa Dsikowitzky and Jan Schwarzbauer

 3 Fly Ash Pollutants, Treatment and Recycling ...................................... 103
Alessandra Gianoncelli, Annalisa Zacco, Rudolf P.W.J. Struis, 
Laura Borgese, Laura E. Depero, and Elza Bontempi

 4 Organotin Compounds from Snails to Humans ................................... 215
Ana C.A. Sousa, M. Ramiro Pastorinho, Shin Takahashi, 
and Shinsuke Tanabe

 5 Surfactants: Chemistry, Toxicity and Remediation ............................. 277
Sharrel Rebello, Aju K. Asok, Sathish Mundayoor, and M.S. Jisha

 6 Cadmium, Lead, Thallium: Occurrence, Neurotoxicity 
and Histopathological Changes of the Nervous System ...................... 321
Concepción Nava-Ruíz and Marisela Méndez-Armenta

 7 Lead, Arsenic, Cadmium, Mercury: Occurrence, 
Toxicity and Diseases .............................................................................. 351
Sunny O. Abarikwu

 8 Plants as Monitors of Lead Air Pollution.............................................. 387
Mirjana Ristić, Aleksandra Perić-Grujić, Davor Antanasijević, 
Milica Ristić, Mira Aničić Urošević, and Milica Tomašević



xii

 9 Carcinogenic Nitrosamines: Remediation by Zeolites ......................... 433
Yan Yan Li, Mi Mi Wan, and Jian Hua Zhu

10 Dioxins and Furans: Sources, Impacts and Remediation ................... 479
Ackmez Mudhoo, Ganeshan Thayalan, Nella Jane Muthoora, 
Manisha Nishi Muthoora, Bibi Zainab Oozeer, Yogeshwari Pooja 
Rago, Mukshada Priyadarshini Ramphul, Andini Keshni Valaydon, 
and Sunil Kumar

Index ................................................................................................................. 543    

Contents



1E. Lichtfouse et al. (eds.), Pollutant Diseases, Remediation and Recycling, 
Environmental Chemistry for a Sustainable World 4, DOI 10.1007/978-3-319-02387-8_1,
© Springer International Publishing Switzerland 2013

    Chapter 1   
 School Air Quality: Pollutants, Monitoring 
and Toxicity 

             Paolo     Rosario     Dambruoso    ,     Gianluigi     de     Gennaro     ,     Annamaria     Demarinis   
  Loiotile    ,     Alessia     Di     Gilio    ,     Pasquale     Giungato    ,     Annalisa     Marzocca    , 
    Antonio     Mazzone    ,     Jolanda     Palmisani    ,     Francesca     Porcelli    , and     Maria     Tutino   

        P.  R.   Dambruoso     •     G.   de   Gennaro      (*)  •     A.  D.   Loiotile     •     A.   Di   Gilio     •     P.   Giungato    
     A.   Marzocca     •     A.   Mazzone     •     J.   Palmisani     •     F.   Porcelli     •     M.   Tutino    
  Laboratory of Environmental Sustainability, Department of Chemistry , 
 University of Bari ‘A. Moro’ ,   Via Orabona 4 ,  70126   Bari ,  Italy   
 e-mail: gianluigi.degennaro@uniba.it  

Contents

1.1 Introduction .....................................................................................................................  2
1.2 Characteristics of the Indoor Environments, Chemical Pollutants 

and Their Sources Within School ....................................................................................  4
1.2.1 Volatile Organic Compounds (VOCs) .................................................................  7
1.2.2 Particulate Matter (PM) .......................................................................................  10
1.2.3 Carbon Dioxide CO2 ...........................................................................................  12
1.2.4 Ozone (O3) ...........................................................................................................  13
1.2.5 Other Inorganic Gases: Nitrogen Oxides (NOx), 

Carbon Oxide (CO), Sulphur Dioxide (SO2).......................................................  14
1.3 Monitoring Strategies ......................................................................................................  15

1.3.1 Measurement Objective .......................................................................................  15
1.3.2 Sampling Procedure ............................................................................................  16
1.3.3 Sampling Duration and Frequency ......................................................................  17
1.3.4 Sampling Location ..............................................................................................  17
1.3.5 Parallel Outdoor Air Measurement .....................................................................  18

1.4 Sampling and Analysis Techniques .................................................................................  18
1.4.1 Volatile Organic Compounds (VOCs) .................................................................  18
1.4.2 Particulate Matter (PM) .......................................................................................  21
1.4.3 Inorganic Gases: Nitrogen Oxides (NOx), Carbon Oxide (CO), 

Sulphur Dioxide (SO2) and Ozone (O3) ..............................................................  24
1.5 An Overview of Findings from Scientifi c Literature ......................................................  25

1.5.1 Volatile Organic Compounds (VOCs) .................................................................  25
1.5.2 Particulate Matter ................................................................................................  28
1.5.3 Carbon Dioxide (CO2) .........................................................................................  31



2

    Abstract     In recent years the use of synthetic materials in building and furnishing, 
the adoption of new lifestyles, the extensive use of products for environmental 
cleaning and personal hygiene have contributed to the deterioration of the indoor air 
quality (IAQ) and introduced new sources of risk to humans. Indoor environments 
include home work places such as offi ces, public buildings such as hospitals, 
schools, kindergartens, sports halls, libraries, restaurants and bars, theatres and cin-
emas and fi nally cabins of vehicles. Indoor environments in schools have been of 
particular public concern. According to recent studies, children aged between 3 and 
14 spend 90 % of the day indoors both in winter and summer. Adverse environmen-
tal effects on the learning and performance of students in schools could have both 
immediate and lifelong consequences, for the students and for society. In fact, chil-
dren have greater susceptibility to some environmental pollutants than adults, 
because they breathe higher volumes of air relative to their body weights and their 
tissues and organs are actively growing. This review describes methods for the 
assessment of indoor air quality in schools. To this aim, monitoring strategies for 
sampling and measurement of indoor air pollutants will be discussed. The paper’s 
goal involves four major points: (1) characteristics of indoor environments, chemical 
pollutants and their sources within school; (2) monitoring strategies; (3) sampling 
and analysis techniques; (4) an overview of fi ndings from scientifi c literature. 
Finally, we summarize available knowledge about IAQ in schools highlighting key 
gaps and suggesting priority topics and strategies for research. Moreover, it provides 
useful tools to support the stakeholder for development of strategies of prevention 
and mitigation in school environments in order to improve the indoor air quality.  

  Keywords     Carbon Dioxide (CO 2 )   •   Formaldehyde and carbonyl compounds   • 
  Guidelines   •   Health effects   •   Indoor Air Quality (IAQ)   •   Inorganic gases • Monitoring 
strategies   •   Ozone (O 3 )   •   Particulate Matter (PM)   •   School environments sources   • 
  Volatile Organic Compounds (VOCs)  

1.1         Introduction 

 In recent years numerous scientifi c studies highlighted that citizens spend most of 
their time in indoor environments (e.g. home, offi ces, schools, hospitals, kindergar-
tens, sports halls, libraries, restaurants, bars, theatres, vehicles, etc.) and are more 
exposed to pollution indoors than outdoors (Blondeau et al.  2005 ; Bruno et al.  2008 ; 
Pegas et al.  2010 ). Indoor air quality has a considerable impact on public health 
(Jones  1999 ) because indoor exposure may pose harmful health effects such as 
respiratory and cardiopulmonary pathologies and asthma, especially for children 

1.5.4 Ozone (O3) ...........................................................................................................  31
1.5.5 Other Inorganic Gases: Nitrogen Oxides (NOx), Carbon Oxide (CO), 

Sulphur Dioxide (SO2) ........................................................................................  32
1.6  Conclusion ......................................................................................................................  33
References  ................................................................................................................................  34
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(Yang et al.  2009 ; Sohn et al.  2012 ). There is a considerable interest in the assessment 
of the association between air pollution exposure and health effects in school envi-
ronments, as shown by more than 70 epidemiological publications currently 
available (e.g. Guo et al.  1999 ; Venn et al.  2000 ). 

 The phenomena of indoor air pollution are characterized by a large variability: 
pollutant concentrations can vary widely between different indoor environments 
and may also vary within a specifi c environment as a function of location and time. 
The extent of these variations depends on factors such as the emission characteris-
tics of the sources, the occupants’ behavior and the microclimatic and ventilation 
conditions (Report EUR 16051 EN  1994 ;  UNI EN ISO 16000-1: 2006 ). Thus indoor 
air pollution and human exposure are highly dynamic processes rather than 
staticphenomena. 

 In this chapter the attention will be focused on Indoor Air Quality (IAQ) in 
school buildings. Children spend large amount of time in these environments and 
are more sensitive subjects to indoor pollutants (Faustman et al.  2000 ; Mendell and 
Health  2005 ; WHO  2006a ,  b ; Chithra and Shiva Nagendra  2012 ). Several studies 
reported that indoor air pollution can increase the chance of long-term and short- 
term health problems for students and teachers in terms of comfort, productivity and 
academic performance (Daisey et al.  2003 ; Shendell    et al.  2004 ; Dijken et al.  2005 ; 
Mendell and Health  2005 ; Wargocki et al.  2005 ; Mi et al.  2006 ; Shaughnessy et al. 
 2006 ; Croome et al.  2008 ). Despite the magnitude of the school population and the 
sensibility of the children, information on this concern is very limited (Daisey et al. 
 2003 ; Godwin and Batterman  2007 ). The indoor pollution observed inside school 
buildings can be traced back to a variety of causes, such as the use of high emitting 
materials for building construction and furnishing, minimal landscaping with poor 
drainage, heating, ventilation and air conditioning units (HVAC), the lack of preven-
tive maintenance, crowded conditions (Godwin and Batterman  2007 ) and cleaning 
products that release chemicals into the air (UBA  2008 ). Each school environment 
is uniquely characterized, thus each personal exposure is determined by a combina-
tion of the outdoor and indoor pollutants levels (Stranger et al.  2007 ,  2008 ). In fact, 
age and location of school buildings, pollutants transport from outdoor, chemical 
reactions in indoor air and heterogeneous processes at the air-solid interfaces are the 
other factors that infl uence the pollutants concentrations (Poupard et al.  2005 ). In 
developed countries many studies were conducted during the past decade in order to 
assess IAQ in school environments (Seppanen et al.  1999 ; Daisey et al.  2003 ; 
Bartlett et al.  2004 ; Shendell et al.  2004 ; Ramachandran et al.  2005 ; Shaughnessy 
et al.  2006 ; Godwin and Batterman  2007 ) and a large number of indoor air pollut-
ants were measured including Carbon Dioxide (CO 2 ), Ozone (O 3 ), Nitrogen Oxides 
(NO x ), Carbon Oxide (CO), Sulphur Dioxide (SO 2 ) (Lee and Chang  1999 ; Scheff 
et al.  2000a ,  b ; Bartlett et al.  2004 ; Shendell et al.  2004 ; Blondeau et al.  2005 ; 
Ramachandran et al.  2005 ; Godwin and Batterman  2007 ), Volatile Organic 
Compounds (VOCs) and Particulate Matter (PM). Several studies worldwide 
focused the attention on the assessment of pupils’ exposure to PM in classrooms 
(Scheff et al.  2000a ,  b ; Liu et al.  2004 ; Blondeau et al.  2005 ; Fromme et al.  2005 ; 
Lahrz and Piloty  2005 ; Lahrz  2006 ; Heudorf et al.  2009 ), but only few authors 
reported results about PM chemical composition (e.g. Molnar et al.  2007 ; Stranger 

1 School Air Quality: Pollutants, Monitoring and Toxicity
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et al.  2008 ; Almeida et al.  2011    ; Oeder et al.  2012 ) and size. The aim of the present 
chapter is to explore the methodological approaches for the assessment of IAQ in 
schools so the main characteristics of school environments, the chemical pollutants 
and their sources, the monitoring strategies and an overview of the main scientifi c 
fi ndings are discussed. Moreover, the chapter summarizes available knowledge 
about IAQ in schools highlighting key gaps and suggesting priority topics and strat-
egies for research. It is important to underline that for a correct assessment of IAQ 
the bioaerosol contaminants and the concentration of radon should be considered 
but in this chapter these pollutants will not be discussed. The biological indoor air 
pollutants (which include pollen from plants, mite, hair from pets, fungi, parasites 
and some bacteria) and radon emission in fact should be discussed in different chap-
ters because of the different nature of this substances (WHO  2009a ) and because of 
the variable characteristics of their sources (WHO  2009b ; Trevisi et al.  2012 ; Bem 
et al.  2012 ; Clouvas and Xanthos  2012 ). 

 Finally, this chapter provides useful tools to support the stakeholder for develop-
ment of corrective measures to improve IAQ in schools.  

1.2     Characteristics of the Indoor Environments, 
Chemical Pollutants and Their Sources Within School 

 The wide range of school building design leads to large variations in indoor pollutants 
levels and hence personal exposure (Ashmore and Dimitroulopoulou  2009 ).Children 
spend their school hours in different environments: classrooms, laboratories where 
available, playgrounds and other locations within the school. As a result, individual 
exposure change related to the variation in pollutants levels inside the several school 
locations (Mejía et al.  2011 ). 

 Pollutants emission can occur in many school settings where different activities 
take place:

 –    classrooms (Lee and Chang  2000 ; Hulin et al.  2011 ; Bertoni et al.  2002 ; Blondeau 
et al.  2005 ; Mi et al.  2006 ; Ekmekcioglu and Keskin  2007 ; Fromme et al.  2007 ; 
Godwin and Batterman  2007 ; Diapouli et al.  2008 ; Weichenthal et al.  2008 ; Yang 
et al.  2009 ; Sofuoglu et al.  2010 ; Wu et al.  2010 ; Goyal and Khare  2011 ; Gul 
et al.  2011 ; Mejía et al.  2011 ; Mullen et al.  2011 ; Park et al.  2011 ; Smedje et al. 
 2011 ; Szoboszlai et al.  2011 ; Sohn et al.  2012 ; Zhang and Zhu  2012 );  

 –   cafeterias (Godwin and Batterman  2007 ; Hochstetler et al.  2011 ; Zhang and Zhu 
 2012 );  

 –   gyms (Godwin and Batterman  2007 ; Branis et al.  2009 ; Branis and Safránek 
 2011 ; Hochstetler et al.  2011 ; Szoboszlai et al.  2011 );  

 –   swimming pools (Godwin and Batterman  2007 );  
 –   science labs (often without fume hoods) (Godwin and Batterman  2007 ; Yang 

et al.  2009 ; Jo and Kim  2010 ; Goyal and Khare  2011 ; Park et al.  2011 ; Szoboszlai 
et al.  2011 );  

P.R. Dambruoso et al.
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 –   arts and crafts labs (Blondeau et al.  2005 ; Godwin and Batterman  2007 );  
 –   computer rooms (Yang et al.  2009 ; Wu et al.  2010 ; Szoboszlai et al.  2011 ; Sohn 

et al.  2012 );  
 –   dining halls (Gul et al.  2011 );  
 –   kitchen (MacIntosh et al.  2012 );  
 –   offi ce/clerical rooms (Godwin and Batterman  2007 ; Goyal and Khare  2011 ; 

Zhang and Zhu  2012 );  
 –   miscellaneous use rooms (e.g. music room, library) (Godwin and Batterman 

 2007 ; Goyal and Khare  2011 ; Gul et al.  2011 ; Zhang and Zhu  2012 );  
 –   stairwells (Godwin and Batterman  2007 ; Sohn et al.  2012 ).    

 In order to make a systematic assessment of IAQ in schools several aspects 
should be taken into account. The following list describes the building characteris-
tics, the micrometeorological parameters and the indoor activities (Stranger et al. 
 2008 ; Pegas et al.  2012 ):

 –     School sites : is it in an industrial (Scheepers et al.  2010 ; Tran et al.  2012 ), rural 
(Blondeau et al.  2005 ; Fromme et al.  2007 ; Hulin et al.  2011 ; Tran et al.  2012 ; 
Zhang and Zhu  2012 ), traffi c (Blondeau et al.  2005 ; Hochstetler et al.  2011 ; 
Raysoni et al.  2011 ; Szoboszlai et al.  2011 ; Chithra and Shiva Nagendra  2012 ), 
suburban (Branis and Safránek  2011 ), urban (Fromme et al.  2007 ; Hulin et al. 
 2011 ; Mullen et al.  2011 ; Tran et al.  2012 ; Zhang and Zhu  2012 ), or background 
site? The level of exposure is closely linked to the proximity of the school to 
outdoor emission sources and then geographic location is an important determi-
nant of children’s exposure (Mejía et al.  2011 ). Several researches documented 
that a great percentage of schools are located in close proximity to major road-
ways, resulting in a potentially increased health risk (Janssen et al.  1997 ,  2001 ; 
Green et al.  2004 ; Wu and Battermann  2006 ; Van Roosbroeck et al.  2007 ; 
Appatova et al.  2008 ; Branis and Safránek  2011 ; Hochstetler et al.  2011 ; Mejía 
et al.  2011 ; De Giuli et al.  2012 ). The Guidelines for indoor air hygiene in school 
buildings of Federal Environment Agency, according to the US Environmental 
Protection Agency’s recent initiative (USEPA  2006 ; Raysoni et al.  2011 ) give 
indications about the location of the school respect to outdoor pollutants levels, 
suggesting that school building surroundings should be traffi c and industrial 
emissions free.  

 –    Age of the buildings : this characteristic play a key role because many school build-
ings need to be renovated on account of their great age and many years of intensive 
use. The purpose of renovation is often to conserve energy by means of thermal 
insulation walls, replacing windows and modernizing heating systems. Recent 
studies showed that these improvements can adversely affect the indoor air quality 
(Godwin and Batterman  2007 ; Ashmore and Dimitroulopoulou  2009 ; Yang et al. 
 2009 ; Hochstetler et al.  2011 ; Mullen et al.  2011 ; Zhang and Zhu  2012 ) since air 
tightness cause the accumulation of pollutants both in winter and summer. On the 
other hand, the old buildings, although allowed greater dispersion, were built and 
furnished with high emitting materials because of the low knowledge about their 
emissive processes and the little attention on the choice of the materials.  

1 School Air Quality: Pollutants, Monitoring and Toxicity
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 –    The size of the environments  i.e. the  room design  (fl oor area and room volume) 
and the  level of occupancy  (Daisey et al.  2003 ; Godwin and Batterman  2007 ; 
Theodosiou and Ordoumpozanis  2008 ; Weichenthal et al.  2008 ; Mumovic et al. 
 2009 ; Mejía et al.  2011 ; Goyal and Khare  2011 ; Mullen et al.  2011 ; Chithra and 
Shiva Nagendra  2012 ): the Guidelines for indoor air hygiene in school buildings 
of the Federal Environment Agency recommend that the classrooms should be of 
suffi cient size. The level of occupancy is commonly evaluated by the indoor CO 2  
levels used as a surrogate of the rate of outside supply air per occupant (Daisey 
et al.  2003 ).  

 –    The type and quality of ventilation : number of doors and windows, natural or 
mechanical ventilation systems (Ashmore and Dimitroulopoulou  2009 ; Goyal 
and Khare  2011 ; Mullen et al.  2011 , Mejía et al.  2011 , Grimsrud et al.  2006 ; Lee 
and Chang  2000 ; Mumovic et al.  2009 ; Wåhlinder et al.  1997 ; Theodosiou and 
Ordoumpozanis  2008 ; Blondeau et al.  2005 ). The importance of ventilation to 
achieve a healthy indoor environment for occupants was highlighted by several 
studies (Daisey et al.  2003 ; Stranger et al.  2008 ; Smedje et al.  2011 ; Guo et al. 
 2008 ; Zhang and Zhu  2012 ). One strategy to ensure good IAQ in buildings is the 
use of mechanical ventilation systems: adequate ventilation systems should not 
only provide thermal comfort but also distribute fresh air to occupants and 
remove pollutants (Sohn et al.  2012 ). In addition, in environments in which haz-
ardous substances are generally used, such as science laboratories or art and 
crafts labs, a mechanical ventilation is absolutely essential (UBA  2008 ; Yang 
et al.  2009 ).  

 –    Heating systems : the thermal condition is crucial to ensure a pleasant indoor 
environment in school facilities (MacIntosh et al.  2012 ; Park et al.  2011 ; De 
Giuli et al.  2012 ; Corgnati et al.  2007 ).  

 –   M icrometeorological parameters : mean temperature and relative air humidity 
(Godwin and Batterman  2007 , Park et al.  2011 ; Smedje et al.  2011 ; Weichenthal 
et al.  2008 ; Zhang and Zhu  2012 ; Fraga et al.  2008 ; Yang et al.  2009 ; De Giuli 
et al.  2012 ) play a decisive role in the emissive process of indoor pollutants, e.g. 
VOCs emission from materials.  

 –    Materials  of board, desks, chairs, fl oor, etc.: wood, particle board, medium den-
sity fi berboard, plywood   , polymeric materials, etc. (Pegas et al.  2010 ; Yang et al. 
 2009 ; Goyal and Khare  2011 ; Chithra and Shiva Nagendra  2012 ). Furnishings 
and equipments in classrooms should be as free as possible from health hazard-
ous pollutants (UBA  2008 ) .   

 –    Occupant’s activities:  collage and painting activities, the use of cleaning prod-
ucts, etc. (Chithra and Shiva Nagendra  2012 ).    

 The sources of pollutants in school environments can be classifi ed in two catego-
ries: continuous sources, which are active over relatively long time periods (months 
or years), and intermittent sources which are active only over shorter periods (usually 
hours). The emission of continuous sources may depend on microclimate parameters 
while the intermittent sources are generally only slightly affected by these factors. 
The continuous sources can be further subdivided into two groups: those in which the 
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pattern is uniform and those in which it is irregular. Continuous sources which 
generate uniform emissions in time are for example the surface of a desk that emits 
(above all VOCs and formaldehyde) for long periods of time or other building mate-
rials such as linoleum, cork, wood fl oors, wood fi nishes, etc. Continuous sources 
which generate irregular emissions with a pattern that increase or decrease over time 
in dependence with changes in microclimatic conditions (air speed, humidity and 
ambient temperature): for example painted walls, wallpapers and wall adhesives can 
emit organic solvents and degradation products of protection materials ( UNI EN ISO 
16000-1:2006 ; UNI EN ISO 16000-2: 2006 ;  UNI EN ISO 16000-5:2007 ). Intermittent 
sources can be subdivided into two groups: those in which the pattern is periodic and 
those in which it is variable. A typical example of intermittent source with a periodic 
time pattern is cooking in dining hall of school. In fact the preparation of meals pres-
ents a very regular emission pattern from day to day, since it is often subject to a 
regular schedule. The occasional use of a particular cleaning product or of a marker 
is an example of intermittent sources with a variable pattern. 

 Figure  1.1  gives an overview of temporal emission profi les (ISS 2012).
   The most common pollutants found in schools and childcare facilities are listed 

and deeply described in following paragraphs. 

1.2.1     Volatile Organic Compounds (VOCs) 

 Volatile Organic Compounds (VOCs) are organic chemical compounds whose com-
position makes it possible for them to evaporate under normal indoor atmospheric 
conditions of temperature and pressure. Normal indoor atmospheric conditions of 
temperature and pressure refer to the range of conditions usually found in buildings 
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  Fig. 1.1    Source temporal profi les (ISS 2012)       
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occupied by people. Thus, depending on the type of building and its geographic 
location, most used defi nition is that of the National Institute of Standards and 
Technology (NIST): temperature of 20 °C (293.15 K) and an absolute pressure of 
101.325 kPa (14.696 psi) (WHO  1989 ). So in accordance with international recom-
mendations the term VOC refers to any organic compound having an initial boiling 
point less than or equal to 250 °C measured at a standard atmospheric pressure of 
101.3 kPa. The World Health Organization, WHO, classifi ed VOCs of indoor air by 
their boiling points and distinguished between the very volatile, volatile, semi- 
volatile and non-volatile (particulate organic material) organic compounds (see 
Table  1.1 ).

   SVOCs are found in signifi cant amounts in both the gas and particle phase and 
POMs are found in signifi cant amounts in the particle/solid phase in the indoor 
environment. According to European Collaborative Action (ECA  1997 ) and 
Committee for Health-related Evaluation of Building Products (Ausschuss zur 
gesundheitlichen Bewertung von Bauprodukten, AgBB  2010 ), organic compounds 
which can be detected in the elution range between n-hexane and n-hexadecane are 
designated Total Volatile Organic Compounds (TVOCs) ( ISO 16000-6:2011 ). 
Moreover AgBB defi ned VVOC the organic compounds which are found in the 
retention region below n-hexane while SVOCs those which are found above 
n- hexadecane up to C 22 . 

 It is diffi cult to establish a comprehensive list of emitted VOCs from each source 
because of the variation of products and the resulting change in the composition of 
the mixture of VOCs emitted. These compounds mostly belong to one of the following 
chemical classes: aliphatic hydrocarbons, such as alkanes and cycloalkanes,  aromatic 
hydrocarbons, terpenes, aldehydes, ketones, alcohols, alkoxyalcohols, esters, ethers    
and halocarbons. This listing does not include groups of compounds such as carbox-
ylic acids, isocyanates or amines. Although these VOCs may be present in the air of 
school environments they cannot readily be detected with the analytical methods 
routinely applied for VOCs ( ISO 16000-6:2011 ). 

 Among the VOCs, the high priority pollutants that are regulated in indoor 
environments and that significantly affect children health are Benzene, Napht-
halene, Formaldehyde, Toluene, Xylenes, Styrene, Limonene, Alpha-pinene and 

   Table 1.1    Classifi cation of volatile organic compounds of indoor air   

 Description  Abbreviation 

 Boiling point range  Saturation vapour 
pressures (kPa)  From °C  To °C 

 Very volatile organic 
compounds 

 VVOCs  <0  50–100  >15 

 Volatile organic 
compounds 

 VOCs  50–100  240–260  >10 −2  

 Semi-volatile organic 
compounds 

 SVOCs  240–260  380–400  10 -2  to 10 -8  

 Particulate organic 
matters 

 POMs  >380 
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Dichloromethane. Benzene, Toluene, Xylenes and Styrene could be emitted 
from solvent-based paints and consumer products, such as collage and painting 
materials, used in the art and craft rooms, from Poly Vinyl Chloride (PVC) 
flooring and adhesive used for gyms covering and from printed materials 
(Kotzias  2005 ). 

 Dichloromethane is found in adhesives, spray paints, while the presence of 
Limonene and Alpha-pinene is more related to the emission from cleaning products 
(aerosol and liquid) (Priscilla et al.  2010 ). Polymeric materials that are used for 
construction, decorating and furnishing of schools are high VOCs emitters due to 
their composition and large surface areas. Moreover wood-based products used for 
construction of writing desks and cabinets are important sources of these pollutants 
and Formaldehyde in these environments. 

 Some of the VOCs are associated with variety of serious health effects (Shendell 
et al.  2004 ; Sax et al.  2006 ) and symptoms such as asthma and allergic reactions 
(Sofuoglu et al.  2011 ). Moreover, several studies reported a strong association 
between mucous membrane irritation, central nervous system symptoms    and total 
exposure to VOCs amongst offi ce workers; these symptoms are very similar to 
those which are frequently attributed as a cause of Sick Building Syndrome (SBS) 
(Mølhave et al.  1986 ; Hodgson et al.  1991 ). In case of extreme concentrations, some 
VOCs may result in impaired neurobehavioral function (Burton  1997 ) .  Exposure to 
high concentrations of several VOCs commonly found in indoor air is associated 
with cancers in laboratory animals (Jones  1999 ). Among this big chemical classes 
there are different compounds which are characterized by both acute and chronic 
health effects and it is more correct to study the single compounds with its specifi c 
health effect. 

    Formaldehyde and Carbonyl Compounds 

 Among the carbonyl compounds the most relevant in indoor environments 
are Formaldehyde, Acetaldehyde, Acetone, Benzaldehyde, Butyraldehyde, 
Capro naldehyde, 2,5-Dimethylbenzaldehyde, Formaldehyde, Isovaleraldehyde, 
Propionaldehyde, m-Tolualdehyde, o-Tolualdehyde, p-Tolualdehyde, Valeraldehyde 
( ISO 16000-3: 2011 ). 

 As a result of their several industrial uses in the manufacture of sheet and insula-
tion materials, paints, cleaning agents and cosmetics, the carbonyl compounds can 
usually be detected in school environments. Wood-based materials made for indoor 
use are the following: (1) Particleboard (PB) used as sub-fl ooring and shelving and 
in cabinetry and furniture; (2) hardwood plywood paneling used for decorative wall 
covering and used in cabinets and furniture; (3) Medium Density Fiberboard (MDF) 
used for drawer fronts, cabinets    and furniture tops. Therefore articles produced from 
wood-based materials such as furniture, doors and paneling are still the most impor-
tant sources of these compounds in schools. Formaldehyde (HCHO) is the most 
abundant airborne indoor carbonyl. It is the simplest carbonyl compound and, at a 
room temperature, is a colorless and reactive gas with a distinct pungent smell. 
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HCHO is an important constituent of adhesives in the sheet material industry. 
Amongst those used there are Urea-Formaldehyde resins (UF glues), Phenol- 
Formaldehyde resins (PF glues), Melamine Formaldehyde resins (MF glues) and 
Melamine-Urea-Formaldehyde resins (MUF glues). Medium density fi berboard 
contains a higher resin-to-wood ratio than any other UF pressed wood product and 
is generally recognized as being the highest formaldehyde-emitting pressed wood 
product. Several studies showed that indoor HCHO concentrations of schools con-
structed within 1 year were signifi cantly higher, indicating that school buildings are 
characterized by several indoor HCHO sources such as furnishings made of PB 
and MDF. 

 Several carbonyls, such as formaldehyde, acetaldehyde, and propionaldehyde, 
are included in the list of air toxics in the Clean Air Act Amendments of 1990 
(USEPA  1991 ). Although formaldehyde is a natural metabolic product of the human 
body, epidemiological studies demonstrated that high-dose exposure increases the 
risk of acute poisoning and that long-term exposure can lead to chronic toxicity and 
cancer. Formaldehyde is defi ned as a human carcinogen on the basis of a suffi cient 
evidence of carcinogenicity from studies in humans and of supporting data on 
mechanisms of carcinogenesis. As a result of human exposure to HCHO, various 
symptoms may occur: irritation of the eyes and of the upper respiratory tract, allergy, 
asthma, pulmonary damage. California Offi ce of Environmental Health Hazard 
Assessment (OEHHA) set an 8-h, chronic and acute inhalation reference exposure 
level (REL) for formaldehyde of 9 μg/m 3 , 9 μg/m 3  and 55 μg/m 3  respectively 
(OEHHA  2008 ). In recent years, these scientifi c fi ndings have led an increasing 
interest in HCHO detection inside school buildings due to the high risk of children 
exposure (WHO  2002 ; NIOSH/IPCS  2004 ; U.S. Department of Health and Human 
Services Public Health Service  2011 ; IARC  2012 ). Acetaldehyde, another abundant 
carbonyl in ambient air, has been classifi ed as probable human carcinogen by 
USEPA ( 2003 ). Acrolein is a severe lung irritant that, at high acute exposures, can 
induce oxidative stress and delayed-onset lung injury, including asthma, congestion, 
and decreased pulmonary function. Because of concerns about adverse human 
health effects posed by acrolein in ambient air, OEHHA set an 8-h, chronic and 
acute inhalation reference exposure level (REL) for acrolein of 0.70 μg/m 3 , 0.35 μg/m 3  
and 2.5 μg/m 3  respectively (OEHHA  2008 ).   

1.2.2     Particulate Matter (PM) 

 Particulate matter (PM) is the general term used to describe solid particles and liq-
uid droplets found in the air. PM shows differences in size, physical and chemical 
properties and thus in the toxicological and carcinogenic effects they cause (Sager 
and Castranova  2009 ). Conventionally the International Standards Organization 
classifi es PM in two size classes: PM2.5 and PM10 fractions. PM10 includes 
 particles that have aerodynamic diameter less than or equal to 10 μm (or more pre-
cisely, the defi nitions specify the inlet cut-offs for which 50 % effi ciency is obtained 
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for these sizes) and PM2.5 is the subset of PM10 particles that have aerodynamic 
diameter less than or equal to 2.5 μm. Another size classifi cation of PM fractions 
discriminates course, fi ne and ultrafi ne particles which correspond to particles with 
aerodynamic diameter ranging from 2.5 to 10 μm, smaller than 2.5 μm and smaller 
than 0.1 μm, respectively. 

 Particles within different size ranges behave differently in the air. Fine particles, 
can remain airborne for long periods and travel through hundreds of miles. Coarse 
particles do not remain airborne for a long time and their spatial impact is typically 
limited because they tend to deposit on the ground downwind of emissions sources. 
Larger coarse particles are not readily transported across urban or broader areas 
because they are generally too large to follow air streams and they tend to be 
removed easily on contact with surfaces (Branis and Safránek  2011 ) .  

 Although the school environment normally lacks typical indoor particulate 
matter (PM) sources such as smoking and cooking, many children are present in a 
limited space over a period of several hours. Therefore there is growing evidence of 
comparatively high concentrations of PM in classrooms (Koutrakis et al.  1992 ; 
Ozkaynak et al.  1996 ; Daisey et al.  2003 ). 

 The use of cleaning products and fl oor polish can also temporarily affect the IAQ 
determining an increase in chemical pollutants in school environments. On the other 
hand, the fl oor surface type and level of cleaning are important factors in maintain-
ing low dust levels. The presence of PM can be related to: (1) insuffi cient ventilation 
in schools (especially in winter), (2) infrequently and unthoroughly cleaned indoor 
surfaces, (3) a large number of pupils in relation to room area and volume, (4) low 
class level related to fl oor numbers of school buildings and (5) resuspension of 
particles from room surfaces(Sexton and Ryan  1988 ). Resuspension of PM coarse 
fraction plays a major role on PM presence in school classrooms. In fact the daily 
indoor PM10 levels were always higher than those outdoors, except on weekends, 
suggesting that the physical activity of the pupils leads to resuspension of coarse 
particles and greatly contributes to enhance PM10 in classrooms (Fromme et al. 
 2008 ; Almeida et al.  2011 ). Numerous studies showed that gas phase reactions 
between O 3  and terpenes (for example used in cleaning products) can contribute 
signifi cantly to the growth of indoor secondary organic aerosols (Weschler and 
Shields  1999 ; Long et al.  2000 ; Wainman et al.  2000 ; Li et al.  2002 ; Fan et al.  2003 ; 
Sarwar et al  2003 ). 

 The chemical composition of PM besides particle size distributions is the most 
signifi cant factor affecting air quality and human health, although less investigated. 
In particular, hazardous pollutants such as Polycyclic Aromatic Hydrocarbons 
(PAHs) and heavy metals are strongly associated with fi ner particles, increasing PM 
toxicity and carcinogenicity. In fact, fi ner particles can convey    these pollutants in 
deep human airways determining negative effects on human health. Among the PM 
elemental components, calcium (Ca) represents the most abundant element in class-
rooms and its high concentrations are associated to chalk dusts. The other elements 
such as aluminium (Al), iron (Fe), strontium (Sr), and titanium (Ti) mainly come 
from outdoor sources as a consequence of transport of outdoor soil dust (Clayton 
et al.  1993 ; Tran et al.  2012 ). 
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 Concerning the impact of PM on human health, the American Conference of 
Governmental Industrial Hygienists (ACGIH), the International Organization for 
Standardization (ISO), and the European Standards Organization (CEN) reached 
agreement on defi nitions of the inhalable, thoracic and respirable fractions. The 
inhalable fraction is constituted by particles that are inhaled through the nose and 
mouth; thoracic fraction is constitued by particles that can penetrate the head air-
ways and enter the airways of the lung, while respirable fraction is defi ned as the 
mass fraction of inhaled particles that can penetrate beyond the terminal bronchi-
oles into the gas- exchange region of the lungs. The effects of PM on human health 
were deeply investigated in several papers (Englert  2004 ; Zanobetti and Schwartz 
 2005 ; Forbes et al.  2009 ; Pope et al.  2009 ): the exposure to high PM10 concentra-
tions has been associated to increased risk of death for cardiovascular or respiratory 
causes. These effects may be largely caused by fi ner particles that, as a consequence 
of their greater surface area, could be an effective media to transport different kinds 
of  pollutants (PAHs, heavy metals, asbestos, etc.) deeply into the lung (Nadadur 
et al.  2007 ; Sager and Castranova  2009 ; Reich et al.  2009 ). In particular, the expo-
sure to these fi ner particles can cause short and long-term effects such as increased 
respiratory symptoms, decreased lung function, alterations in tissue and structure 
lung, in respiratory tract and premature death (Prieditis and Adamson  2002 ; Damek- 
Poprawa and Sawicka-Kapusta  2003 ; Wahab and Basma  2004 ; Huang and Ghio 
 2006 ; Hong et al.  2007 ; Wild et al.  2009 ; Daresta et al.  2010 ; Liuzzi et al.  2011 ). 

 Several epidemiological studies indicated a strong association between high 
concentrations of inhalable particles and increased mortality and morbidity (Lin 
and Lee  2004 ; Arditsoglou and Samara  2005 ; Namdeo and Bell  2005 ; Lammel 
et al.  2010 ).  

1.2.3     Carbon Dioxide CO 2  

 The carbon dioxide CO 2  concentration is an important indicator in assessing IAQ 
and has a particular importance in school classrooms that are densely occupied by 
large number of people in a restricted space. Although CO 2  is not itself a pollutant, 
its indoor concentration is an indicator of IAQ and is related to pupil’s occupancy, 
productivity and health symptoms (Daisey et al.  2003 ; Shendell et al.  2004 ) .  

 Levels of 600–800 ppm are typical in indoor environments. ASHRAE Standard 
62-1989 ( 1989 ) suggested that CO 2  levels should not exceed 1,000 ppm (700 ppm 
above outdoor levels) although some individuals are sensitive to CO 2  levels lower 
than 600 ppm. According to Daisey et al. ( 2003 ) and Clements-Croome ( 2006 ), CO 2  
concentrations beyond these recommendations are common inside school class-
rooms where values even greater than 4,000 ppm are often detected. Generally, it is 
diffi cult to adequately characterize indoor CO 2  concentrations because they are a 
function of occupancy level, ventilation rate, room design and air exchange rate 
(Wåhlinder et al.  1997 ; Grimsrud et al.  2006 ; Theodosiou and Ordoumpozanis 
 2008 ; Mumovic et al.  2009 ). CO 2  real-time monitoring is a useful tool to evaluate 
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both the indoor air exchange rate and the occupancy level of children inside the 
classrooms (Ajiboye et al.  2006 ). Measurements in school buildings suggest that 
CO 2  concentrations increase when inadequate ventilation conditions occur. As a 
result, CO 2  concentrations are lowered throughout the day when the windows in 
classrooms are left open. 

 Therefore an accurate assessment of risk of disease transmission throughout the 
classroom should take into account CO 2  concentrations (Rudnick and Milton  2003 ). 
In fact Mi et al. ( 2006 ) showed that exposure to this pollutant is associated with 
asthma and Shendell et al. ( 2004 ) found that an increase in 1,000 ppm is associated 
with a 10–20 % increase in student absences.  

1.2.4     Ozone (O 3 ) 

 Ozone (O 3 ) is a secondary air pollutant. The formation processes of O 3  are not 
linked directly to primary sources such as traffi c, industrial and natural emissions. 
In fact O 3  concentrations in outdoor air depend on the exchange between upper and 
lower layers of atmosphere and on photochemical reactions involving nitrogen 
oxides and VOCs. 

 In contrast to CO, NO x  and SO 2 , the outdoor O 3  concentration has increased over 
the past fi ve decades. On the contrary O 3  concentrations registered inside the indoor 
environments are very low and often below the detection limit (Grøntoft and 
Raychaudhuri  2004 ) .  The indoor sources of O 3  are nowadays more common than 
they were several decades ago. Ozone can be released into the air from some offi ce 
equipment such as laser printers and copiers and from some types of electrostatic air 
cleaners. Photocopiers are considered the most important sources of O 3  because 
they are ubiquitous in offi ces and schools (Leovic et al.  1996 ; Destaillats et al.  2008 ) 
although, in most buildings, outdoor O 3  appears to be the major source (Weschler 
 2000 ). Indoor O 3  concentrations track outdoor concentrations with a slight time lag 
that depends on the air exchange rate. 

 O 3  reacts rapidly with indoor surfaces as well as by gas-phase reactions, resulting 
in a lower concentration indoors than outdoors, varying from 10 to 90 % of the 
outdoor level (Weschler  2006 ). Indoor O 3  levels are dependent on the generation 
rate, leakage, ventilation, degree of mixing, and air fi ltration (Gold et al.  1996 ) and 
its decomposition rate is dependent on the quantity and type of materials in a build-
ing. O 3  reacts with many organic chemicals characterized by unsaturated carbon–
carbon bonds (e.g., isoprene, styrene, terpenes, sesquiterpenes, squalene, and 
unsaturated fatty acids and their esters) because such compounds react    much faster 
than do saturated organic compounds. The common sources of O 3 -reactive chemi-
cals include soft woods, carpets, linoleum, paints, polishes, cleaning products and 
air fresheners, soiled fabrics, soiled ventilation fi lters and the occupants themselves. 
These ubiquitous sources result in substantial quantities of indoor chemicals that 
can react with O 3  whenever outdoor concentrations are elevated. The concentrations 
of O 3 -reactive compounds tend to be higher indoors than outdoors (Brown et al.  1994 ; 
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Wolkoff  1995 ; Hodgson and Levin  2003 ), refl ecting more sources and larger 
emission rates per volumetric fl ow rate (Weschler  2006 ). 

 Many toxicological and fi eld studies of both adults and children (Tager  1999 ; Lee 
et al.  2004 ) established the short-term reversible effects of O 3  on respiratory and 
pulmonary function, associating O 3  with lung function decrements (Gold et al.  1996 ). 
Hubbell et al. ( 2005 ) demonstrated the association between O 3  and respiratory- 
related hospital admissions, school absence, restricted activity days, asthma related 
emergency department visits and premature mortality (Weschler  2006 ). Wolkoff and 
colleagues also demonstrated that ozone/terpene reactions produce strong airway 
irritants (Wolkoff et al.  1999 ; Clausen et al.  2001 ; Wilkins et al.  2001 ; Rohr et al. 
 2002 ,  2003 ). Some of these products (e.g. formaldehyde, acrolein, peroxyactyl 
nitrate, hydroperoxides) are known to have adverse health effects (Weschler  2006 ).  

1.2.5     Other Inorganic Gases: Nitrogen Oxides (NO x ), 
Carbon Oxide (CO), Sulphur Dioxide (SO 2 ) 

 Inorganic gases commonly found in school indoor air are CO, SO 2  and NO 2 . 
Sometimes, high H 2 S and NH 3  concentrations are determined inside school buildings 
near industrial plants such as water treatment plants, waste treatment, desulphuriza-
tion plants, etc. 

 Nitrogen oxides (NO x  = sum of nitric oxide (NO) and nitrogen dioxide (NO 2 )) 
enter indoor air mainly from outside and the most source of these pollutants is 
vehicular traffi c. Several studies showed that the most important factors in increased 
exposures to NO x  were both the position of school buildings in the city centre and 
the use of gas appliances for heating (Oie et al.  1993 ; Alm  1999 ; Coward et al.  2001 ; 
Dimitroulopoulou et al.  2005 ; WHO  2006a ,  b    ). Long-term exposure to high NO 2  
concentrations promotes the onset of diseases of the respiratory tracts; in fact epide-
miological studies suggested that NO 2  represents a modest risk factor for respiratory 
illnesses compared to the use of electric stoves (Basu and Samet  1999 ). 

 Carbon monoxide is a vehicular pollutant, therefore vehicle exhaust from roads 
and parking areas nearby school buildings represents the most important contributor 
to CO indoor exposure. The carbon monoxide levels are generally very low inside 
schools since the emissive indoor sources infl uencing long-term CO levels can be 
gas cooking, unfl ued heaters and smoking (Alm et al.  1994 ; Coward et al.  2001 ; Ott 
et al.  2007 ). Exposure to high CO concentrations can cause acute intoxication since 
this compound combined with the hemoglobin of human blood produces carboxy- 
hemoglobin, and therefore disrupts the transfer of oxygen to human tissues. Various 
symptoms of neuropsychological impairment were associated with acute    low-level 
exposure of CO concentration (Raub et al.  2000 ). Epidemiological studies reported 
increased relative risks of daily mortality and morbidity of the population by 
0.9–4.7 % in prevailing urban air (Touloumi et al.  1994 ; Burnett et al.  1997 ,  1998 ). 

 Sulphur dioxide is the main oxide of sulphur found in indoor air. Indoor concen-
trations determined inside school buildings are generally lower than those outdoors 
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(Weschler  2009 ). The most sources of SO 2  are outdoors in fact several studies 
reported that higher indoor SO 2  concentrations were determined inside buildings 
near open coal fi res. Moreover SO 2  is readily absorbed onto indoor material sur-
faces such as emulsion paints that are considered the most important sink for SO 2  
(Ashmore and Dimitroulopoulou  2009 ). Epidemiological studies on health effects 
associated with exposure to sulphur dioxide are complicated by a paucity of repre-
sentative exposure data and by confounding factors such as exposure to other indoor 
pollutants. However, several studies provided some useful data concerning exposure- 
effect relationships showing that mortality was observed in populations exposed 
to 24-h pollution episodes in which sulphur dioxide concentrations exceeded 
300–400 μg/m 3  (0.12–0.15 ppm) (Health Canada  1995 ).   

1.3     Monitoring Strategies 

1.3.1     Measurement Objective 

 In order to develop a sampling strategy for assessment of indoor air quality in 
school environments, it is necessary to clarify the goal of the assessment as a func-
tion of the specifi c characteristics of the investigated environments ( UNI EN ISO 
16000-1 2006 ). To this aim, it is important to provide cross-sectional information 
related to exposure to harmful factors and it could be necessary to monitor trends 
and provide feedback about the effect of policy on reducing exposure to indoor air 
pollutants in schools. Furthermore it is important to produce information useful for 
health risk assessment. Before a sampling strategy is devised for school indoor air 
monitoring, it is necessary to perform an inspection inside the classrooms, gyms, 
computer rooms etc. including measurements of room volume, fl oor area, number 
of students. 

 Monitoring activity in school environments can be conducted following com-
plaints by occupants (e.g. resulting from the perception of odors or the occurrence of 
illnesses such as headaches, nausea, respiratory irritation) in order to identify major 
emission sources, know the average concentrations of main air pollutants, often 
grouped according to their chemical-physical and toxicological characteristics, and 
determine personal exposure. In particular, it can be evaluated the acute effects on the 
health of occupants by determining the maximum concentration of short-term or 
chronic effects by monitoring over long periods (average concentration). Sometimes, 
however, the monitoring can be adopted as a tool for preliminary assessment of air 
quality, useful to identify any areas of concern or potential sources through investiga-
tion of screening or to verify compliance with guide values or to the effectiveness of 
a remedy adopted. The use of a questionnaire is necessary to obtain a systematic 
record of the complaint episodes. In the questionnaire all the factors affecting indoor 
air quality should be registered and reported (indoor and outdoor sources of combus-
tion, cooking, and experimental exercises) as the outdoor sources of contamination 
as distance to a busy road, industrial sources of emissions such as the start and end 
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time of presence of pupils in classes, the start and duration of school breaks. If the 
aim of sampling is to study the association between pupils’ asthmatic symptoms and 
indoor and outdoor air pollution in schools, it is important to collect data on their 
respiratory health, parental asthma or allergy, and selected factors in the home envi-
ronment. Questions on respiratory health are mainly based on the International Study 
of Asthma and Allergy in Childhood (ISAAC) (Asher et al.  1995 ), the European 
Community Respiratory Health Survey (ECRHS) (Janson et al.  2001 ) and previous 
school studies (Smedje    et al.  1997a ,  b ; Mi et al.  2006 ). Questionnaires generally 
include yes/no questions on cumulative asthma, doctor- diagnosed asthma, current 
asthma and allergies to furry pets or pollen. Moreover, there are questions on respira-
tory symptoms including wheeze or whistling in the chest, daytime or nocturnal 
attacks of breathlessness in the preceding 12 months and recent respiratory infec-
tions (cold, upper respiratory infection, or middle ear infection in the preceding 
3 months). Questions on parental asthma or allergy and about renovations of home 
environments (recent home paintings, new fl oor material and new furniture in the 
preceding 12 months) are also included. Another important parameter to report is the 
presence of Environmental Tobacco Smoke (ETS) at home which is classifi ed into 
four categories: never smoking, smoking one to three times per month, smoking one 
to four times per week, smoking every day. Subjects with a lack of information on 
ETS are classifi ed as a separate category. The survey should be performed 1 week 
before the classroom inspections and measurements, distributed in the school by the 
class teachers and answered at home in cooperation with the parents (Zhao et al. 
 2008 ). The choice of questions and the way in which they are structured should be 
the result of careful considerations made in cooperation with professors of 
Psychology, Statistics and Science of Education (De Giuli et al.  2012 ).  

1.3.2     Sampling Procedure 

 Sampling methods used in outdoor environments can be used also for sampling 
indoor air, provided that equipment is suitable for the measurement purposes and 
doesn’t have an adverse effect on the normal use of the school environments 
(because of size, sampling rate and noise). In positioning the monitoring equipment 
it is important that the sampling rate should not interfere with the normal ventilation 
rate because the concentration of the indoor air may not be homogeneous ( UNI EN 
ISO 16000-1:2006 ). Sampling should be conducted during one school week. 
Ventilation and activities within and outside the school building, affect the value of 
most indoor pollutants concentration during the schooldays in the evenings, nights 
and weekends. In defi ning sampling strategy, selection of the classroom, type of 
activities that take place and proximity of sea, industrial activities and urban roads 
were of particular concern. Selection of area (urban – heavy traffi c street nearby, 
residential, rural, rural seaside, urban seaside and urban industrial area nearby), type 
of room (classroom, former head offi ce, plastic arts and/or video room), ventilation 
(naturally or mechanical ventilated) and type of windows (PVC, wood, metal, 
 damaged or not) have been a crucial factor in defi ning sampling strategy to study the 
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infl uence of outdoor environment to the indoor air quality (Blondeau et al.  2005 ; 
Diapouli et al.  2008 ; Chithra and Shiva Nagendra  2012 ). Sometimes the choice of 
optional pollutants to be monitored depends on economic factors.  

1.3.3     Sampling Duration and Frequency 

 The duration of sampling can be determined considering the nature of the indoor 
pollutants, the potential health effects of the monitored compounds, the emission 
characteristics of the sources, the limits of quantifi cation of the analytical method 
employed and the aim of the measurements. According to the potential health 
effects of the targeted substances, short-term sampling should be used for com-
pounds causing acute effects. Long-term sampling methods, instead, are recom-
mended for compounds causing chronic effects on health. The sampling duration 
chosen is particularly important because long-term sampling is not able to detect 
short-term events. The long-term sampling therefore is often used to determine the 
air quality under normal condition of occupancy. On the other hand short-term sam-
pling is performed in case of extreme situation such as the emission from sources 
which emit temporarily (for example during cleaning activities). Therefore, the 
monitoring planning depends on the measurements objective and the emission 
 characteristics of possible sources and should take into account any changes in 
 concentration related to variations of the main factors involved (such as ventilation 
rate, level of occupancy, intermittent sources and seasonal changes). Finally the 
sampling duration should also consider the limit of quantifi cation of the analytical 
method employed. If the monitoring objective is the evaluation of children exposure 
to indoor pollutants, the sampling should be carried out during class hours (WHO 
 2011 ). The fi nal sampling strategy should also take into account the seasonal vari-
ability in concentration of some pollutants. During the winter in fact it can be 
observed variability in concentration due to poorer ventilation and increased emis-
sion from materials and products (e.g. paint and furniture) exposed to high tempera-
ture originated from heating systems. However summer peaks, related to either 
higher outdoor temperature or low air exchange rate, can be revealed ( UNI EN ISO 
16000-1:2006 ).  

1.3.4     Sampling Location 

 The assessment of indoor air quality in schools should take into account not only the 
changes in the concentration of the pollutants over time, but also the spatial varia-
tion. Therefore the school environments to be monitored and a suitable sampling 
location should be specifi ed. In each school building at least three sampling loca-
tions should be selected (WHO  2011 ). Classrooms selected for monitoring should 
be representative of the entire school building and routinely occupied during school 
hours. Furthermore the choice of the sampling sites is related to the purpose of the 
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measurements (pollutants sources identifi cation, pollutants exposure assessment). If 
the indoor environments to be monitored are large (e.g. gyms, auditorium) it is rec-
ommended to subdivide them in order to defi ne accurately sampling locations. 
Sampling should be carried out at the centre of the classroom at the approximate 
height of the average breathing zone (about 1–1.5 m above the fl oor). Sampling 
locations nearby heating and ventilation systems should be avoided (WHO  2011 ; 
 UNI EN ISO 16000-1:2006 ). When ventilation systems are present in the indoor 
environments monitored it is advisable to take into account that the sampled volume 
during 1 h should be less than 10 % of the air volume introduced by forced ventila-
tion. If the ventilation rate cannot be measured and this information is not available, 
the hourly sampled volume should be less than 10 % of the volume of the investi-
gated room. In order to monitor naturally ventilated environments, it is advisable to 
perform ventilation of the room for at least 15 min opening doors and windows 
before starting the sampling activities. After this period, doors and windows shall be 
closed for about 8–12 h and the sampling conducted.  

1.3.5     Parallel Outdoor Air Measurement 

 Indoor air at schools in urban areas can be contaminated by ambient urban air pol-
lution and traffi c pollutants and vicinity to busy roads may affect children’s respira-
tory health (Janssen et al.  2007 ; Kim et al.  2004 ; Holguin et al.  2007 ; Morgenstern 
et al.  2007 ). The presence of industrial sources in the vicinity of the school can 
adversely affect indoor air quality too. So it may be important to supplement indoor 
air measurements with outdoor simultaneous measurements if possible at the same 
level or fl oor of the classroom, or in the vicinity of the school but not closer than 
1 m, because it should be contemplated the vertical concentration gradients may 
occur ( UNI EN ISO 16000-1:2006 ).   

1.4     Sampling and Analysis Techniques 

 The sampling procedure depends on the measurement purpose and the emission 
characteristics of possible sources. Several procedures, sampling equipments, sam-
ple preparation steps and analytical methods for VOCs, PM, CO 2 , O 3  and inorganic 
gases are described in detail in the following paragraphs. 

1.4.1     Volatile Organic Compounds (VOCs) 

 Regarding VOCs, preliminary screening assessment can be conducted performing 
direct measures with automatic instruments as fl ame ionization detector (FID) or 
photo ionization detector (PID) in order to evaluate the sum of VOCs (Fig.  1.2 ) into 
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the investigated environments (Hodgson  1995 ; Pegas et al.  2010 ). Procedures for 
monitoring VOCs in indoor environment may be divided in short-term and  long- term 
measurement methods ( UNI EN ISO 16000-5: 2007 ). Short-term measurements 
generally involve a sampling period from less than 1 h to a few hours depending on 
the purpose of the measurement. In this case active sampling on adsorbent car-
tridges is used. VOCs are collected on stainless steel tube packed with different 
adsorbent beds (for example Tenax TA, Carbograph 4, Carbotrap, Anasorb) using 
low fl ow sample pumps ( UNI EN ISO 16017-1: 2007 ; Fraga et al.  2008 ; Jo and Kim 
 2010 ; Pegas et al.  2010 ; Scheepers et al.  2010 ;  ISO 16000-6: 2011 ). The sampling 
fl ow rate and the fi nal sampling volume shall be selected as a function of the break-
through volumes of single VOC and considering the Limit Of Detection (LOD) for 
the analytical method and the expected concentrations in the investigated environ-
ments. Instead diffusive sampling is the recommended method to perform long-
term measurements (usually from few days to several days or weeks), but it is 
possible to use also active sampling with low air fl ow rate ( UNI EN ISO 16017-2: 
2007 ; Bruno et al.  2005 ; Angiuli et al.  2003 ; Pennequin-Cardinal et al.  2005 ). 
Diffusive samplers predominantly work according to the diffusion principle and 
give an integrated measurement value as a mean over the sampling period. The 
sampler is composed of an adsorbing cartridge and a diffusive body. Depending on 
the pollutant to be sampled, several different kinds of adsorbing or chemiadsorbing 
cartridges are used (Kotzias  2005 ; Godwin and Batterman  2007 ; Bruno et al.  2008 ; 
Pegas et al.  2010 ,  2012 ; Sohn et al.  2012 ). The sampling rate, preliminarily deter-
mined or provided by the manufacturer, is function of diffusive coeffi cient which is 
a thermodynamic property of each chemical substance. Diffusive coeffi cient varies 
with ambient temperature and pressure, so the sampling rate should be corrected to 
refl ect the actual sampling conditions.

   VOCs collected actively or passively onto adsorbent cartridges are thermally or 
chemically desorbed and analysed by gas chromatography coupled to a fl ame 

  Fig. 1.2    Examples of VOCs behavior by photo ionization detector (PID)       
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ionization detector (GC-FID), or to a mass spectrometer (GC-MS). Another method 
to collect VOCs in indoor air implies the use of canisters (Fig.  1.3 ). They are stain-
less steel containers with internal surfaces passivated suitable for sampling of a 
wide range of VOCs which have been shown to be stable at low concentrations for 
at least 30 days (EPA Method TO-15  1999 ). Canisters are cleaned, certifi ed and 
evacuated in the laboratory before sampling. Since the vacuum inside the canister 
drives sampling, no additional equipment is necessary. A fraction of the sampled air 
is then transferred onto a sorption bed and analysed by thermo desorption and 
GC-MS (see Fig.  1.3 ) or GC-FID (Meininghaus et al.  2003 ; Guo et al.  2004 ).

      Formaldehyde and Carbonyl Compounds 

 The measurement of HCHO and other carbonyl compounds (Acetaldehyde, 
Acetone, Benzaldehyde, Butyraldehyde, Capronaldehyde, 2,5-Dimethylbenza-
ldehyde, Formaldehyde, Isovaleraldehyde, Propionaldehyde, m-Tolualdehyde, 
o-Tolualdehyde, p-Tolualdehyde, Valeraldehyde) can be performed according to 
 ISO 16000-3: 2011 . The method is suitable for determination of these compounds 
in the approximate concentration range of 1 μg/m 3  to 1 mg/m 3  and involves drawing 
air through a cartridge containing silica gel coated with 2,4-DiNitroPhenylHydrazine 
(DNPH) reagent. The principle of the method is based on the specifi c reaction of the 
carbonyl group with DNPH in the presence of an acid to form stable 2,4-dinitro-
phenylhydrazones. The DNPH derivatives are analysed utilizing High Performance 
Liquid Chromatography (HPLC) and Ultraviolet (UV) absorption detector operat-
ing at 360 nm (Lee and Chang  2000 ; Daisey et al.  2003 ; Meininghaus et al.  2003 ; 
Yang et al.  2009 ; Pegas et al.  2010 ; Park et al.  2011 ; Sohn et al.  2012 ) .  A blank 
cartridge is likewise desorbed and analysed. HCHO and other carbonyl compounds 
in the sample are identifi ed and quantifi ed by comparison of their retention times 

  Fig. 1.3    Analysis of indoor air by gas chromatography-mass spectrometry (GC-MS)       
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and peak heights or peak areas with those of standard solutions. Interferences in this 
method are caused by certain isomeric aldehydes or ketones that may be unresolved 
by the HPLC system and by organic compounds having the same retention times 
and signifi cant absorbance at 360 nm as the DNPH derivatives. Such interferences 
can often be overcome by altering the separation conditions (e.g. using alternative 
HPLC columns or mobile phase composition). Acrolein and Crotonaldehyde could 
not be accurately quantifi ed by the method because of the formation of  multiple 
derivative peaks and of the instability of the peak ratios. High NO 2  concentrations 
can negatively affect HCHO sampling and measurement because of NO 2 -DNPH 
reaction. It was observed, in fact, that the retention time of NO 2 -DNPH derivative 
can be similar to that observed for the HCHO-DNPH derivative, depending on the 
HPLC column and the parameters.   

1.4.2     Particulate Matter (PM) 

 Nowadays there are many different techniques for monitoring PM in indoor 
 environments. The choice of PM monitoring equipment depends by several factors 
such as cost, dimensions, ease of use and noise. Therefore in dependence on the aim 
of monitoring, the knowledge of the number and the size particle distributions rather 
than the mass per unit volume of PM, it is possible to choose among several PM 
monitoring techniques. When the PM mass concentration is needed, a sampler to 
accumulate PM on a fi lter for gravimetric measurement (EN1234-1) or an auto-
mated PM analyzer have to be used. The fi rst allows to determine ‘off- line’ mass 
concentration of PM, whereas the second provides an indirectly measurement of 
PM mass measuring β-rays attenuation or frequency of oscillation of a glass tapered 
tube (TEOM). The fi lter-based methods are widely used since samplers are rela-
tively not expensive and fi lters can be used for a possible subsequent chemical or 
physical characterization of collected PM. On the contrary, when time-resolved or 
semi-continuous information about particle number concentration and particle size 
distribution are needed, an optical automated device has to be used. 

    Mass Concentration 

 The fi lter-based gravimetric sampling allows measuring PM mass concentration by 
using a pumping sampler. The sampler consists of an inlet that is directly connected 
to the fi lter substrate and a regulated fl ow controller. Before and after sampling, the 
fi lter is usually conditioned for 48 h period, at 20 °C and 50 % relative humidity and 
then weighed on an analytical balance. The difference in weight divided by the 
volume of air pulled through the fi lter gives the mass concentration of particulate 
matter. Automated analyzers allow sampling and fi eld mass measurements avoiding 
sample transportation. The analyzers based on β-rays attenuation principle, were 
designed to allow fi lter changing after each 24-h period, so that the instrument does 
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not need to be visited each day (Diapouli et al.  2008 ; Fromme et al.  2007 ,  2008 ; 
Sohn et al.  2012 ). Both gravimetric and automated instruments rely on a size- 
selective inlet to exclude undesired larger particles before the concentration of PM 
is quantifi ed in order to sample PM 10  or PM 2.5  fraction. Moreover multi-stage impac-
tors can be used in indoor air quality monitoring to evaluate the chemical and physi-
cal characterization of the airborne particles inside the different PM dimensional 
fractions. This sampler usually contains six or eight stages (i.e. collection plates) 
with numerous, successively smaller, evenly distributed holes (orifi ces) in each 
stage. A constant fl ow rate is maintained through the sampler which causes the 
aerosol stream velocity to increase at each stage, resulting in a deposition of parti-
cles in size fractions. Each stage of the sampler consists of a perforated disc located 
above a collection medium (Fromme et al.  2008 ). Nowadays in order to perform PM 
sampling in indoor environments causing the least possible discomfort, portable, 
user friendly and low noise air samplers have been developed and used (Yang et al. 
 2009 ). Moreover, increasingly wide range of measurement techniques for various 
metrics of PM are being applied to personal exposure analysis. The requirement of 
exposure analysis is that sampling should be performed from the breathing zone of 
an individual, which extends approximately 30 cm from their nose and mouth, and 
moves with them from one microenvironment to the next.  

    Number and Size Distribution 

 In order to determine particle number concentration and size distribution, auto-
mated analyzers are used. These devices are commonly optical particle monitors 
that utilise the interaction between airborne particles and laser light. Automated 
samplers are commonly portable, ease of use and allow to measure particle concen-
trations over short time intervals. They can therefore be used to assess spatial and 
temporal variations in particle concentrations. The advantage of this approach is 
that a single analyzer with a Total Suspended Particles (TSP) inlet can monitor par-
ticles of a wide range of size simultaneously (Chithra and Shiva Nagendra  2012 ; 
Fromme et al.  2008 ). Optical particle counters/sizers (OPC/OPS) utilise the interac-
tion between airborne particles and laser light to determine the number and the size 
of particles (Fig.  1.4 ). Condensation Particle Counter is based on the light scattering 
principle such as the previous instruments but it senses ultrafi ne particles by causing 
their size growth that is effi ciently detected by light scattering. Nowadays, modern 
and smallest version of CPC and OPC are also used for indoor air quality and per-
sonal exposure measurement.

   In order to characterize nanoparticles involved in indoor air pollution Scanning 
Mobility Particle Sizer (SMPS) and Fast Mobility Particle Sizer (FMPS) can be 
used. These instruments are based on the principle of the mobility of a charged 
particle in an electric fi eld and are used to measure particle number concentrations 
(PNC) for a discrete size distribution of aerosols within a range of 10–487 nm 
for SMPS and 5.6–560 nm for FMPS (Fig.  1.5 ) (Fromme et al.  2007 ). Frequently 
optical particle monitors, OPC, OPS, CPC and other optical devices such as 
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  Fig. 1.4    Optical Particle 
Counter (OPC) scheme       

  Fig. 1.5    A typical output of a Fast Mobility Particle Sizer (FMPS)       

nephelometer, are used for measuring PM mass concentration in school environ-
ment: to convert the particle counts to mass concentration approximate assumptions 
whose validity may vary due to the nature of the particles sampled.

       Chemical Characterization 

 Samples of PM collected using the techniques described above can be subjected to 
chemical analysis for the subsequent determination of metals, PAHs, major ions 
and organic (OC) and elemental carbon (EC). Nickel, Arsenic, Cadmium and Lead 
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collected on fi lters are extracted with a solvent and analyzed by inductively coupled 
plasma-mass spectrometry (ICP-MS). In particular the fi lter is dissolved in a solu-
tion of HNO 3  and H 2 O 2  by microwave digestion in a closed vessel and the extract 
is then analysed by ICP-MS. Elemental content (S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, 
Zn, and Pb) can be also obtained by means of energy dispersive X-ray fl uorescence 
(ED-XRF) on fi lter. In order to determine the PAH concentrations the samples are 
solvent extracted and analysed by using gas chromatography with mass spectro-
metric detection ( UNI EN ISO 16000-12: 2008 ). Major ions such as chloride (Cl − ), 
nitrite (NO 2  − ), nitrate (NO 3  − ), sulphate (SO 4  2− ), ammonium (NH 4  + ), calcium (Ca 2+ ) 
and magnesium (Mg 2+ ) are determined on samples as a result of aqueous extraction 
in ultrasonic bath and analysis by ion chromatography. The carbonaceous fraction 
of PM is detected on a part of the sampled fi lter by an Organic/Elemental carbon 
aerosol analyser by thermal/optical method. In order to characterize the particulate 
matter morphology, the indoor PM fi lters can be further examined by Scanning 
Electron Microscopy (SEM) in combination with Energy Dispersive X-ray 
Spectrometry (EDX) (Fromme et al.  2008 ). 

 Conventionally, measurements of speciated PM are carried out by subsequent 
chemical analysis of the PM fi lter. However, an increasing number of direct reading 
analysers are now available, which permit continuous sampling and measurements 
for a range of particulate species including elemental/organic carbon, black carbon 
only and PAHs. These instruments have the advantage of providing measurements 
over much shorter time resolutions and can provide valuable data in tracking diurnal 
trends and pollution episodes. Carbon particulate analysers are based on a thermal 
CO 2  analysis technique. Black carbon (BC) (sometimes termed “elemental carbon”, 
“light-absorbing carbon”, or “soot”) analyzers, instead, are based on visible light- 
absorbing principle. Finally PAH analyzer is based on principle of photoionization 
of particle-bound PAH.   

1.4.3     Inorganic Gases: Nitrogen Oxides (NO x ), Carbon 
Oxide (CO), Sulphur Dioxide (SO 2 ) and Ozone (O 3 ) 

 Suitable methods for measuring nitrogen oxides (NO x ) in indoor environments can 
be divided into short-term measurement methods and long-term measurement 
methods  UNI EN ISO 16000-15: 2008 . Short-term measurements can be performed 
by continuous analytical monitoring instrument and by manual methods. The con-
tinuous monitoring instruments are based on principle of Chemiluminescence and 
are characterized by high time resolution (10–20 s). In manual methods instead, 
NO 2  is enriched actively onto a sorbent medium by means of suction pumps and the 
concentrations obtained by these methods are average concentrations for the dura-
tion of sampling. Long-term measurements are generally carried out using diffusive 
sampler (manual methods) since the noise produced by continuous analytical moni-
toring instrument could discourage their use inside confi ned environments (Lee and 
Chang  1999 ,  2000 ; Blondeau et al.  2005 ; Poupard et al.  2005 ; Pegas et al.  2010 , 

P.R. Dambruoso et al.



25

 2012 ; Gul et al.  2011 ; Raysoni et al.  2011 ; Sohn et al.  2012 ; Stranger et al.  2012 ). 
Both indoor and outdoor measurements of carbon oxides (CO and CO 2 ) are conducted 
using a Non-Dispersive Infrared analyzers (NDIR) (Lee and Chang  1999 ; 
Chaloulakoua and Mavroidisb  2002 ; Yang et al.  2009 ; Pegas et al.  2010 ,  2012 ; Park 
et al.  2011 ; Smedje et al.  2011 ; Sohn et al.  2012 ). Continuous measurements of CO 2  
and CO can be performed with specifi c automatic portable sensors (Pegas et al. 
 2012 ). Diffusive portable probes reveal CO 2  concentrations based on the ability of 
CO 2  to absorb infrared radiation at a certain wavelength (2.3–4.6 μm) such as CO 2  
above cited devices, whereas CO concentrations on the basis of electrochemical 
reactions. Sulphur dioxides SO 2  in indoor environments are continuously measured 
by Electron Pulsed Fluorescence SO 2  Analyser. The operating principle of this 
instrument is based on measuring the fl uorescence emitted consequently the absorp-
tion of ultraviolet light having wavelength in the range of 190–230 nm. The inten-
sity emitted in the range from 300 to 390 nm is directly proportional to the sulphur 
dioxide concentration (Lee and Chang  1999 ; Meininghaus et al.  2003 ). Moreover 
SO 2  concentration can also be determined using radial passive samplers (Stranger 
et al.  2012 ). Indoor ozone concentrations can be monitored using an UV Absorption 
Ozone Analyzer (Blondeau et al.  2005 ; Poupard et al.  2005 ; Sohn et al.  2012 ) in 
order to give real-time a synoptic fl ow diagram. To perform long-term measure-
ments, instead, it can be used specifi c diffusive adsorbing cartridges and the extract 
analyzed by UV–VIS spectrophotometry after chemical desorption (Stranger et al. 
 2007 ,  2008 ).   

1.5     An Overview of Findings from Scientifi c Literature 

 Several studies were conducted in elementary and middle schools in order to evalu-
ate the levels of indoor air pollutants, to identify their emission sources, to evaluate 
any differences within and between schools, to evaluate seasonal variability and 
how the location of the school (city centre, suburbs or industrial area) affects the 
indoor air quality. 

1.5.1     Volatile Organic Compounds (VOCs) 

 Godwin and Batterman ( 2007 ), monitoring VOCs concentrations over one work-
week in 64 elementary and middle school classrooms in Michigan, found that most 
VOCs had low concentrations (mean of individual species <4.5 μg/m 3 ) also if they 
were higher than outdoor air concentrations (mean of individual species <0.51 μg/
m 3 ). For example Benzene and Toluene concentrations in indoor air were 0.09 μg/
m 3  and 2.81 μg/m 3  respectively while their outdoor concentrations were 0.06 μg/m 3  
and 0.52 μg/m 3  respectively; the total concentration of chlorinated compounds was 
0.24 μg/m 3  in indoor air and <0.07 μg/m 3  in outdoor air. These fi ndings suggested 
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that none of the sampled rooms were contaminated and that no building-wide 
 relevant contamination sources were present. Otherwise, higher indoor levels of 
many VOCs were registered in two studies involving 14 elementary schools in 
Lisbon, Portugal (Pegas et al.  2010 ,  2012 ). Almost all identifi ed VOCs (up to 40 
compounds) showed I/O ratios higher than one, suggesting that indoor sources, 
micrometeorological parameters and building conditions might have negative 
effects on indoor air. Moreover it was found that increasing ventilation rates and 
using low- emission materials contribute towards improving indoor air quality 
(Pegas et al.  2010 ). The same results were found by Kotzias ( 2005 ). In this study 
measuring campaigns were performed in several cities in Southern and Central 
Europe (Catania, Athens, Arnhem and Nijmegen, Brussels, Milan, Thessaloniki, 
Nicosia) to estimate indoor/outdoor relationships and personal exposure concentra-
tions for selected compounds in schools and kindergartens. Results showed that the 
sum of VOCs monitored were higher and/or similar to the outdoor air concentra-
tions. The sum of concentration inside school buildings in fact varies from a few 
micrograms (ca. 8 μg/m 3 ) to 281 μg/m 3 . Outdoor concentrations varied instead from 
7 to 153 μg/m 3 . Moreover in kindergartens and in schools of Arnhem and Nijmegen 
VOCs concentrations were two to four times higher than the outdoor concentra-
tions, ranging from ca. 19 to 36 μg/m 3 . 

 Among VOCs Benzene, Toluene, Ethylbenzene and Xylenes were most abundant 
compounds in classrooms of several primary schools and kindergartens with I/O 
ratios exceeding unity (Norback et al.  1995 ; Shendell et al.  2004 ; Sofuoglu et al. 
 2011 ; Stranger et al.  2008 ). Sofuoglu et al. ( 2011 ) also measured VOCs concentra-
tion in three primary schools in Izmir in Turkey. Indoor/outdoor ratio for TVOC and 
for the most of them was higher than one (Fig.  1.6 ): the concentrations of VOCs were 
utilized to classify the indoor air pollutants with respect to potential health effects. A 
huge increase in the VOCs concentrations was observed when art work or science 
activities were undertaken concurrently or just prior to the measurements(Godwin 
and Batterman  2007 ; Pegas et al.  2010 ;  Ventilation and Indoor Air Quality in Schools – 
Guidance Report 202825 ). In particular Pegas et al. ( 2010 ) found that there was an 
increase in VOCs concentrations around 13 ppm, when pupil’s art class was occur-
ring with the use of glue and paints. This makes evident that collage and painting 
materials increase the VOC levels in indoor air.

  Fig. 1.6    Ratio of indoor/outdoor volatile organic compounds (VOC, Sofuoglu et al.  2011 )       
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   Shendell et al. ( 2004 a) found that activities performed in art rooms, science 
rooms and indoor pools were the main indoor sources of specifi c VOCs in particular 
of different aldehydes. 

    Formaldehyde and Carbonyl Compounds 

 Many literature papers from the last 10 years investigated formaldehydes and other 
carbonyls in school buildings (Lee and Chang  2000 ; Righi et al.  2002 ; Kotzias 
 2005 ; Mentese and Gullu  2006 ; Vaizoglu et al.  2003 ; Hanoune et al.  2006 ; Yang 
et al.  2009 ; Sofuoglu et al.  2011 ; Yamashita et al.  2012 ; Pegas et al.  2011a ,  b ; Barro 
et al.  2009 ). Pegas et al. ( 2011a ) measured indoor and outdoor concentrations of 
formaldehyde and other carbonyls at 14 elementary schools in Lisbon, Portugal. In 
all environments, indoor aldehyde levels were higher than those observed outdoors, 
particularly for formaldehyde. In another study (Pegas et al.  2011b ), conducted in 
the same schools, the indoor and outdoor levels of carbonyls were evaluated during 
spring, autumn and winter. Most of the assessed carbonyls occurred at I/O ratios 
above unity in all seasons, thus showing the importance of indoor sources and build-
ing conditions in indoor air quality. However, it was observed that carbonyl concen-
trations were higher in the warm months. Other researchers focused only on 
formaldehyde because defi ned a human carcinogen. Yang et al. ( 2009 ) character-
ized HCHO concentrations within 55 school buildings in Korea, selected on the 
basis of the year of construction, in order to relate indoor levels to the age of school 
buildings. HCHO levels were measured inside three different school building envi-
ronments: classrooms, laboratories and computer rooms. Results showed that mean 
HCHO concentrations inside classrooms and computer rooms exceeded the acute 
reference exposure levels established by California’s Offi ce of Environmental 
Health Hazards Assessment (OEHHA, USA). Moreover, HCHO concentrations 
inside schools constructed within 1 year were signifi cantly higher than the Korean 
Indoor Air Standard, suggesting that renovated schools have important indoor 
HCHO sources, such as furnishings principally made of particleboard and medium 
density fi berboard. Measurements were also conducted before and after the opera-
tion of ventilation system while air-conditioner system was turned on and the results 
showed remarkable difference in HCHO levels according to the operation of 
mechanical ventilation system. 

 Kotzias ( 2005 ) reported the results of measuring campaigns performed in several 
cities and showed that HCHO concentrations inside the buildings/kindergartens 
were up to 7–8 times higher than outside. This result means that strong HCHO 
indoor sources exist. Lee and Chang ( 2000 ) also showed the results of a study con-
ducted to characterize HCHO levels inside selected classrooms in Hong Kong in 
order to compare the measured concentrations with the established standards and to 
suggest policy interventions to improve indoor air quality. HCHO concentrations 
reported in this paper were substantially lower than Honk Kong Indoor Air Quality 
(HKIAQ) standard indicating that there were no apparent HCHO indoor sources 
and that classroom furnishing did not add an important contribution (Pang  1994 ). 
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Sofuoglu et al. ( 2011 ) reported HCHO levels measured in primary school  classrooms 
and kindergartens in Turkey. Experimental data revealed that HCHO was one of the 
most abundant indoor pollutants and that concentrations were related to both spatial 
and seasonal variability. Similar HCHO levels between urban and suburban schools 
but different HCHO levels between two urban schools can be explained by the 
 relative strength of the indoor HCHO sources compared to the outdoor sources. 
The HCHO concentrations measured in classrooms were in the literature range 
(10–400 μg/m 3 ) although they resulted high if compared with data related to schools 
in Sweden (Norback et al.  1990 ; Smedje et al.  1997a ,  b ) China (Lee et al.  2004 ) and 
Australia (Zhang et al.  2006 ). Furthermore HCHO levels in classrooms were lower 
than the concentrations measured in homes and offi ces (Mentese and Gullu  2006 ; 
Vaizoglu et al.  2003 ) but similar to those in libraries (Righi et al.  2002 ; Hanoune 
et al.  2006 ). 

 Regarding kindergartens, HCHO levels were higher than those measured in 
classrooms and difference in urban and suburban concentrations was not signifi cant. 
It can be asserted that there were consistent sources of HCHO inside kindergartens 
because neither seasonal nor spatial differences were signifi cant. The overall aver-
age of the concentrations measured in this study (85 μg/m 3 ) was clearly higher than 
the Dutch kindergartens (from ca. 6 to 11 μg/m 3 ) (Kotzias et al.  2005 ) and in the 
range of the Danish and Korean kindergartens (Yang et al.  2009 ).   

1.5.2     Particulate Matter 

 Chithra and Shiva Nagendra ( 2012 ) studied the relationship between outdoor and 
indoor air quality in eight French schools, founding that indoor PM10, PM2.5and 
PM1concentrations were higher in winter than in summer. Moreover the indoor – 
outdoor (I/O) ratios of PM were higher than 2 for coarse fraction and minor than 1 
for fi ner fraction. The high I/O value of PM10 concentration indicated signifi cant 
contribution from the activities of occupants inside classroom. On the contrary the 
lower I/O values for PM1and CO confi rmed the vehicular emission contribution 
from the nearby road (Fig.  1.7 ). This evidence was confi rmed by a strong seasonal 
variability of fi ner PM fraction. Moreover, investigating the infl uence of classroom 
occupancy the authors found that higher particulate matter concentrations were 
determined for classroom during the periods when the classroom was occupied. 
Moreover, Fromme et al. ( 2007 ) found that PM2.5 indoor concentrations in several 
schools in Munich, increased by 1.7 μg/m 3 per 10 % increase in humidity, by 0.5 μg/m 3  
per increase in CO 2  indoor concentration by 100 ppm. The higher PM concentra-
tions in winter and their correlation with CO 2  concentrations suggested that 
 inadequate ventilation plays a major role in the establishment of poor indoor air 
quality. In addition, the PM 10  concentration measured in low level classes and in 
rooms with high number of pupils suggested that the physical activity of pupils 
contributed to a constant process of resuspension of sedimented particles (Lee and 
Chang  1999 ,  2000 ; Blondeau et al.  2005 ). In fact, Yang et al. ( 2009 ) evaluating 
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indoor air quality inside three different school environments in Korea found that the 
mean I/O PM10 ratios were higher in the classrooms than in laboratories and com-
puter rooms, respectively. In addition, Diapouli et al. ( 2008 ) showed higher I/O ratio 
for PM10 and PM2.5 inside gymnasium, where intense activity took place, smoking 
offi ce and classrooms. On the contrary the corresponding ratio for Ultra Fine 
Particles (UFP) was smaller than 1 in all investigated indoor environments since 
vehicular traffi c was the main source of UFP (Fig.  1.8 ). This evidence confi rmed 
that the most important contribution to indoor PM10 is the resuspension of parti-
cles. Another parameter infl uencing the indoor air quality is the presence of mechan-
ical ventilation systems in school environments. Sohn et al. ( 2012 ), in fact evaluated 
the infl uence of mechanical ventilation systems on indoor air quality in school 
buildings in Korea. The results showed remarkable difference in indoor air pollut-
ants’ level according to the operation of mechanical ventilation system, and in par-
ticular showed that the ventilation systems decreased the levels of indoor pollutants 
in the all selected classrooms. Therefore, increasing the ventilation rate by means of 
a mechanical ventilation system can play key roles in improving the indoor air qual-
ity within schools. The presence of carpets in schools building also contributed to 
poor indoor air quality. Stranger et al. ( 2007 ), in a study regarding Belgium schools, 

  Fig. 1.7    Weekly variations in indoor–outdoor ( a ) PM10, ( b ) PM2.5, ( c ) PM1 and ( d ) CO concen-
trations inside classroom (Chithra and Shiva Nagendra  2012 )       

 

1 School Air Quality: Pollutants, Monitoring and Toxicity



30

found a signifi cant difference between I/O ratios calculated for the classrooms with 
and without the presence of carpets, in particular the authors reported a mean I/O 
ratio equal to 2.63 in the classrooms where carpets were present and mean I/O ratio 
equal to 1.03 in the classroom where tiles or linoleum fl oor coverage were present. 
The more recent study conducted by the same authors in 2008 (Stranger et al.  2008 ), 
focused the attention on the chemical composition of PM collected in 27 primary 
schools in the urban and suburban areas of Antwerp (Belgium). The authors showed 
the elemental composition of indoor particulate matter (PM2.5) determined in 
classroom were different than that evaluated in outdoor air. In particular the authors 
found that the elements such S, Si, Fe, Ca, and Al were the highest contributions to 
local outdoor PM while Ca, S, Si, Cl and Al to indoor PM in schools. In particular 
the authors suggested that Cl could derive by detergents used for cleaning activities 
inside the classroom while Ca concentrations could probably be determined by the 
chalk (mainly CaSO 4 ) used on the blackboards and/or the gypsum walls and plasters 
used as construction materials. Moreover, the I/O ratios reported for elements typi-
cally constituting dust particles were higher than 1 probably due to re-suspension of 
dust because of room occupation. Fromme et al. ( 2008 ) also reported the composi-
tion of the classrooms’ PM (e.g., high calcium concentrations) and the fi ndings 
obtained applying scanning electron microscopy (SEM) and energy dispersive 
microanalysis (EDX) on PM fi lter and found that the indoor PM consists mainly of 
earth crustal materials, detrition of the building materials and chalk. Therefore, the 
authors suggested that increase of PM10 concentrations in classrooms were due to 
a physical activity of the pupils and to resuspension of mainly indoor coarse parti-
cles, concluding that indoor-generated PM could be less toxic compared to PM in 
outdoor air.

  Fig. 1.8    Mean indoor/outdoor ratio of PM10, PM2.5 and UFPs in a rural area (RU), two blocks 
away from a major highway ( HI ), a residential area ( RE ), a heavy-traffi cked neighborhood in the 
center of Athens ( UR ), a residential area close to a major motorway ( MO ), a densely populated 
area close to a major motorway ( HP ) and at the harbor of Athens ( HA ) (Diapouli et al.  2008 )       

 

P.R. Dambruoso et al.



31

1.5.3         Carbon Dioxide (CO 2 ) 

 Many studies attested that indoor CO 2  concentrations classrooms were primarily 
infl uenced by human occupancy (Lee and Chang  1999 ,  2000 ; Grimsrud et al.  2006 ; 
Van Dijken et al.  2006 ; Fromme et al.  2007 ; Theodosiou and Ordoumpozanis  2008 ; 
Mumovic et al.  2009 ). In fact, as shown in Fig.  1.9 , lower CO 2  concentrations were 
determined when the classrooms were un-occupied, during time-breaks and when 
adequate ventilation was ensured (Fromme et al.  2007 ; Yang et al.  2009 ; De Giuli 
et al.  2012 ; Pegas et al.  2012 ). On the contrary higher concentrations were observed 
when students started physical activities inside the classrooms (Almeida et al. 
 2011 ). Moreover, Park et al. ( 2011 ) showed higher CO 2  concentrations in winter 
because the classrooms were not ventilated well in this season respect of summer. 
In Daisey et al. ( 2003 ) the authors studied the infl uence of ventilation on the IAQ in 
schools of United States; they found that indoor CO 2  concentrations above 
1,000 ppm, which is the ASHRAE Standard 62.1 ( 1999 ) were generally regarded as 
indicative of inadequate ventilation rates, that were unacceptable with respect to 
body odors (Seppanen et al.  1999 ; Apte et al.  2000 ).

1.5.4        Ozone (O 3 ) 

 Several studies found that I/O ratios for O 3  at schools were smaller than 1 (in the range 
0.13–0.8), suggesting that this pollutant mainly came from outdoor (Gold et al.  1996 ; 

  Fig. 1.9    Classroom CO 2  concentrations during a typical occupation period (Pegas et al.  2012 )       
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Weschler  2000 ; Blondeau et al.  2005 ; Mendell and Health  2005 ; Poupard et al.  2005 ; 
Stranger et al.  2007 ,  2008 ; Mejía et al.  2011 ). Weschler ( 2000 ) reported that indoor 
O 3  concentrations are related to seasonal, temporal and spatial variability. Under 
normal indoor conditions, the half-life time of O 3  is between 7 and 10 min and is 
determined primarily by air exchange and removal processes at air/solid interface. 

 The impact of the ventilation on O 3  concentrations in school environments was 
also investigated by numerous studies (Gold et al.  1996 ; Blondeau et al.  2005 ; Mi 
et al.  2006 ; Sohn et al.  2012 ). Mi et al. ( 2006 ) investigated 10 naturally ventilated 
schools in Shanghai fi nding that mean weekly indoor O 3  level was 1–9 μg/m 3  in 
spite of 17–28 μg/m 3  outdoors. Gold et al. ( 1996 ) conducted a comparison of out-
door and classroom ozone exposures for school children in Mexico City, evaluating 
the effect of three distinct classroom conditions: (a) windows/doors open, air 
cleaner off; (b) windows/doors closed, air cleaner off; (c) windows/doors closed, 
air cleaner on. They found that, when outdoor O 3  concentrations increased, indoor 
concentrations increased more rapidly when windows/doors were open. These 
results suggested that O 3  in indoor environments mostly comes from outdoor 
sources and so the air exchange rate plays an important role. Moreover, higher 
indoor O 3  concentrations were found in schools located in areas affected by indus-
trial or urban pollution (Gonzales et al.  2005 ; Mi et al.  2006 ; Mejía et al.  2011 ). 

 Blondeau’s study ( 2005 ), performed in eight school buildings in La Rochelle 
(France) and its suburbs, confi rmed that indoor O 3  concentrations were strongly 
dependent on building air-tightness (the more airtight the building envelope, the 
lower the I/O ratio). The infi ltrated O 3  undergoes fast homogeneous reactions and 
deposits onto material surfaces (e.g. textiles and brick) in indoor environments 
(Grøntoft and Raychaudhuri  2004 ). Given that O 3  is known to be highly reactive 
(Cano-Ruiz et al.  1993 ; Weschler  2000 ; Grontoft  2002 ), there is evidence that low 
I/O are determined from the deposition process on solid surfaces or the decomposi-
tion in the indoor air.  

1.5.5     Other Inorganic Gases: Nitrogen Oxides (NO x ), 
Carbon Oxide (CO), Sulphur Dioxide (SO 2 ) 

 NO x  determination in French schools showed that vehicular exhaust emission from 
nearby traffi c was the most important contribute to indoor concentrations. In fact 
I/O ratios of NO 2  calculated by Blondeau et al. ( 2005 ) and Poupard et al. ( 2005 ) 
varied in a narrow range from 0.88 to 1. In fact    indoor and outdoor NO 2  concentra-
tions were positively correlated since indoor concentrations refl ected the outdoor 
ones despite varying of building air-tightness. On the contrary, I/O of NO lied in a 
wider range (0.5 < I/O < 1) and there was no apparent correlation with the air- 
tightness of the buildings. Therefore, the authors suggested that this evidence was 
probably related to differences in the contribution of indoor homogeneous and het-
erogeneous reactions that NO undergoes. Similar considerations were elaborated by 
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Stranger et al. ( 2008 ) in Belgium, by Pegas et al. ( 2012 ) in Lisbon and by Lee and 
Chang ( 2000 ) in Hong Kong. 

 Gul et al. ( 2011 ), confi rming the results reported in previous study, showed that 
I/O ratios for NO 2  at high schools located in Eskisehir (Turkey) were >1 in dining 
hall or teacher’s room where cooking and smoking activities took place (1.8 < I/O < 3). 
Moreover, Sohn et al. ( 2012 ) studied the relationship between NO 2  concentrations 
with indoor ventilation rate and showed that a direct correlation existed. 

 Carbon Oxide (CO) is a pollutant purely outdoor, therefore few studies have 
been conducted to evaluate the incidence of carbon monoxide on indoor environ-
ments. Chaloulakoua and Mavroidisb ( 2002 ) measured indoor and outdoor CO con-
centrations at a school near the center city of Athens. Authors found that the indoor 
and outdoor diurnal concentration cycles followed similar patterns and indoor 
 concentrations showed a mild and slightly delayed response respect to outdoor con-
centration changes. In addition, they observed that CO concentrations measured 
during winter were higher than the respective concentrations measured during sum-
mer (3.96 ppm and 1.92 ppm, respectively). These results were linked to the higher 
traffi c volume and to winter meteorological conditions that favor the accumulation 
of pollutants. Similar results and considerations were obtained by Chithra and Shiva 
Nagendra ( 2012 ) in a study conducted in a school building located close to an urban 
roadway in India. Finally Yang et al. ( 2009 ) showed that renovation works had 
negative effects on the IAQ in fact, signifi cantly higher concentrations of CO were 
registered at schools constructed within 1 year (1.03 ppm) respect to those built in 
previous years (0.59 ppm). These results might be caused by the new electric heat-
ing systems. 

 SO 2  is the less investigated pollutant for the evaluation of the indoor air quality 
in schools. Several studies reported that mean indoor SO 2  concentrations were 
about 20–30 % of those outdoors confi rming that SO 2  mainly come from outdoors 
(Lee and Chang  2000 ; Meininghaus et al.  2003 ; Stranger et al.  2008 ). This result 
was confi rmed by Ashmore and Dimitroulopoulou ( 2009 ) that found higher con-
centrations inside school buildings near open coal fi res. Finally Spedding ( 1974 ) 
suggested that lower SO 2  indoor concentrations could be linked with the capacity 
of indoor materials to absorb SO 2 . Among the wide variety of materials, the emul-
sion paints were identifi ed as the most important sink for SO 2 .   

1.6     Conclusion 

 The main goal of this chapter was to summarize remarkable fi ndings about IAQ 
inside school buildings. More specifi cally chemical pollutants, related sources and 
monitoring methodologies were reported. The outcomes provide suggestive evi-
dence that certain conditions, commonly found in schools, can have adverse effects 
on the IAQ and therefore on occupant’s health. In particular it was highlighted that 
the location, the age and air-tightness of school buildings, the room design, the ven-
tilation rate, the building and furnishing materials, the occupant’s activities and 
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outdoor pollution play an important role on the indoor pollutants concentrations. 
Therefore in order to safeguard the health of the occupants and in particular of 
children that are more sensitive to environmental pollutants some good practices 
should be followed. These actions include the construction of school buildings 
equipped with adequate systems for air exchange as well as the use of low emitting 
building and furniture materials. Indoor concentrations of many pollutants are 
strongly infl uenced by outdoors. Therefore it is important that schools are not 
located in areas affected by high traffi c or industrial pollution in order to improve 
IAQ and reduce the impact on students health. At this regard, several States are 
nowadays working to defi ne Guidelines for suggesting best practices in order to 
improve IAQ inside school buildings, for defi ning reference values and for regulat-
ing the control methodologies. This need arises from the lack of available reference 
values for most of the pollutants monitored in indoor environments (WHO  2010 ).     
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    Abstract     Industrialization and urbanization in the industrial nations and increasingly 
also in emerging and developing nations have led to an intensive and still increasing 
use of freshwater resources. Industries are one of the most important pollution 
sources and the discharged wastewaters may contain very diverse organic  compound 
groups. Among those, lipophilic contaminants possessing functional groups which 
are not common in nature rank among the compounds which are most persistent. 
There have been strong efforts in environmental sciences for a comprehensive 
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 characterization of chemical contamination and the related impacts, in order to 
 provide data as a basis for management measures. Here we review the current state 
of knowledge about organic contaminants from industrial sources. We present infor-
mation about (i) the identifi cation of organic contaminants in industrial wastewaters, 
(ii) how these compounds are traced in aquatic systems, and (iii) on their toxicity for 
aquatic organisms as observed in laboratory experiments and in the fi eld. 

 Major advancements concerning this theme include the development of new ana-
lytical techniques which allow for the identifi cation of previously unknown, emerg-
ing contaminants. Overall, these studies proved the heterogeneity of the chemical 
composition of industrial wastewaters, even from the same industry branches. The 
observed differences are related to different industrial production processes, leading 
to the presence of varying synthesis educts, additives, products and byproducts in 
the wastewaters, of which many might occur in the environment but have not yet 
been identifi ed. Attempts which were made to trace industrial discharges in aquatic 
systems proved accordingly the presence of very heterogenic organic contaminant 
mixtures in the environment. We therefore conclude that our knowledge about the 
chemical composition of industrial wastewaters and about the occurrence of 
 industrial organic contaminants in the environment is as yet very limited. 

 A further advancement was the development of a combination of chemical and 
toxicological methods to identify causative organic constituents including emerging 
contaminants which contribute to the toxicity of industrial wastewaters. Only a few 
studies in this fi eld are available, although the results obtained so far are promising. 
Several studies demonstrated the toxic activity of fi eld samples and relate the 
observed effects to the presence of industrial organic contaminants. Exposure 
experiments in the fi eld proved the bioaccumulation of specifi c industrial contami-
nants and assessed the associated toxic effects. The effects of chemical contamina-
tion on aquatic invertebrate communities was shown in fi eld studies combining 
chemical and biological methods, although industrial inputs were not disentangled 
from other pollution sources. Ecological surveys of sites contaminated by industrial 
point sources combined with a comprehensive chemical characterization and toxic-
ity evaluation are missing. 

 Some of the identifi ed organic contaminants are related to characteristic indus-
trial production processes and their presence in water, sediment or biota therefore 
indicates the input of specifi c industrial wastewaters. Accordingly, these compounds 
can be used as industrial markers. As synthesis of the reviewed information we 
present a list of potential industrial marker compounds. We suggest the proceeding 
application of the marker concept which helps to verify the input of specifi c indus-
trial wastewaters to aquatic systems and to investigate the spatial distribution of the 
emission. Such information is useful to disentangle different emission sources for 
the subsequent investigation of their potential impacts in the environment. We pres-
ent further research strategies which are in our opinion promising to address the 
identifi ed gaps in knowledge.  

  Keywords     Emerging contaminants   •   Industrial chemicals   •   Industrial pollution   • 
  Organic markers   •   Toxicity-based fractionation   •   Aquatic systems   •   Aquatic organisms  
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  List of Abbreviations 

   CAS No.    Unique identifi er of a chemical, assigned by the Chemical Abstracts 
Service   

  CPE    Chlorophenylethanol   
  DCPE    Chlorophenylethanoldichloroethanol   
  DBP    Dichlorobenzophenone   
  DDA    Bis(chlorophenyl)acetic acid   
  DDABE    Bis(chlorophenyl)acetic acid butylester   
  DDAMA    Bis(chlorophenyl)acetic acid methylamide   
  DDCN    Bis(chlorophenyl)acetonitrile   
  DDD    Bis(chlorophenyl)dichloroethane   
  DDE    Bis(chlorophenyl)dichloroethene   
  DDMU    Bis(chlorophenyl)chloroethene   
  DDT    Bis(chlorophenyl)trichloroethane   
  DOC    Dissolved organic carbon   
  DTPA    Diethylenetriaminepentaacetic acid   
  EC 50     Concentration of a chemical which induces a defi ned response of 

50 % of the members of a tested population after a specifi ed test 
duration   

  EDTA    Ethylenediaminetetraacetic acid   
  FIA-MS-MS    Flow injection analysis-tandem mass spectrometry   
  GC/MS    Gas chromatography–mass spectrometry   
  HCB    Hexachlorobenzene   
  HCHs    Hexachlorocyclohexanes   
  HPLC    High performance liquid chromatography   
  HPLC-ED    High performance liquid chromatography with electrochemical 

detection   
  HT-GC/MS    High temperature-gas chromatography-mass spectrometry   
  IPC-ESI-MS    Ion-pair chromatography/electrospray-mass spectrometry   
  LAS    Linear alkylbenzene sulfonates   
  LC 50     Concentration of a chemical required to kill 50 % of the members 

of a tested population after a specifi ed test duration   
  LC/ESI-MS n     Liquid chromatography-electrospray ionization/multi-stage mass 

spectrometry   
  LC/MS    Liquid chromatography-mass spectrometry   
  LC/MS-MS    Liquid chromatography tandem mass spectrometry   
  LC/UV    Liquid chromatography with UV detection   
  MCPE    Chlorophenylchloroethanol   
  PAHs    Polycyclic aromatic hydrocarbons   
  PCBs    Polychlorinated biphenyls   
  PCDDs    Polychlorinated dibenzo- p -dioxins   
  PCDFs    Polychlorinated dibenzofurans   
  PeBDE    Pentabromodiphenyl ether   

2 Organic Contaminants from Industrial Wastewaters…



48

  POCIS    Polar organic chemical integrative sampler   
  SPE    Solid phase extraction   
  SPME    Solid phase microextraction   
  TLC    Thin layer chromatography   
  UNEP    United Nations Environment Programme   

2.1           Introduction 

 Chemical contamination was defi ned as a problem with global relevance, one of 
nine “planetary boundaries”, which should not be transgressed in order to avoid 
unacceptable global changes (Rockström et al.  2009 ). In a report on worldwide 
toxic contamination problems and their implications for human health, mining and 
industrial activities accounted for nearly all of the documented issues (Blacksmith 
Institute and Green Cross Switzerland  2011 ). Overall, industrialization and urban-
ization in the industrial nations and increasingly also in emerging and developing 
nations have led to an intensive and still increasing use of water resources (Fig.  2.1 ). 
The involved chemical contamination led to a deterioration of rivers, lakes and 

  Fig. 2.1    Industrial complex in South India, where a tire and rubber production unit, a paper mill, 
tanneries and chemical production sites discharge the produced wastewaters into public waterways 
(Photo: Tim Jennerjahn)       
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coastal waters in many areas. In the industrial nations, these problems were partially 
solved by source control and by the implementation of technical systems such as 
sewage treatment. However, there still remain major challenges. The foresight 
report of the UNEP lists degradation of inland waters in developing nations due to 
the discharge of untreated wastewaters as one of the 21 most important environmen-
tal problems of the twenty-fi rst century (UNEP  2012 ).

   Industries are one of the most important sources for the contamination of aquatic 
systems. The quantitative composition of the wastewater constituents and their 
chemical characteristics differ according to the type of the operating production 
processes. Many organic contaminants are solely discharged by industries which 
apply certain production processes. Accordingly, high concentrations of such char-
acteristic compounds are only detectable in areas where the related industries are 
located. Symptomatical are also the high but largely varying concentrations in the 
wastewaters and the simultaneous occurrence of a large number of chemically het-
erogenic compounds. A distinct analytical characterization is often hindered due to 
the large variability of the wastewater quality caused by the discontinuity of many 
production processes. 

 The variety of organic compounds which is industrially synthesized is immense. 
For example, the European Inventory of Existing Commercial Chemical Substances 
lists about 100,000 synthesized chemicals which were deemed to be on the European 
Community market in the period 1971–1981. The list is counting for about 99 % of 
the chemicals’ volume on the market. About 30,000–70,000 of the listed chemicals 
are used on a daily basis (European Inventory of Existing Chemical Substances, 
Schwarzenbach et al.  2006 ). The number of byproducts, educts and intermediates 
though, which might be performed during the synthesis of these regularly used 
chemicals, is unknown. 

 The wastewater constituents are discharged into aquatic systems in their dis-
solved form, associated with colloids or attached to particulate matter. Depending 
on their physico-chemical properties and the environmental conditions, they 
undergo different processes after discharge, which include partitioning between 
phases, transport and/or degradation. A dynamic partitioning is occurring 
between the following phases: water and atmosphere, water and particulate mat-
ter, water and biota as well as particulate matter and biota. Lipophilic organic 
compounds tend to be bound to particulate matter, so that sediments can be con-
sidered as pollution reservoirs (e.g. Baumard et al.  1998 ). Transport can happen 
within the dissolved or the particulate phase, sometimes over long distances. 
This is particularly true for persistent organic pollutants such as DDT, PCDDs/
PCDFs and heptachlor. 

 In the aquatic system, biotic and/or abiotic degradation processes lead to the 
transformation of organic contaminants to metabolites or to their complete mineral-
ization to H 2 O and CO 2 . Most organic contaminants – even persistent ones- are 
degradable under favorable conditions, the latter though within long time periods. 
The degradation processes depend strongly on the physico-chemical properties of 
the compounds, e.g. the water solubility. Water soluble organic compounds are 
often more rapidly degraded than lipophilic compounds (e.g. Berndt  1996 ). 
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Dissolved aliphatic alcohols and carboxylic acids were smoothly degraded in an 
anaerobic milieu, whereas the degradation of the same compound classes with ether 
bounds or branched hydrocarbon chains took much longer (Kameya et al.  1995 ). 
From this it follows that particularly lipophilic organic compounds, possessing 
functional groups which are not common in nature, rank among the most persistent 
compounds. 

 Aquatic biota accumulates particularly such persistent, lipophilic organic con-
taminants and biomagnifi cation in aquatic food webs has been documented for 
selected priority pollutants such as HCB, PCBs, PeBDE, dieldrin and mirex (Kelly 
et al.  2007 ). The toxicities of several contaminant groups were tested with experi-
mental aquatic species and revealed sublethal to acute toxicity of different parent 
PAHs, organochlorine pesticides and tributyltin amongst others (e.g. Matthiessen 
and Law  2002 ; Thompson et al.  2007 ). Organic contaminants may have an impact 
on molecular and cellular processes and also induce changes on the organism, popu-
lation and community level, which was shown for the antifouling agent tributyltin 
(Warwick et al.  1990 ; Fent  2007 ; Matthiessen and Law  2002 ). The endocrine dis-
rupting property of this compound has been shown to cause imposex in gastropods 
(Harding et al.  1999 ) and to affect not just coastal mollusk populations but also 
cause reductions in species diversity in coastal invertebrate communities (e.g. 
Matthiessen and Law  2002 ). Responses to contaminants are species-specifi c and 
help the organisms to cope under various stressors, leading to their acclimation or 
adaptation to environmental conditions. Sensitive species with a low ability to 
respond to changes are particularly threatened. 

 A decline of species holding important ecological functions may negatively 
affect the whole ecosystem. Many fi sh and macrobenthic invertebrate species are 
furthermore exploited as fi sheries resources. A reduction of economically important 
species can therefore cause an impairment of local economies and livelihoods. The 
contamination of economically important species is moreover posing a threat to the 
health of humans, as consumers of fi sh, mussels and crabs. 

 Accordingly, there have been strong efforts in environmental sciences for a com-
prehensive characterization of chemical contamination and the related impacts, in 
order to provide data as a basis for management measures. We present here a com-
prehensive review of the current state of knowledge about organic contaminants 
from industrial sources. We present information about (i) the identifi cation of 
organic contaminants in industrial wastewaters, (ii) how they are traced in aquatic 
systems, and (iii) their toxicity for aquatic organisms as observed in laboratory 
experiments and in the fi eld. 

 Standard search machines were used to fi nd relevant peer reviewed literature 
from the period 1970–2012. For Table  2.1  also data from two Ph.D. theses and from 
one report were cited due to the limited available information. Unspecifi c keywords 
were used for the literature search such as “industrial wastewaters” and “industrial 
effl uents” in combination with “organic pollutants” and “organic contaminants”. 
From the several 100 matches found with this method, only studies which focus on 
the identifi cation and chemical/toxicological characterization of low-molecular 
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weight organic compounds in industrial wastewaters and impacted aquatic systems 
were selected. Studies which focus on treatment techniques, remediation or on bulk 
parameters to study industrial contamination were neglected. Furthermore, only 
fi eld studies were considered in which the detected contaminants were unequivo-
cally attributed to industrial sources.

2.2        Chemical Characterization of Industrial Wastewaters 

2.2.1     Analytical Approaches for the Identifi cation of Organic 
Contaminants in Industrial Wastewaters 

 Improvements in the chemical characterization of industrial effl uents are closely 
linked with the development of appropriate analytical tools. A thorough overview 
on analytical methods used to characterize complex contaminant mixtures in 
industrial wastewaters has been given by Castillo and Barceló ( 1999a ). More gen-
eral reviews not only focusing on industrial but also on municipal effl uents have 
recently been given by Sanchez Rojas and Bosch Ojeda ( 2005 ) as well as by Giger 
( 2009 ). The later compilation described the advances in the detection of polar and 
amphiphilic contaminants as important constituents in wastewater. A more specifi c 
review summarized the application of LC/MS for the analysis of endocrine disrupt-
ing agents in wastewater partially considering also industrial effl uents (Postigo 
et al.  2009 ). 

 Noteworthy, the enormous contributions of GC/MS and LC/MS techniques 
with respect to the identifi cation and quantifi cation of organic constituents in dif-
ferent types of industrial wastewater have been summarized in all three reviews. 
These techniques are responsible for the most important progress in the analytical 
detection of industrial contaminants, hence nearly all recent studies (reported in 
this review) are based analytically on well established GC/MS and LC/MS 
methods. 

 Recently, only very few studies reported the application of new analytical 
methods. Some reports represent slight modifi cations of standard techniques. E.g. 
Castillo et al. ( 1999b ) reported on the extension of the GC/MS towards higher gas 
chromatographic temperature (HT-GC/MS) to detect higher boiling substances in 
industrial effl uents. Further studies focused on optimization of sample treatment 
and extraction procedures. These approaches include sequential solid phase 
extraction (SSPE) or novel passive sampling devices such as POCIS (Castillo 
et al.  1999b ; Alvarez et al.  2005 ). Lastly, some publications described the optimi-
zation of specifi c analytical methods for the detection of preselected industrial 
contaminants. Rodriguez et al. ( 2004 ) followed 2-mercaptobenzothiazol in tan-
nery wastewater by liquid chromatography coupled to an amperometric detector. 
Schriks et al. ( 2010 ) quantifi ed glucocorticoids in wastewater using high resolu-
tion mass spectrometry.  
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2.2.2         Organic Contaminants Which Have Been Identifi ed 
in Different Types of Industrial Wastewaters 

 Since the 1970s, mainly wastewaters from the textile industry, tanneries, the 
 petrochemical industry, pulp and paper industry, rubber and tire production and 
from chemical production sites were investigated. The studies were almost exclu-
sively conducted in industrial nations of the northern hemisphere, i.e. Europe, the 
United States and Japan. Although during the last two decades industrial production 
sites were more and more shifted to newly industrialized countries, such as China, 
India and Brazil, studies from these countries are lacking. 

 In most cases, the effl uents were investigated, after treatment and before release 
to the environment. The sort of applied methods confi ne the spectrum of identifi able 
compounds. Using purge techniques or head space SPME for sample preparation 
(Smith  1990 ; James and Stack  1997 ; López-Grimau et al.  2006 ), only volatile 
organic compounds were extracted from the sample matrix. A compound separation 
with liquid chromatography and subsequent application of mass spectrometry (e.g. 
Castillo and Barceló  2001 ; Loos et al.  2007 ; Schriks et al.  2010 ) allows for the 
detection of hydrophilic and amphiphilic compounds. Analyses with GC/MS are 
relevant for the determination of volatile and semivolatile lipophilic organic com-
pounds. Detection of hydrophilic or amphiphilic compounds with GC/MS is possi-
ble after derivatization or transformation of the target compounds to more volatile 
species (e.g. Giger  2009 ). However, several studies were focused on specifi c target 
compounds or compound groups and neglected other substances which were prob-
ably also present in the effl uents (e.g. Rodriguez et al.  2004 ; Schriks et al.  2010 ). 
Other studies applied a screening approach in order to identify a preferably wide 
spectrum of organic contaminants (e.g. Ellis et al.  1982 ; Botalova et al.  2009 ). 
Although such approaches allow for the identifi cation of numerous contaminants, 
there are still many substances which are detectable by GC/MS but remain unidentifi ed 
because of their unknown mass spectra. The structure elucidation of such  compounds 
is time consuming and includes    interpretation of mass spectra and chemical synthesis 
of reference compounds. Other compounds might have physico- chemical properties 
which do not allow for the detection with GC/MS, which requires the application of 
more specifi c compound extraction, separation and detection methods. The organic 
compounds identifi ed in different industrial effl uents were listed in Table  2.1 . It is 
indicated if only a certain compound group from the respective study was selected. 
Unspecifi c organic compounds which might also have a biogenic origin such as 
 n -alkanes, fatty acids and fatty acid esters were not included. 

 In effl uents from the  textile industry , i.e. dye manufacturing plants and textile 
mills in the United States, several environmentally relevant compounds like haloge-
nated anilines, benzenes and anthraquinones were found (Games and Hites  1977 ). 
Applying headspace techniques and GC/MS, also volatile organic solvents were 
determined in textile industry effl uents (Smith  1990 ; López-Grimau et al.  2006 ). 
Screening analyses of untreated wastewaters revealed the presence of a wide spec-
trum of contaminants including different alkylated phenols and phthalic acid esters 
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(Castillo and Barceló  2001 ). Phthalic acid esters are used in great quantitities as 
plasticizers and the annual worldwide production volume was estimated to 5.2 
 million tons (Mackintosh et al.  2006 ). In untreated wastewaters, also different naph-
thalene sulfonates, benzene sulfonates and LAS were detected (Alonso et al.  1999 ; 
Castillo and Barceló  2001 ). Naphthalene sulfonates and anthraquinone sulfonates 
are employed as starting material for the manufacturing of azo and anthraquinone 
dyestuffs, and LAS are used as surfactants in detergent formulations (e.g. Fichtner 
et al.  1995 ). Whereas LAS are readily biodegradable, naphthalene sulfonates are 
relatively persistent and were also found in river water samples (Takada et al.  1994 ; 
Fichtner et al.  1995 ; Rieger et al.  2002 ). Untreated wastewaters and effl uents from 
textile industries also contain compounds which are known as endocrine disrupting 
chemicals (Castillo and Barceló  2001 ; Loos et al.  2007 ). Nonylphenol, nonylphenol 
ethoxylate, octylphenol, diethylphthalate, bis(ethylhexyl)phthalate and bisphenol A 
are weakly estrogenic (Petrovic et al.  2004 ). Azo dyes are the largest group of dyes 
and account for more than half of the worldwide annual dye production (Stolz 
 2001 ). During the degradation of azo dyes, metabolites can be performed, which are 
themselves problematic for aquatic systems, e.g. 6-Acetylamino-3-amino-
naphthalene- 2-sulfonic acid,  N -(bis-hydroxymethyl-phenyl)-acetamide, different 
aromatic amines and different anilines (Chung and Stevens  1993 ; Bhaskar et al. 
 2003 ; Pinheiro et al.  2004 ; Bilgi and Demir  2005 ) (see also Sect.  2.3 ). 

 Just like in untreated wastewaters of the textile industry, naphthalene sulfo-
nates, benzene sulfonates and LAS were detectable in effl uents and in untreated 
wastewaters from  tanneries  (Table  2.1 ) (Castillo et al.  1999a ,  2001 ; Alonso et al. 
 1999 ; Alonso and Barceló  1999 ). Untreated wastewaters also contained the endo-
crine disrupting compounds nonylphenol ethoxylates, diethylphthalate and 
bis(ethylhexyl)phthalate (Castillo et al.  1999a ; Petrovic et al.  2004 ). The leather 
industry uses nonylphenol ethoxylates and alkylalcohol polyethoxylates as sur-
factants to remove skin grease, whereas polyethylene glycol is used as leather 
lubricant. All these chemicals as well as carboxylated polyethylene glycols, which 
are very likely a degradation product of polyethylene glycol and alkylalcohol 
polyethoxylates, were present in the tannery wastewaters (Castillo et al.  1999a , 
 2001 ). Benzothiazoles are widely used as fungicides instead of chlorophenols and 
were also frequently found in tannery wastewaters (Reemtsma and Jekel  1997 ; 
Castillo et al.  1999a ; Rodriguez et al.  2004 ). A comprehensive investigation 
revealed that untreated tannery wastewaters were heavily burdened with organic 
compounds (DOC 900 mg l −1 ) (Reemtsma and Jekel  1997 ). Numerous contami-
nants from 12 compound classes including cyclohexanes, aromatic carboxylic 
acids, phenols, indoles and ethoxylates were identifi ed. After anaerobic and bio-
logical wastewater treatment, DOC concentration was strongly reduced and the 
contaminant concentrations of all compound classes decreased. Nevertheless, 
environmentally relevant compounds were still detectable after the treatment 
 process (Reemtsma and Jekel  1994 ,  1997 ). Some of these contaminants were 
relatively persistent against the treatment process (e.g. benzothiazoles), others 
were newly performed during treatment like dichlorobenzoic acid and tris 
(2-butoxyethyl)phosphate (Reemtsma and Jekel  1997 ). 
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 Several studies focused on the chemical characterization of effl uents from the 
 petrochemical industry , i.e. petroleum refi ning and related industries. Important 
petroleum products are gaseous fuels, gasoline, solvents, lubricating oil, grease, 
waxes and asphalt. During the distillation of crude oil in the refi neries, fractions 
with different physico-chemical properties are obtained. Alkylated benzenes, indane 
and its alkylated derivatives as well as naphthalene were found in several effl uent 
samples (Table  2.1 ) (Keith  1974 ; Ellis et al.  1982 ; James and Stack  1997 ; Botalova 
et al.  2009 ; Botalova and Schwarzbauer  2011 ). These compounds are e.g. constitu-
ents of the gas and naphtha fraction (Speight  2007 ). Alkylated napthalenes and 
quinoline derivatives also occurred in effl uent samples (Keith  1974 ; Botalova et al. 
 2009 ) and are characteristic constituents of the middle distillate fraction (Speight 
 2007 ). Further constituents of crude oil which were also present in effl uent samples 
were indoline, acenaphthene, acenaphthylene and fl uorene (Keith  1974 ; Ellis et al. 
 1982 ; Wang et al.  1998 ; Speight  2007 ). However, Botalova et al. ( 2009 ) reason that 
indoline and quinoline related compounds may also represent technical byproducts 
of secondary synthetic processes in petrochemical plants. The presence of xylene, 
toluene and benzene in effl uents was reported in the three earliest studies (Keith 
 1974 ; Ellis et al.  1982 ; James and Stack  1997 ). These chemicals are primary prod-
ucts of oil refi neries and are widely used as educts for a large variety of chemical 
synthesis, e.g. for the plastic production. By alkylation of toluene with ethylene, 
followed by hydrogenation, methylstyrene is obtained, which is used for polymer-
ization synthesis (Speight  2007 ). Styrene and methylstyrene were found in effl uent 
samples, as well as phenol and nitrobenzene (Keith  1974 ; Ellis et al.  1982 ). The 
latter two compounds are e.g. used for the solvent refi ning of lubricating oils in 
order to remove undesirable constituents from the charge material (Speight  2007 ). 
Phthalic anhydride is a precursor in the synthesis of phthalic acid esters which are 
used as plasticizers. It is produced in petrochemical plants by oxidation of naphtha-
lene (Speight  2007 ). The occurrence of different phthalic acid ester derivatives in 
petrochemical effl uents (Castillo et al.  1998 ,  1999b ) could therefore result from the 
synthesis of starting materials for plastic production in these plants. This is under-
lined by the fact that ionol and ionol derivatives were also present (Castillo et al. 
 1999b ), which are used as additives in plastic materials and rubber (Yasuhara et al. 
 1997 ). Further structurally very diverse compounds were detected in the effl uent 
samples. Summing up, the chemical composition of the petrochemical plant and 
refi nery effl uents was found to be very heterogenic. From this it follows that the 
production processes in the plants and refi neries and the wastewater treatment 
approaches differ strongly which leads to a unique chemical composition of the 
effl uents. 

 Studies on the chemical characterization and toxicity of wastewaters from the 
 pulp and paper industry  were recently reviewed (Latorre et al.  2005 ). Contaminants 
which were identifi ed in pulp and paper production effl uents as indicated in this 
review and information from further studies are presented in Table  2.1 . Generally, 
the effl uents contain natural plant constituents such as resin acids (e.g. abietic and 
dehydroabietic acid), lignin, terpenes, catechol, hydroxybenzaldehyde, and struc-
turally related compounds. The bleaching of chemical pulp with chlorine leads to 
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the presence of the chlorinated derivatives of plant constituents: chlorinated 
catechols, chlorinated dehydroabietic acid, chlorinated guaiacols and chlorinated 
syringols. Chlorinated phenols were formerly used as wood preservatives and as a 
result they have also been encountered in effl uent samples (Latorre et al.  2005 ). 
Paper mill effl uents also contained bisphenol A and nonylphenol ethoxycarboxyl-
ates (   Field and Reed  1996 ; Latorre et al.  2005 ), which were shown to be weakly 
estrogenic (White et al.  1994 ; Petrovic et al.  2004 ). Bisphenol A is a common raw 
material in the paper production (Fukazawa et al.  2001 ). The compound is easily 
chlorinated by the bleaching and disinfection agent sodium hypochlorite, and chlo-
rinated bisphenol A derivatives are performed, which were identifi ed in effl uent 
samples (Fukazawa et al.  2001 ). During the last decade, the use of chlorine as 
bleaching agent was reduced and it was replaced by chlorine dioxide, molecular 
oxygen, peroxide or ozone (e.g. Latorre et al.  2005 ). The elimination of chlorine as 
bleaching agent caused the launching of metal binders such as DTPA and EDTA in 
the paper recycling industry, and their occurrence in the respective effl uents. These 
agents bind metals which would otherwise disturb the bleaching process with 
hydrogen peroxide (Lee et al.  1996 ). The replacement of chlorine by other bleaching 
agents also explains the absence of chlorinated compounds in the two most recent 
studies from Japan and Germany. The compounds detected in sediment samples 
from the outfall of the largest paper mill industry area in Japan are used as solvents 
and color sensitizers in the manufacture of thermal paper (Terasaki et al.  2008 ). 
Besides terpenes and resin acids, a photoinitiator (acetyloxytrimethylbicyclo-
heptanedione) and an adsorbent (acetylmorpholine) were found in German effl u-
ents from a paper production facility (Botalova and Schwarzbauer  2011 ). The other 
effl uent constituents were unspecifi c. 

 In effl uents from  rubber and tire production  plants, structurally diverse 
organic compounds were detected, of which many are known as chemicals fre-
quently used in the rubber industry (Table  2.1 ). The presence of benzothiazoles 
and aniline derivatives in effl uents was proved in two studies (Jungclaus et al. 
 1976 ; Puig et al.  1996 ) and arises from the use of benzothiazoles and aniline 
derivatives as catalysts for the vulcanization process (Fishbein  1991 ). Different 
phthalic ester derivatives, i.a. diethylphthalate, dibutylphthalate and dicyclohex-
ylphthalate were also detected (Jungclaus et al.  1976 ; Worawit  2006 ), being 
related to the use of phthalic esters as plasticizers in the rubber production 
(Fishbein  1991 ). Toluene is used as solvent for rubber processing, di- tert .-
butylmethylphenol and structurally related compounds are employed as antioxidants. 
Other important antioxidants are diphenylamines (Fishbein  1991 ), which can 
explain the presence of diphenylamine and propyldiphenylamine in the effl uent 
samples from the US. Mineral oils and tar products are widely used in the rubber 
industry as extenders (Fishbein  1991  and references therein). They contain PAHs, 
such as naphthalene and phenanthrene and their alkylated derivatives as well as 
fl uoranthene and pyrene, which were all found in the effl uents (Jungclaus et al. 
 1976 ). Further compounds were detected in the effl uents, some of them are structurally 
related to the compounds described above, but their specifi c application in the 
rubber and tire production is unknown. 
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 Due to the wide spectrum of industrial chemicals which are synthesized at  chem-
ical production sites , the chemical composition of effl uent samples is very hetero-
genic. For example, different nitrogen containing heterocyclic compounds, sulfur 
containing compounds and chlorinated compounds were identifi ed in an early study 
of effl uents from a chemical production site in the US (Jungclaus et al.  1978 ; Lopez- 
Avila and Hites  1980 ). During the synthesis of the explosive trinitrotoluene, waste-
waters are generated, which are heavily polluted with nitroaromatic compounds, 
including nitrotoluenes, nitrobenzenes, nitroanilines and nitrobenzonitrile 
(Spanggord et al.  1982 ). Effl uents from industries which produce modern plastic 
materials, industrial intermediates, plant production agents and fl ame retardants 
contained a completely different spectrum of contaminants (Table  2.1 ) (Botalova 
et al.  2011 ). Many of them are unspecifi c and also occur in municipal effl uents. 
These are, for example, surfactants such as LAS, fl ame retardants such as alkyl 
phosphates and the plasticizer trimethylpentanedioldi-iso-butyrate (e.g. Eganhouse 
 1986 ; Dsikowitzky  2002 ). Other compounds were described to stem exclusively 
from industrial emission sources, e.g. hexathiepane. Tetramethylbutanedinitrile, 
several identifi ed tertiary amines and triacetin are potential site-specifi c markers for 
the characteristic production processes taking place in three chemical manufactur-
ers, respectively (Botalova et al.  2011 ). Another study exclusively described byprod-
ucts which are performed during specifi c chemical synthesis. Such compounds are 
manufactured unintentionally and have no commercial application. Accordingly, 
little attempts have so far been made to gather information about their properties, 
their toxicities and their fate in the environment (Knepper and Karrenbrock  2006 ). 
Similar to textile industry and tannery wastewaters, naphthalene sulfonates, ben-
zene sulfonates and LAS were detectable in effl uents from a manufacturer of plastic 
materials, lacquers and plant protection agents (Castillo et al.  2001 ). The analysis of 
effl uents from a chemical manufacturer in France (Santos et al.  1996 ) revealed the 
presence of different solvents, which are widely known as water pollutants. 

 As in the chemical manufacturing, the production processes in the  pharmaceutical 
industry  are very diverse and depending on the manufactured medicines, which is 
 mirrored by complete different chemical compositions of the effl uents (Table  2.1 ). 
Effl uents of a German pilot treatment plant contained the antihistamine cimetidine, the 
tranquilizer bromazepam, the pain reliever diclofenac and the anticonvulsant metharbi-
tal (Schröder  1999 ). Mainly steroids which are structurally related to androsterone 
were found in effl uents from another German company. They are probably byproducts 
of the manufacturing of hormone supplements (Dsikowitzky  2002 ). Further steroid 
hormones including cortisol, cortisone, dexamethasone and prednisolone were deter-
mined in pharmaceutical industry effl uents in the Netherlands (Schriks et al.  2010 ). 

 We found a rather limited number of studies about effl uents from other industrial 
facilities such as the food-processing industry, cement industry, automotive industry 
and a power station (Table  2.1 ). Information about the emissions of the coating and 
printing industry and of manufacturers of electric devices, toys and computers 
would be interesting, but are lacking. 

 Several compound groups appeared in many different industrial effl uent types 
including benzene and naphthalene sulfonates, phthalic acid esters, volatile organic 
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solvents, chlorinated benzenes, phenol and alkylphenols. It illustrates that they are 
unspecifi c and implies that their occurrence in the environment does not allow for 
attributing their presence to certain emission sources. The analytical approaches 
determine the set of compounds which are detectable in the samples. Compound 
groups which were addressed frequently were sulfonates and endocrine disrupters. 
However, screening studies illustrated that emerging environmental contaminants 
might be generated during wastewater treatment and released to aquatic systems, 
which are not addressed by monitoring studies. This applies also to byproducts of 
industrial synthesis. The replacement of environmentally problematic compounds 
by novel industrial formulation is common and leads to the occurrence of further 
emerging contaminants in the effl uents with unknown impact in the environment. 

 Overall, the heterogeneity of the chemical composition of effl uents from similar 
industries is striking. The observed differences are related to different industrial 
production processes, leading to the presence of varying synthesis educts, additives, 
products and byproducts in the wastewaters. For wastewater treatment, different 
techniques are applied which exhibit different effi ciencies in contaminant removal. 
Chemical materials are synthesized in batches, leading also to short-term fl uctua-
tions in the effl uent composition. Many authors addressed these fl uctuations and 
generated composite samples or carried out multiple sampling sessions. 

 Given the diversity of the production processes and high structural diversity of 
the effl uent constituents, further studies on effl uents from chemical production sites, 
petrochemical and pharmaceutical industry should be carried out. These industries 
emit a plentitude of structurally diverse organic contaminants. Many of these com-
pounds might be stable in aquatic systems, but there occurrence has not been 
reported yet and no information is available about their distribution in the environ-
ment and their ecotoxicological relevance. 

 The occurrence of the described compounds in industrial effl uents does not indi-
cate their persistence in the environment. The fate of industrial contaminants in 
aquatic systems is discussed in Sect.  2.3 .   

2.3           Tracing Industrial Wastewaters in the Environment 

 In this section, studies on the occurrence and fate of industrial contaminants in 
aquatic systems are discussed. Only studies are selected, which applied a compre-
hensive chemical characterization of the samples, and in which the identifi ed con-
taminants were unequivocally attributed to industrial emissions. Although various 
studies were published which focus on the occurrence of organic contaminants in 
industrial wastewaters (Sect.  2.2.2 ), relatively few studies were found which survey 
the fate of industrial contaminants in aquatic systems (Table  2.2 ).

   Two early studies were groundbreaking for this topic. Organic contaminants 
were identifi ed in effl uents of a chemical production site (Table  2.1 ) and subse-
quently traced in the adjacent river water course and coastal waters (Table  2.2 ) 
(Jungclaus et al.  1978  and Lopez-Avila and Hites  1980 ). The chemical composition 
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of the river water refl ected the effl uent discharge and the aqueous concentrations of 
the various compounds followed the rule of simple dilution. The compounds with 
the highest octanol-water coeffi cients were found to be strongly associated with 
particulate matter and were detectable in the sediments, also at the greatest distance 
from the plant, some of them in high concentrations. Namely benzotriazole, chloro-
benzotriazole, diphenylether, trichlorodiphenylether, dibenzoazepine, triazine, 
phenylbutazone and phenylnaphthylamine occurred throughout the whole environ-
mental system or were present at relatively high concentrations. Some of the 
 compounds evaporated or degraded; for example, the degradation process involved 
the oxidation of dissolved phenols to quinones. It was concluded that the long-term 
exposure to this wide variety of contaminants contributed to the lack of biota in the 
receiving river water course. 

 Most of the later studies observed solely the fate of industrial contaminants in 
aquatic systems without the simultaneous characterization of contaminants in the 
effl uents. Many of them were carried out in industrial nations of the northern 
hemisphere. 

 Aminodichlorobenzothiazole was identifi ed for the fi rst time in river water near 
a complex of the  textile industry  in Korea (Table  2.2 ) (Kwon et al.  2003 ). It is an 
educt for the synthesis of magenta dyes (EP Patent 0,468,380). Although the Ames 
test revealed no mutagenic activity of the compound, its presence in public water-
ways might need further attention due to the unknown effects on the health of 
humans and aquatic animals. Different dye stuffs and degradation products were 
also detected in other river systems (Maguire  1992 ; Nukaya et al.  1997 ; Oguri et al. 
 1998 ; Shiozawa et al.  2000 ; Umbuzeiro et al.  2005 ). Another study on riverine con-
tamination by a leather  tannery  demonstrated the presence of relatively unspecifi c 
non-halogenated organic solvents in water samples (Yasuhara et al.  1981 ). 

 High concentrations of tribromomethane, dimethylpyridine and thioanisole were 
detected in water samples from the vicinity of  petrochemical industries  (Grigoriadou 
et al.  2008 ; Botalova and Schwarzbauer  2011 ). However, the origin of tribromo-
methane and thioanisole could not directly be linked to production processes in the 
petrochemical plants (Grigoriadou et al.  2008 ; Botalova and Schwarzbauer  2011 ). 
Different alkylated PAHs were detected in water, sediments, mangrove macroben-
thos and fi sh from a tropical lagoon which receives wastewaters from a large oil 
refi nery (Dsikowitzky et al.  2011 ). Alkylated PAHs are more abundant in crude oil 
and more persistent in the environment than parent PAHs (Barron and Holder  2003 ). 
This suggests their use for the tracing of petrogenic contamination rather than 
 considering only a limited number of parent PAHs. Furthermore, triphenylphosphi-
neoxide, a byproduct of the industrial production of olefi ns, was detected in many 
of the animal tissue samples from the tropical lagoon (Dsikowitzky et al.  2011 ). Its 
presence in petrochemical effl uents was demonstrated (Botalova et al.  2009 ), but it 
also occurs in municipal sewage (Rodil et al.  2005 ). 

 The bleaching of chemical pulp with chlorine, which is a process frequently 
applied by the  pulp and paper industry , results in the performance of chlorinated 
derivatives of plant constituents such a chlorophenols, chloroguaiacols, chlorovanil-
lins, chlorosyringols and chlorocatechols (Sect.  2.2.2 ). Their presence in aquatic 
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systems was demonstrated in a number of studies, and they were detected in water, 
sediment and animal tissue (Table  2.2 ). A completely different compound spectrum 
was found in the vicinity of thermal paper manufacturing plants due to the different 
production processes. The chemical composition of the water, sediment and animal 
tissue from the plant vicinity refl ected adequately the composition of the wastewa-
ters (Tables  2.1  and  2.2 ) (Terasaki et al.  2012 ). Discharges of a  rubber and tire 
production facility  resulted in the presence of different derivatives of benzothiazole 
in a water irrigation channel (Tables  2.1  and  2.2 ) (Puig et al.  1996 ). The compounds 
remained intact after the purifi cation process in the plant and were traced in the 
public waterways over more than 100 km distance from the source, indicating their 
stability. 

 Tetrabromobisphenol A, a brominated fl ame retardant, and its dimethylated 
derivative were found in high concentrations in sediment samples downstream a 
 chemical production site  in Sweden (Sellström and Jansson  1995 ). It was demon-
strated that this particular production site emitted the tetrabromobisphenol A by 
analyzing circuit boards which are produced by the company and by analyzing 
sludge from a sewage treatment plant receiving leach water from a landfi ll with 
wastes from this plant. The circuit boards and the sludge samples contained high 
levels of the target compound. In sewage sludge samples from a treatment plant to 
which no known users of tetrabromobisphenol A were connected, and in sediment 
samples from upstream the plant, signifi cantly lower levels of the compound were 
found. 

 Hexamethoxymethylmelamine was found in surface waters of the Netherlands 
(Bobeldijk et al.  2002 ). This compound is used as cross-linking agent in organic 
coatings and plastics. In Europe, industrial applications include coatings for cans, 
coils and automobiles (Weiss  1997 ). HMMM is also used for the formation of 
melamin nanoparticles and for the production of castings (e.g. Weber et al.  2009 ). 
The presence of this compound in surface waters is therefore likely related to its 
application in specifi c industrial production processes. 

 The presence of different chlorinated organic contaminants in Spanish river 
water refl ected the impact of a chlorinated organic solvent factory in the vicinity of 
the sampling sites (Table  2.2 ). However, the tap water of the nearby village was not 
affected and the concentrations of chlorinated compounds were below safety thresh-
olds for drinking water (Amaral et al.  1996 ). The city of Sumgayit in Azerbaijan 
was a center for the production of chlorinated industrial and agricultural chemicals 
of the former Soviet Union. In sediments from wetlands in the vicinity of the indus-
trial complex, high concentrations of toxic organochlorine pesticides were found. In 
comparison to turtles from reference sites, signifi cantly enhanced levels of all emit-
ted pesticides were measured in two turtle species ( Mauremys caspica ,  Emys orbi-
cularis ) from the wetlands (Swartz et al.  2003 ). Bitterfeld was an important 
industrial production complex for chlorinated organic compounds in the former 
German Democratic Republic. The industrial discharges were released to a brook 
which fl ows into the Mulde River, a tributary of the Elbe River. To date chlorinated 
naphthalenes have been reported in high concentrations in the brook sediments 
(Table  2.2 ) (Brack et al.  2003 ), as well as in Elbe River and Mulde River sediments 
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(Schwarzbauer, unpublished results). Organochlorine pesticides and other chlorinated 
organic compounds were also detected in groundwater samples from the vicinity of 
another production unit of the German Democratic Republic which was closed at 
the end of the 1980s (Frische et al.  2011 ). The presence of specifi c chlorinated 
contaminants downstream a modern chemical production site in Germany was 
attributed to the technical synthesis of low volatile chlorinated organic compounds 
in the plant (Dsikowitzky et al.  2004 ; Kronimus et al.  2004 ). 

 In another study, several types of organic contaminants were identifi ed in indus-
trial wastewaters of the chemical industry which were byproducts of specifi c pro-
duction processes (Table  2.1 ). All of them were also traced in the Rhine River, 
Germany (Knepper and Karrenbrock  2006 ; Knepper et al.  2000 ) (Table  2.2 ). In 
river water samples taken downstream at different distances from several industrial 
point sources in Germany, a set of organic contaminants was identifi ed, which were 
attributed to the specifi c discharges. Chloromethyldioxolane only occurred in sam-
ples taken downstream a chemical production site and was suggested as site-specifi c 
molecular marker (Botalova and Schwarzbauer  2011 ). 

 The presence of several pharmaceutical drugs in river sediments was unequivo-
cally attributed to discharges of the  pharmaceutical industry . Less known pharma-
ceutical intermediates and/or transformation products were identifi ed, which had 
not been reported from freshwater sediments as yet (Terzic and Ahel  2011 ). 

 Only in comprehensive studies including industrial wastewaters  and  fi eld sam-
ples, the compound spectra found in the wastewater samples could be retrieved in 
samples from the adjacent aquatic system. In all other cases, except the pulp and 
paper industry, the compound spectra found in fi eld samples from industrialized 
areas (Table  2.2 ) was totally different from those in studies on effl uents of the 
respective industries (Table  2.1 ). This illustrates again the complexity of the chemi-
cal composition of industrial wastewaters, even from the same industry types, and 
the lack of data about the related environmental impacts (see also Sect.  2.2.2 ). 
Screening analyses of the individual contamination profi le of industrialized areas 
are therefore urgently required including the examination of wastewater samples 
 and  fi eld samples. 

 Many well-known pollutants such as PCBs, chlorinated benzenes and fl ame 
retardants may either origin from industrial or from municipal sources (e.g. 
Blanchard et al.  2004 ; Law et al.  2006 ; Marti et al.  2011 ). Although their presence 
in industrialized areas suggests their industrial origin, they exhibit a lot of different 
applications and therefore cannot unequivocally be attributed to industrial emis-
sions. Studies with a high spatial resolution covering upstream and downstream 
sampling at potential emission sites are necessary to demonstrate industrial inputs 
of such unspecifi c contaminants. It is therefore benefi cial to identify industrial 
organic markers which allow the tracing of specifi c industrial emissions in the envi-
ronment. The marker concept has been developed by geochemists to understand the 
sources, transport and fate of organic compounds. An ideal marker should be source 
specifi c and exhibit a conservative behavior. The source specifi city refers to the link 
between a molecular marker and its source. The conservative behavior implies that 
the marker is stable over time scales relevant to the processes under study (Eganhouse 
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 1997 ; Takada and Eganhouse  1998 ). Potential industrial organic markers should be 
characteristic for wastewaters from different industrial branches and for the specifi c 
industrial production processes which are applied. 

 These markers can then be used to verify the input of specifi c industrial waste-
waters to aquatic systems and to investigate the spatial distribution of the emission. 
This information is vital to disentangle different emission sources and to further 
investigate their potential impacts in the environment. The generated knowledge 
can provide a scientifi c basis for the development of management measures for a 
reduction of the contamination. In Table  2.3 , potential industrial organic markers for 
different emission sources are presented as synthesis of Sects.  2.2.2  and  2.3 .

   The listed compounds are source specifi c, meaning that their occurrence is 
related to specifi c industrial production processes. Due to their structural character-
istics it can be excluded that they also occur in nature. Furthermore, they were 
detectable in fi eld samples indicating their environmental stability. Therefore, they 
fulfi ll the criteria for marker compounds. The chemical structures of these potential 
industrial markers are presented in Fig.  2.2 . Some of the compounds which were 
detected in the environment and were unequivocally attributed to a specifi c indus-
trial source are known to occur also in municipal sewage such as triphenylphosphi-
neoxide. These compounds were excluded. Future studies should verify the 
usefulness of the suggested industrial markers and identify more markers for 
specifi c industrial production processes.

2.4        Identifi cation of Toxic Organic Contaminants 
in Industrial Wastewaters 

 Toxicity tests with microorganisms and algae were successfully conducted to  survey 
the toxic effects of industrial wastewaters before and after wastewater treatment 
(e.g. Chen et al.  1999 ; Kungolos  2005a ,  b ). The approach allows to assess the reduc-
tion of the toxicity which is achieved by wastewater treatment and to estimate the 
impact of the treated wastewater on aquatic organisms. The toxicity of numerous 
single organic contaminants which are commonly found in industrial wastewaters 
was tested under laboratory conditions for different experimental species (e.g. 
Nestmann et al.  1980 ; Drzyzga et al.  1995 ; Ali and Sreekrishnan  2001 ). 

 The mentioned studies give evidence about the toxicity of specifi c industrial 
organic contaminants and different industrial wastewaters and are useful to esti-
mate potential impacts in the environment. However, the causative constituents 
which are responsible for the observed toxicity of whole wastewater samples are 
not identifi ed. To close this gap of knowledge, mainly two approaches are applied 
which combine chemical analysis and toxicity evaluation: (1) chemical character-
ization of wastewaters and toxicity evaluation, and (2) toxicity-based fractionation 
of the wastewater samples and thereafter identifi cation of the compounds which 
caused the observed toxic effects. Both approaches are discussed in the following 
sections. 
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2-Amino-6,7-dichlorobenzothiazole
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Methyldibenzothiophene
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Benzyl-2-naphthylether
CAS No.613-62-7

O O

C2H5
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Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Octachlorostyrene

N

Dimethylpyridine

OH

O

Clx

Chloroguaiacols

N
S

CH3

Methylbenz-iso-thiazole
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  Fig. 2.2    Chemical structures of potential industrial markers; These compounds do not occur in 
municipal sewage, their origin can be attributed to specifi c industrial production processes and 
they were detectable in industrial areas. They can be used to verify the input of specifi c industrial 
wastewaters to aquatic systems and to investigate the spatial distribution of the emission       
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2.4.1      Chemical Characterization of Industrial Wastewaters 
and Toxicity Evaluation 

 The approach includes toxicity tests with the whole wastewater, a chemical 
 characterization of the samples and in most cases subsequent toxicity testing using 
reference materials of the identifi ed compounds. Organic contaminants which were 
identifi ed to contribute to the toxicity of whole wastewater samples are listed in 
Table  2.4 .

   The whole effl uent toxicity of raw wastewaters from the  textile industry  was 
assessed using a bacterial biosensor and different luminescence inhibition assays. 
The EC 50  values of the polar compounds identifi ed in the samples were determined 
with reference compounds and toxicity units were calculated. The results revealed 
that the identifi ed polar compounds accounted for a signifi cant portion of the total 
observed wastewater toxicity (Farré et al.  2001a ,  b ). In a further comprehensive 
study on the chemical composition and toxicity of wastewaters from the textile 
industry and the receiving aquatic system in Brazil, the presence of three prevalent 
dyes came out. The combination of these dyes corresponded to a commercial prod-
uct, which was also tested and exhibited mutagenic activity (Umbuzeiro et al.  2005 ). 

 Different chlorinated and brominated organic compounds were found in spent 
bleach liquor from the  pulp and paper industry  in Norway. The Ames test revealed 
mutagenic activity of the wastewater. Three halogenated organic compounds were 
found to be the main constituents of the wastewaters and were synthesized to inves-
tigate if these compounds were responsible for the observed effect. However, all 
three reference compounds only showed a weak mutagenic activity (Bjørseth et al. 
 1979 ; Carlberg et al.  1980 ). The authors noted that the compounds or the combina-
tion of compounds which were responsible for the mutagenic effect could not been 
identifi ed. 

 Phenol, dihydroxybenzene and hydroquinone were present in the effl uents of a 
treatment plant receiving wastewaters from a  chemical production site  in Italy. The 
toxicity of the effl uent constituents was tested with a battery of experimental species 
and purchased reference compounds. The test results and data from the literature 
were used to calculate toxicity units. Effl uent toxicity was under- or overestimated 
by calculating the sum of the toxicity units depending on which toxicity data and 
test organisms were used (Guerra  2001 ). 

 Toxicity tests with different industrial wastewaters from Sweden, Germany and 
Spain revealed the genotoxic and cytotoxic properties of untreated wastewaters 
from tanneries and from a chemical production site. The cytotoxic effects correlated 
with the presence of LAS in the samples (Castillo et al.  2001 ). The effl uents of dif-
ferent industries in South China were tested for their acute toxicity with a battery of 
test species including green algae ( Pseudokirchneriella subcapitata ),  daphnia , 
genetically modifi ed strains of  Escherichia coli  and duckweed ( Lemna minor ) 
(Fang et al.  2012 ). In all effl uents endocrine disrupting chemicals, PCBs, PAHs and 
PCDDs/PCDFs were detectable. Due to the complex chemical composition of the 
effl uents, the authors remark that the observed toxicity of the effl uents was caused 

L. Dsikowitzky and J. Schwarzbauer
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by a mixture of various substances which makes the identifi cation of the causative 
constituents very diffi cult. Moreover, the mixture effects can be synergistic, additive 
or antagonistic. No further toxicity tests with reference compounds were conducted. 

 A review of approaches involving chemical analysis and toxicity testing of 
wastewaters and an overview of toxicity data for phenols, polyethoxylate surfac-
tants, LAS, naphthalene and benzene sulphonates and other organic contaminants 
was presented by Farré and Barceló ( 2003 ). The study of the toxic response of these 
commonly in industrial wastewaters occurring compounds can help to identify their 
contribution to the total toxicity of wastewater samples. A broad-range correlation 
between presence of priority pollutants and whole effl uent toxicity across a range of 
industry types was done by Sarakinos et al. ( 2000 ). There were effl uent types for 
which there was one order of magnitude variation in inferred and measured toxicity. 
Overall, chemical-based assessments tended to overestimate toxicity of effl uents 
containing high metal concentrations and to underestimate the toxicity of pulp mill 
effl uents. Main and interaction effects of contaminants commonly found in textile 
dyes, pulp and paper mill effl uents and oil refi nery effl uents were assessed by Parvez 
et al. ( 2008 ). Four-component mixtures using reference compounds were prepared 
and the toxicity of the different combinations were determined using a lumines-
cence inhibition assay with  Vibrio fi scheri . In all tested mixtures, the magnitude of 
main effects was more signifi cant than the interaction effects. It was furthermore 
highlighted that the behavior of an individual component changed in presence of 
other components. Specifi c physico-chemical properties, i.e. partition coeffi cient, 
molecular size and polarity of the compounds partly explained the behavior of the 
compounds in a mixture. 

 Although it was demonstrated that toxic effects correlated with the presence of 
specifi c contaminants in the investigated wastewater samples, the total toxicity of 
the samples could not be attributed to the identifi ed compounds. This is due to the 
complex chemical composition of the samples, which impede a complete chemical 
characterization of the organic constituents. The presence of compounds which 
have not been considered as target analytes such as unidentifi ed organic contami-
nants and heavy metals might also have contributed to the observed toxic activities. 
Furthermore, also other physico-chemical factors such as salinity, temperature, pH, 
nutrient concentrations and hardness might infl uence total wastewater toxicity.  

2.4.2     Effects-Directed Analysis 

 This approach includes the extraction of wastewater samples and fractionation 
applying chromatographic methods such as HPLC and TLC. Subsequently, the 
obtained fractions are characterized according to their toxicity. The constituents of 
the toxic fractions are then analyzed by common analytical methods such as GC/
MS, LC/MS and LC/MS-MS. As the last step, the toxicity of the identifi ed com-
pounds has to be confi rmed (e.g. Schuetzle and Lewtas  1986 ; Brack  2003 ; Hewitt 
and Marvin  2005 ; Brack et al.  2008 ). 
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 In the 1980s, the Environmental Protection Agency of the US  developed a 
method for the extraction, fractionation and toxicity testing of unpolar organic 
contaminants in wastewaters (Burkhard and Ankley  1989 ; Burkhard et al.  1991 ). 
The sample extraction was executed with reversed phase SPE. The extracted 
compounds were eluted using mixtures of water and methanol. The toxicity of 
the obtained fractions was tested using  daphnia . Only the toxic fractions were 
further separated with HPLC and analyzed with GC/MS. The crucial advantage 
of this newly developed method was the application of a reversed extraction 
phase. From this phase, the extracted compounds were eluted using relatively 
low toxic water–methanol solvent mixtures. The tolerance of most species 
towards methanol allows a testing of the fractions with up to one percent per 
volume methanol. Using this approach, effl uent samples from the pharmaceuti-
cal industry, a textile factory and the pulp and paper industry were investigated 
and tested with  Vibrio fi scheri  (Svenson et al.  1996 ). Further developments of 
effects-directed analysis allowed to augment the determinable compound spec-
trum to more polar and hydrophilic wastewater constituents (Fiehn and Jekel 
 1996 ; Fiehn et al.  1997 ; Reemtsma et al.  1999a ,  b ; Castillo and Barceló  1999b ; 
Reemtsma  2001 ). The exclusive usage of one test species probably leads to the 
systematic neglect of toxicants which do not have an effect on the specifi c cell 
metabolism of this test organism (Brack  2003 ). It is therefore a meaningful further 
methodological development to use a set of test organisms such as daphnia, green 
algae  and  luminous bacteria (Brack et al.  1999 ; Brack  2003 ). Additional to the 
conventional biotests also the genotoxic, hormonal and bioaccumulative poten-
tial of wastewaters should be evaluated (Pessala et al.  2004 ). The analytical 
methods applied for the effects-directed analysis of wastewater and fi eld samples 
were reviewed in detail by Hewitt and Marvin ( 2005 ). Toxic organic compounds 
which were identifi ed in industrial wastewaters applying effects-directed analysis 
are summarized in Table  2.5 .

   The acute toxicity of a  textile industry  effl uent for  Vibrio fi scheri  was found 
to be caused by two unsaturated fatty acids and two tridecanols, which accounted 
for 84 % of the toxicity of the effl uent (Svenson et al.  1996 ). In the most toxic 
fractions of untreated textile wastewaters from Spain, a set of organic contami-
nants was identifi ed including phthalic acid esters and nonylphenol isomers 
(Castillo and Barceló  2001 ). Different benzothiazole derivatives, cresol, dichlo-
robenzoic acid and methylbenzoic acid were identifi ed as toxicants in  tanneries  
effl uents (Reemtsma et al.  1999a ,  b ). In the toxic fractions of tannery wastewater, 
a variety of anionic and nonionic organic compounds were found. The confi rma-
tion step included toxicity tests with artificial water samples which contained 
the major identifi ed contaminants in similar concentration levels (Castillo and 
Barceló  1999b ). 

 A number of studies on the identifi cation of toxicants in effl uents from the  pulp 
and paper industry  have been conducted in Canada. Moreover, studies of the effects 
of pulp and paper mill effl uents on aquatic organisms were reviewed in detail by 
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Hewitt et al. ( 2008 ) and Hewitt ( 2011 ). Chlorinated catechols were regularly 
detected in effl uents from pulp mills and were found in water, sediment and fi sh bile 
(Tables  2.1  and  2.2 ). They were also identifi ed as toxicants in chlorination-stage 
effl uents from bleached kraft pulp mills (Table  2.5 ) (Mckague  1981 ). Another early 
study revealed that the mutagenicity of pulp mill effl uents for  Salmonella  strains 
was mainly attributed to trichlorohydroxyfuranone (Holmborn et al.  1984 ). This 
compound is known to be performed as byproduct during the chlorination of humic 
acid (Meier et al.  1986 ). Effl uents from the forest industry contained two unsatu-
rated fatty acids and an unsaturated fatty acid amide as dominant toxicants, and 
almost the total toxicity of the sample (97 %) was accounted for by these three 
compounds with a contribution of the interaction of the three (Svenson et al.  1996 ). 
Effl uents from a thermomechanical pulp mill induced hepatic mixed-function oxy-
genase activity in the rainbow trout. Organic compounds which naturally occur in 
the balsam fi x  Abies balsamea  were identifi ed as the constituents of the toxic frac-
tion (Martel et al.  1997 ). Applying an effects-directed analytical approach, also 
chlorinated pterostilbene was identifi ed as toxicant in pulp mill effl uents. The pres-
ence of this compound corresponded with the induction of mixed-function oxygen-
ase activity in the rainbow trout. Pterostilbene belongs to the pinosylvin family, a 
group of naturally occurring substances that are often present in coniferous trees 
(Burnison et al.  1999 ). Its chlorinated derivative is performed during the bleaching 
of the chemical pulp with chlorine. It is interesting that a biogenic compound, modi-
fi ed during bleaching, caused the observed biological response. Resin acids are the 
main constituents of natural tree resins. Despite their biogenic origin, it was demon-
strated that several resin acids which occurred in paper mill effl uents caused antias-
trogenic effects (Terasaki et al.  2009 ). 

 Approximately 70 % of the toxicity of effl uents from a  chemical production site  
in the US was attributed to un-ionized ammonia. However, residual toxicity was 
assessed applying different fractionation and identifi cation steps and revealed the 
presence of hydroxymethylthiobenzothiazole in the effl uents (Jop et al.  1991 ). 
Several organic compounds were identifi ed as the main toxicants in effl uents from 
a chemical production site in China (Yang et al.  1999 ). A toxicity-based fraction-
ation was also conducted with effl uents from another chemical production site in 
China. A confi rmation procedure using standard materials revealed that benzopy-
rone and phenol accounted for 44.6 % and 32.9 % of the whole effl uent toxicity, 
respectively. It was observed that the two toxicants showed synergistic effects (Jin 
et al.  1999 ). 

 Phenylacetic acid methylester, an educt for the synthesis of pharmaceutical drugs 
and a substituted thiazol, which was a component of a pharmaceutical drug, were 
identifi ed as main toxicants in the effl uents of the  pharmaceutical industry  (Svenson 
et al.  1996 ). 

 The identifi cation of wastewater constituents which are causing recorded toxic 
effects requires a lot of analytical expertise and has proven to be a “demanding 
challenge” (Hewitt and Marvin  2005 ). Although a number of good results were 
obtained during the early studies in the 1980s and 1990s, only few data were gener-
ated during the last decade.   
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2.5     Chemical Evaluation of Industrial Contamination 
Linked to Surveys of Environmental Impacts 

 We present here studies which attempt to correlate a detected industrial contamina-
tion in the environment with observed impacts on aquatic organisms. Studies which 
demonstrated that toxic effects in the fi eld were directly attributed to the occurrence 
of specifi c industrial contaminants are discussed in Sect.  2.5.1 . Surveys which 
revealed that the presence of industrial organic contaminants in fi eld samples cor-
related with changes on the community level of aquatic organisms are discussed in 
Sect.  2.5.2 . 

2.5.1      Industrial Contamination and Toxicity 
Evaluation in the Field 

 Several studies demonstrated the toxic activity of fi eld samples and related the 
observed effects to the presence of industrial organic contaminants. In the 
Nishitakase River, Japan, three mutagens were identifi ed in water samples using 
 Salmonella typhimurium . The compounds were identifi ed as phenylbenzotriazole 
derivatives (Sect.  2.3 , Table  2.2 ). The river is affected by discharges of the  textile 
industry  and because of the structural similarity it was postulated that the com-
pounds are performed during industrial dying or during sewage treatment as metab-
olites of azo dyes (Nukaya et al.  1997 ; Oguri et al.  1998 ; Shiozawa et al.  2000 ). The 
mutagenic activity of water samples from the Cristais River, Brazil, for  Salmonella 
typhimurium  was also attributed to the impact of the textile industry (   Umbuzeiro 
et al.  2004 ). The combination of three azo dyes, which was also present in the effl u-
ents and which corresponded to a commercial product, was identifi ed (Sects.  2.3  
and  2.4.1 ). The dyes were found to contribute to the mutagenic activity of the river 
water samples, and indirectly also an impact on the quality of the related drinking 
water was demonstrated. Coastal sediments from the vicinity of plants of the  petro-
chemical industry  in Kuwait were contaminated by heavy metals and PAHs. The 
fresh wet sediments were acutely toxic for  Vibrio fi scheri . The LC 50  was negatively 
correlated with the PAH and heavy metal concentrations suggesting causality. 
However, no individual contaminant could be singled out as a main toxicant (Beg 
et al.  2001 ). Neoplasms and related disorders were found in fi sh from coastal waters 
close to a paper mill. Analysis of the sediments revealed the presence of 28 organic 
contaminants including resin acids, chlorinated phenols, chlorinated guaiacols and 
PAHs. Among the identifi ed compounds, trichlorophenol, tetrachloroguaiacol, 
dehydroabietic acid, pyrene and fl uoranthene revealed mutagenic activity in tests 
using  Bacillus subtilis  and  Salmonella typhimurium . In liver samples of the spotted 
sea trout  Nibea mitsukurii  from the same area, the mutagen epoxystearic acid was 
identifi ed (Kinae et al.  1981a ,  b ). The Fenholloway River, US, receives effl uents 
from a paper mill and contains populations of masculinized female eastern 
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mosquitofi sh  Gambusia holbrooki . Water samples collected from the river and a 
control tributary were analysed. Fenholloway River water contained androstenedi-
one. In the river sediments, androstenedione and progesterone were found. The 
authors concluded that pulp-derived phytosteroids are converted by microbes into 
progesterone and subsequently into androstenedione and other bioactive steroids. 
The presence of these compounds in the river might be responsible for the occurrence 
of the masculinized phenotype of female eastern mosquitofi sh (Jenkins et al.  2001 , 
 2003 ). Sediments from a brook which received wastewaters from the chemical 
 production site Bitterfeld were investigated. Bitterfeld was an important industrial 
production complex for chlorinated organic compounds in the former German 
Democratic Republic (Sect.  2.3 ). Organic toxicants were identifi ed applying effects- 
directed analysis. Methyl parathion, prometryn, phenylnaphthalene amine, PAHs 
and tributyltin were confi rmed as major toxicants using  Vibrio fi scheri ,  Daphnia 
magna  and  Scenedesmus vacuolatus  (Brack et al.  1999 ). 

 Another type of studies applied caging experiments in areas affected by indus-
trial discharges to assess whether the contamination had an effect on the exposed 
experimental species. The procedure included the identifi cation of the causative 
toxicants. The toxicity of a leather  tannery  effl uent to a transplanted population of 
blue mussels  Mytilus edulis  in an Irish estuary was assessed. Additionally, the mus-
sels were exposed to single constituents of the effl uents under laboratory conditions. 
After 1 year, the fi tness of the transplanted mussels was at most sites comparable to 
the control group except those closest to the tannery outfall. The laboratory 
 exposures revealed that the fungicide thiocyanomethylthiobenzothiazole enduced 
lipid peroxidation in the digestive gland and amoebocyte proliferation in the gills 
(Walsh and O’Halloran  1997 ). 

 Rainbow trouts ( Salmo gairdneri ) were exposed for 48–144 h to effl uents from a 
 paper mill  and were examined for the presence of dehydroabietic acid in the whole 
fi sh. Dehydroabtiec acid concentrations in the exposed fi sh were 2–10 times higher 
than in the control group. The authors supposed that the accumulation of dehy-
droabietic acid could result in sublethal toxic effects (Fox et al.  1977 ). However, 
further toxicity tests to confi rm this assumption were not carried out. In the blood 
plasma of caged rainbow trouts in Lake Saimaa, Finland, chlorinated phenols, chlo-
rinated guaiacols, trichlorosyringol, tetrachlorocatechol and free resin acids were 
detected. In the control group, none of these compounds were detectable. The lake 
received bleached pulp mill effl uents and the chlorinated contaminants were also 
present in the lake water (Table  2.2 ). During the 10-day caging period, increased 
haemoglobin and decreased plasma protein concentrations as well as a partial inhi-
bition of liver UDP-glucuronosyltransferase was observed, even in a distance of up 
to 11 km from the source (Oikari et al.  1985 ). In whitefi sh  Coregonus lavaretus  
exposed for 1 month in the same lake, chlorinated contaminant concentrations in 
bile and gut lipids correlated with distance from the source. The whitefi sh responded 
to the effl uent exposure in a dose dependent way seen as a gradient change of the 
liver enzyme activity (Soimasuo et al.  1995 ). White sucker  Catostomus commersoni  
was caged for 3 days in bleached pulp mill effl uent and in a reference stream. The 
exposed group exhibited a 15–90 fold elevated mixed function oxygenase activity. 
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For the identifi cation of the causative constituents, liver samples were extracted, 
fractionated and the fractions were tested for mixed function oxygenase activity in 
rat cells. Although PCDDs, PCDFs and chlorinated diphenylethers were identifi ed 
in the toxic fractions, the respective concentrations were too low to be solely respon-
sible for the whole observed effect (Parrott et al.  2000 ).  

2.5.2      Industrial Contamination and Field Surveys 
of Ecological Changes 

 Studies on the relationship between chemical contamination and biological diversity 
in river systems were reviewed by Ricciardi et al. ( 2009 ). The authors noted that only 
a few studies couple chemical and biological analysis to evaluate water quality and 
the related effects on fl uvial diversity. A response of freshwater invertebrates to 
chemical contamination was demonstrated (e.g. Cao et al.  1997 ; Day et al.  2006 ). A 
loss of sensitive species was observed at the most polluted sites along a pollution 
gradient in the River Trent, UK. Tolerant species were abundant at intermediately 
polluted sites and absent at clean sites (Cao et al.  1997 ). Interestingly, total individu-
als, total species and species richness of macroinvertebrates was highest near the 
outfall a sewage treatment plant in Louisiana, US, and declined further away (Day 
et al.  2006 ). The faunistic composition in coastal waters receiving sewage was also 
assessed (e.g. Inglis and Kross  2000 ; Wake  2005 ; Simboura et al.  1995 ; Bigot et al. 
 2006 ; Saunders et al.  2007 ; Calabretta and Oviatt  2008 ). Univariate and multivariate 
analysis revealed that the coastal area receiving sewage from Athens, Greece, could 
be divided into three zones which refl ected the degree of pollution affecting the com-
munities (Simboura et al.  1995 ). At stations closest to an urban center at the US 
coast, communities with opportunistic taxa were found which persisted in a state of 
low faunal diversity (Calabretta and Oviatt  2008 ). However, watershed analysis in 
these studies did not include a comprehensive characterization of the organic con-
tamination but referred to heavy metal concentrations or standard parameters such as 
dissolved oxygen content, particulate organic carbon and nutrient concentrations. 

 In order to link contaminant exposure to community changes in fl uviatile sys-
tems, a biotic indicator of species at risk was developed and applied in different fi eld 
studies in Europe and Australia (Schäfer et al.  2007 ,  2011 ; Liess et al.  2008 ). 
However, multivariate analysis of the contamination of fl oodplain sediments and 
community composition in a lake revealed that PAH concentrations did not corre-
late with changes of the benthic community (De Lange et al.  2009 ). 

 The occurrence of tributyltin in coastal waters was found to correlate with 
changes of the faunal composition of macrobenthos and meiobenthos (Warwick 
et al.  1990 ; Matthiessen and Law  2002 ), whereas oxygen depletion rather than 
chemical contamination was the dominant anthropogenic infl uence in an estuary 
receiving wastewaters (Saiz-Salinas  1997 ). In the San Francisco Estuary, US, many 
anthropogenic contaminants occured at levels above known toxicity thresholds. A 
long term monitoring of associated effects on the estuary’s plankton, fi sh, birds and 
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mammals revealed that no single contaminant was consistently related to effects among 
the biota considered. This was explained by the wide range of sensitivity to contami-
nants among the investigated organisms (Thompson et al.  2007 ). The Todos os Santos 
Bay in Brazil is a heavily industrialized area and urban center receiving discharges 
from an oil refi nery. Macrobenthic communities in the bay are subject to chronic oil 
pollution which was documented by a chemical characterization of the sediments. The 
contamination correlated with a reduction in the number of species and diversity of 
benthic invertebrates (   Venturini et al.  2008 ). Following the closure of major industries 
discharging into the Severn Estuary, UK, the concentrations of heavy metals, PCBs and 
PAHs were lower as compared to 25 years before. The long term monitoring indicated 
a recovery of faunal diversity in recent years implying that chemical contamination had 
been a forcing feature for the biota (Langston et al.  2010 ). 

 All mentioned studies compared faunal composition in contaminated areas to 
that in less impacted areas. In most cases, the contamination stemmed from mixed 
municipal/industrial sources and priority pollutants were considered to characterize 
the contamination. Ecological surveys of sites contaminated by industrial point 
sources combined with a comprehensive chemical characterization applying screen-
ing methods and toxicity evaluation are missing. Such an approach would be prom-
ising to understand the potential impacts of industrial contamination on aquatic 
diversity.   

2.6     Conclusion 

 Major advancements in the identifi cation of organic contaminants from industrial 
wastewaters include the development of new analytical techniques during the past 
decades which allow for the identifi cation of previously unknown, emerging con-
taminants. Applying LC/MS techniques, polar wastewater constituents were identi-
fi ed which contribute to the whole effl uent toxicity but are not detectable applying 
classical GC/MS methods. The successful application of GC/MS screening tech-
niques led to the identifi cation of structurally diverse organic contaminant groups 
which are educts, intermediates or byproducts of chemical syntheses conducted in 
different industrial branches. It enabled also the identifi cation of contaminants 
which are performed during wastewater treatment and of contaminant metabolites, 
which might also pose a threat to the environment. 

 Studies tracing industrial contaminants in aquatic systems and examining the 
intrinsic underlying processes determining the fate of these compounds were 
applied. A simplifi ed scheme is presented in Fig.  2.3 . A marker concept has been 
developed by geochemists to understand the sources, transport and fate of organic 
compounds and was also applied to identify industrial markers.

   The advancement of the analytical techniques and the identifi cation of emerging 
contaminants rendered possible to evaluate the toxicity of these compounds and the 
potential impacts in the environment applying different toxicological approaches. 
The combination of chemical and toxicological methods allowed the identifi cation 
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of organic constituents which contribute to the toxicity of industrial wastewaters. 
Toxic activities of different contaminant combinations were determined in order to 
assess main and interaction effects of contaminants commonly present in industrial 
wastewaters. The combination of chemical and biological investigations in the fi eld 
is promising in order to assess the impact of chemical contamination on aquatic 
diversity. 

 Nevertheless, this review also shows that there are major gaps in our knowledge 
on the chemical composition of industrial effl uents and their impact in the 
environment. 

 Numerous structurally diverse organic contaminants were identifi ed in effl u-
ents from chemical production sites, the petrochemical and the pharmaceutical 
industry. Many of these compounds might be stable in aquatic systems, but as 
yet only limited attempts were made to trace these compounds in the environ-
ment. Only a few studies investigated effl uents from other industrial facilities 
such as the food- processing industry, cement industry, automotive industry and 
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  Fig. 2.3    Simplifi ed scheme of the input and fate of industrial contaminants in river systems. The 
scheme shows the major processes controlling the environmental fate of contaminants which 
exhibit different physico-chemical properties       

 

L. Dsikowitzky and J. Schwarzbauer



91

power stations. Information about the emissions of the coating and printing industry 
and of manufacturers of electric devices, toys and computers would be interesting, 
but are lacking. 

 The compound spectra found in fi eld samples from industrialized areas was 
totally different from those in studies on effl uents of the respective industries. This 
illustrates the complexity of the chemical composition of industrial wastewaters, 
even from the same industry types. It also shows the diffi culty to generate compre-
hensive information on the chemical composition of industrial wastewaters. Only a 
limited number of studies focus beyond the identifi cation of organic contaminants 
also on their fate in the hydrosphere. 

 Although organic constituents which contribute to the toxicity of industrial 
wastewaters were identifi ed, the total toxicity of the samples could not be attributed 
completely to the identifi ed compounds. Unidentifi ed compounds, mixture effects 
and further physico-chemical factors impede the complete elucidation of the causes 
for the observed total toxicity. The toxicity of many organic compounds which were 
detected in industrial wastewaters and which are known to also occur in the environ-
ment is as yet unknown and they are not addressed by monitoring studies. Studies 
which investigate the impact of chemical contamination on aquatic diversity con-
sider only priority pollutants such as PAHs, PCBs and organochlorine pesticides. 

 It has to be noted that the replacement of environmentally problematic com-
pounds by novel industrial formulations is common but may lead to the presence of 
further, as yet unidentifi ed contaminant groups in the effl uents and in the hydro-
sphere with unknown impact in the environment. The number of registered sub-
stances is rapidly increasing, so does the number of potentially detectable organic 
contaminants in the environment. An example of an unidentifi ed compound which 
has, according to the composition of the mass spectrum, at least three chlorine 
atoms is shown in Fig.  2.4 . The compound was detected in effl uent samples from a 
chemical production site.

   Because industrial production sites are more and more shifted to emerging 
nations, such as China, India and Brazil, the use and contamination of water 
resources in these countries is increasing, but as yet only a few studies about these 
issues are available. 

 Research strategies which are in our opinion promising to address these gaps include:

•    A comprehensive and industry branch specifi c chemical characterization of 
wastewaters, especially from chemical production sites, the petrochemical indus-
try, the pharmaceutical industry and from so far neglected industry branches  

•   Examination of wastewater samples  and  fi eld samples to assess the individual 
contamination profi les of industrialized areas  

•   An extended application of the organic marker concept in order to identify fur-
ther industrial organic markers which are useful to verify the input of specifi c 
industrial wastewaters to aquatic systems, to investigate the spatial distribution 
of the emission and to disentangle different emission sources  

•   More information on the chemicals which are used for the different industrial pro-
duction processes which is valuable for the identifi cation of marker compounds  
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•   Further studies which combine chemical and toxicological methods to identify 
the constituents which are responsible for the toxicity of wastewaters  

•   Field studies combining chemical and ecological methods plus toxicity tests to 
assess the impact of industrial effl uents on aquatic diversity  

•   More studies on industrial emissions and related impacts in emerging and devel-
oping nations in order to consider the geographical shift of industrial production    

 Chemical contamination was defi ned as a “planetary boundary” due to its global, 
ubiquitous impact on the physiological development of humans and other organ-
isms with ultimate impacts on ecosystem structure/functions and because it acts as 
a slow variable affecting other planetary boundaries. Chemical contamination is one 
of the planetary boundaries, for which no boundary level could be determined. 
Setting of such a boundary would require knowledge of the critical impacts on 
organisms of exposure to 10,000 of chemicals and the related threshold concentra-
tions, which is a gigantic task (Rockström et al.  2009 ). Industries emit a plentitude 
of structurally very heterogenic organic contaminants. Basic information on the 
chemical characteristics of these emissions is to some extent lacking but is neces-
sary for the evaluation of associated risks and for the defi nition of thresholds.     
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Abstract This chapter reviews fly ash typology, composition, treatment,  deposition, 
recycling, functional re-use, and metals and organic pollutants abatement. Fly ash 
is a by-product of power and incineration plants operated either on coal and bio-
mass, or municipal solid waste. The growing of environmental awareness and 
increasing energy and material demand will foster recycling. Recycling will help 
to reuse valuable materials which would otherwise be wasted, and reduce energy 
consumption and greenhouse gas emissions from extraction and processing. Fly 
ash is world’s fifth largest material resource because of the large amount of ash 
produced in the world. Fly ash can be classified into several categories: coal fly ash 
obtained from power plant burning coal; flue gas desulphurisation fly ash, that is 
the byproduct generated by the air pollution control equipment in coal-fired power 
plants to prevent (reduce) the release of SO2; biomass fly ash produced in the ther-
mal conversion of biomass; and municipal solid waste incineration (MSWI) fly 
ash, that is the finest residue obtained from the scrubber system in a municipal 
solid waste incineration plant.

Fly ash often contains pollutants such as heavy metals and organic com-
pounds. The composition of fly ash is very variable, depending on their origins, 
then also the pollutants can be very different. For example, MSWI fly ash are 
the most problematic ash in terms of contaminant content. We review existing 
techniques for fly ash inertization, separately considering heavy metals entrap-
ment or organic abatement. We show that fly ash is a valuable resource with 
potential use in several applications like agriculture, synthesis of zeolite and 
geopolymer, adsorbent and building materials. Finally all advantages in fly ash 
recovery and re-use are discussed. It is shown that fly ash recycling will reduce 
landfilling disposal, raw materials employ, greenhouse gas emission and water 
consumption.

Keywords Fly ash • Heavy metals • Organic pollutants • Recycling • FGD • Coal • 
MSWI • RHA
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COSMOS Colloidal Silica Medium to Obtain Safe inert
DC Direct Current
DDT DichloroDiphenylTrichloroethane
EDTA EthyleneDiamineTetraAcetate
FA Fly Ash
FGD Flue Gas Desulphurisation
HpCDD HeptaChloroDibenzo-p-Dioxin
HpCDF HeptaChloroDibenzo-p-Furan
HRGC/HRMS High Resolution Gas Chromatography/High Resolution Mass 

Spectrometry
HxCDD HexaChloroDibenzo-p-Dioxin
HxCDF HexaChloroDibenzo-p-Furan
LCA Life Cycle Assessments
LOI Loss of Ignition
MSWI Municipal Solid Waste Incineration
OCDD OctaChloroDibenzo-p-Dioxin
OCDF OctaChloroDibenzo-p-Furan
PAH Polycyclic Aromatic Hydrocarbon
PCB Polychlorinated Bifenyl
PCDD PolyChloroDibenzo-p-Dioxin
PCDF PolyChloroDibenzo-p-Furan
PeCDD PentaChloroDibenzo-p-Dioxin
PeCDF PentaChloroDibenzo-p-Furan
RHA Rice Husk Ash
S/S Solidification/Stabilisation
TCDD TetraChloroDibenzo-p-Dioxin
TCDF TetraChloroDibenzo-p-Furan
TEQ Toxic Equivalent
VOC Volatile Organic Compound
WHO-TEQ World Health Organisation-Toxic Equivalent

3.1  Introduction

This review addresses fly ash (FA) typology, composition, treatment, deposition, 
recycling, functional re-use, and metals and organic pollutants abatement of FAs 
resulting from power and incineration plants operated either on coal and biomass, 
or, municipal solid waste. The emphasis of the review lies with outlining major 
insights, developments, and trends in FA treatment during the past four decades 
(>1976) and the survey cites about 500 publications. From the three sources (coal, 
biomass, MSW), the use of coal predominates. Recent estimates put global coal FA 
production in the region of 750 million tons/year (Blissett and Rowson 2012), which 
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means a raise by about 50 % compared to the last decade. This is attributable to the 
increasing energy demand from economically uprising countries, such as India, 
China, and Brazil. This trend may be enforced in the future by countries seeking 
interim solutions to nuclear power free-energy production. But, so far, European 
countries put many efforts in generating heat, energy, and power from renewable 
biomass-based sources in both, small- and large-scale, grate furnaces (domestic 
boilers, stoves, district heating plants) and by diversification of its energy supply 
from biomass (Rajamma et al. 2009; Yin et al. 2008). With time, growing environ-
mental awareness and increasing energy and material demand turned the initial 
goals for FA treatment (MSW volume reduction, inhibiting metal leaching, inertiza-
tion, stabilization, landfill deposition, or, deriving secondary raw ores and additives 
for building materials) towards also exploiting the chemical or physical potentials 
of FA constituents, thus, rendering them second-life functionality. This had been 
made possible by profound knowledge on FA composition, morphology, and 
changes between different sources. The treatment, reuse, or, final destiny of FA 
depends highly, but not only, on its mineral composition. They are outlined below 
briefly, because they set the framework for developments and trends in FA 
treatment.

Coal FA is one of the most complex anthropogenic materials that can be charac-
terized, because not only it can comprise up to about 300 individual minerals 
(Vassilev and Vassileva 2005), but also the amorphous aluminosilicate nature of 
coal FA makes its structure difficult to characterize. Other determining factors are 
coal source, method of combustion power plants (Scheetz and Earle 1998; Helmuth 
1987), and, typology of emission control device, storage, and, handling (Jala and 
Goyal 2006).

Flue gas desulphurisation (FGD) FA is the byproduct generated by the air 
pollution control equipment in coal-fired power plants to prevent (reduce) the 
release of SO2 into the air, as it is an atmospheric pollutant and a precursor to acid 
rain. The term flue gas desulphurisation generally refers to wet scrubbers that 
remove sulphur dioxide emissions from large electric utility boilers (mainly coal 
combustion).

Biomass FA produces problems in the thermal conversion process itself (for 
example, slagging and fouling phenomena) and, depending on quantity and quality, 
can also pose environmental management problems. The composition of ash 
produced in a biomass power plant depends strongly on the biomass source (Mukherjee 
et al. 2008; Burke 2007). Moreover, some biosorbents are selective for certain types 
of heavy metals, whereas others are not (Garg et al. 2007; Tarley and Arruda 2004). 
This is also apparent with element compositions of FA from different biomass (Thy 
et al. 2006; Rajamma et al. 2009), showing that they vary widely with biomass type.

MSWI FA is a collective name for FA recovered from the gas stream and the 
APC residue from the scrubber system in a municipal solid waste incineration 
plant (De Boom and Degrez 2012). Depending upon waste type, combustion unit, 
melting conditions, and air-pollution-control device, the heterogeneous composi-
tion of MSWI FA can vary substantially (Kirby and Rimstidt 1993; Song et al. 
2004). Usually, they comprise highly volatile elements, such as Cl and S, among 
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larger amounts of other elements like Si, Al, K, Ca, plus traces of potentially toxic 
heavy metals (Pb, Zn, etc.), incompletely combusted carbon residues, and possibly 
also hazardous persistent organic pollutants (POP), like PAH, PCB, chlorinated 
dioxins, etc. Potentially leachable heavy metals concentrate more in glassy than in 
crystalline phases (Zevenbergen and Comans 1994) due to MSWI-specific condi-
tions promoting volatilization, melting, condensation, and, precipitation processes 
(cf. Eighmy et al. 1995). The formation of (more) stable secondary minerals may 
occur naturally (by aging) or brought about purposely by several reactions (oxida-
tion, carbonation, neutralization of pH, dissolution, precipitation, sorption), 
whereas degradation of POPs by aging either is unlikely or involves impractically 
long deposit times, therefore, demanding special treatment.

This review addresses FA topologies, FA treatments, organic pollutants abate-
ment, and FA recycling in detail one after the other in Sects. 3.2, 3.3, 3.4 and 3.5 and 
it ends with conclusions regarding FA treatments and temporal trends.

3.2  Fly Ash Typologies

3.2.1  Coal Fly Ash

Coal FA is a predominantly inorganic residue obtained from the flue gases of 
furnaces at pulverised coal power plants. When coal is burnt, the minerals 
entrained in the coal are thermally transformed into chemical species that are 
reactive or could be chemically activated, for example, by the addition of calcium 
hydroxide (Vassilev and Vassileva 1996). Most estimates in the current literature 
put global coal FA production in the region of 500 million tons/year (Ahmaruzzaman 
2010). Figure 3.1 shows the estimated coal FA amount production in 2005, in 
some countries.

These estimates are based on data at least 10 years old. In the last years, coal 
consumption has increased up to 50 %, mainly due to the economic growth of 
emerging countries, like China and India. Considering this, a more reliable estimate 
would mean that 750 million tonnes of coal FA is generated on a global basis each 
year (Blissett and Rowson 2012; Izquierdo and Querol 2012). Coal FA is generally 
produced at 1,200–1,700 °C from the various inorganic and organic constituents of 
the parent coal. The formation mechanism of FA particles is schematically repre-
sented in Fig. 3.2. The first step of the combustion makes the coal mineral matter 
conversion in char. The char obtained from coal burns out at much higher tempera-
tures. Always coal includes also extraneous minerals, which gradually decompose 
and are released within the char as its fragments. After the minerals convert to gases 
and eventually condense to form solid ash particles. Homogeneous condensation 
results in ash particles with dimensions ranging between 0.01 and 0.2 μm. 
Fragmentation of included minerals produces particles with dimensions ranging 
between 0.2 and 10 μm. Residual mineral matter undergoes a series of complex 
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transformations to form predominantly spherical particles with a size range between 
10 and 100 μm (Sarkar et al. 2005).

The characteristics of produced FA differ depending on the coal source, the 
method of combustion of power plants (Scheetz and Earle 1998; Helmuth 1987), 
and typologies of emission control devices, storage and handling (Jala and Goyal 
2006). Therefore, FA shows a wide variation in their physicochemical and mineral-
ogical properties. For example, the pH of FA can vary from 4.5 to 12.0 depending 
largely on the sulphur content of the parent coal. About 300 individual minerals 

112

100

75

40

15
10

6 3 2 2 2
0

20

40

60

80

100

120

FA productions [million tons/year]

Fig. 3.1 Fly ash production (million tons/year) in different countries (Pandey and Singh 2010) 
in 2005

Inherent 
minerals in 

coal Char

Mineral conversion 
in reducing 
atmosphere

Combustion Fragmentation
Heating Coal 

Pyrolysis

Extraneous
minerals

Mineral 
decomposition

Fusion in 
oxidising 

atmosphere

HeatingHeating Solidification

H2O
CO
CO2
SO2
SO3
H2S

N2
O2

Air

NaCl
KCl
SiO
MgO
HCl

Heterogeneous
condensation

Homogeneous
condensation

C
h

em
ic

al
re

ac
ti

o
n

s

Fly ash
0.01-0.2 µm

Ash particles
0.2-10  µm

Ash particles
10-100 µm

Coalescence

Fig. 3.2 Simplified mechanism of coal fly ash formation from pulverised fuel combustion 
(Tomeczek and Palugniok 2002)

A. Gianoncelli et al.



109

have been identified in different coal FAs (Vassilev and Vassileva 2005). The main 
detected crystalline phases are mullite, quartz, magnetite, haematite and anhydrite 
(Helmuth 1987; Wang 2008). Glass is also found. Quartz and mullite are the major 
crystalline constituents of low-calcium ash, whereas high-calcium FA consists of 
quartz, tricalcium aluminate, calcium silicate, and tetracalcium aluminosilicate 
(Ahmaruzzaman 2010). The less predominant minerals include calcite, pyrite and 
hematite. Because of this structural variety, coal FA is one of the most complex 
anthropogenic materials that can be characterised.

Table 3.1 reports bulk chemical composition of coal FA depending of their 
 geographical region. In general it can be seen that coal FA has a bulk chemical 
composition containing a variety of metal oxides in the order SiO2 > Al2O3 > Fe2O3 
> CaO > K2O > MgO, Na2O, TiO2. However, it is evident that there are significant 
differences in composition, not only among regions, but also inside the same 
region. In addition, a large amount of amorphous content was also found (Blissett 
and Rowson 2012). The amorphous aluminosilicate nature of FA, that makes its 
structure  difficult to characterize, makes coal FA also very versatile, since the 
glassy component of FA reacts first before the crystalline phases. This is very 
important to decide their final use. Coal FA mineralogy also depends on the coal 
source. Coal can be generally divided in four typologies, which are anthracite, 
bituminous, sub-bituminous, and lignite. Therefore, final coal FA composition is 
also determined by the type of coal burned to produce it. Generally it is shown 
that coal FA from sub-bituminous and lignite coals is characterised by higher CaO 
and MgO and lower Al2O3 with respect to the higher grade fuels such as bitumi-
nous and anthracite coals. On the contrary, bituminous coal FA contains less than 
10 % CaO (and usually does not contain any crystalline compounds of Calcium) 
in total and often mainly consist of aluminosilicate glass. Coal FA that contains 
more than 15 % CaO is composed of calcium aluminosilicate glass in addition to 

Table 3.1 Bulk chemical composition of coal FA by region (Blissett and Rowson 2012). Amount 
of carbon was measured by a Loss of Ignition (LOI) test (Kruger 1998)

Component

Range (mass%)

Europe US China India Australia

SiO2 28.5–59.7 37.8–58.5 35.6–57.2 50.2–59.7 48.8–66.0
Al2O3 12.5–35.6 19.1–28.6 18.8–55.0 14.0–32.4 17.0–27.8
Fe2O3 2.6–21.2 6.8–25.5 2.3–19.3 2.7–14.4 1.1–13.9
CaO 0.5–28.9 1.4–22.4 1.1–7.0 0.6–2.6 2.9–5.3
MgO 0.6–3.8 0.7–4.8 0.7–4.8 0.1–2.1 0.3–2.0
Na2O 0.1–1.9 0.3–1.8 0.6–1.3 0.5–1.2 0.2–1.3
K2O 0.4–4 0.9–2.6 0.8–0.9 0.8–4.7 1.1–2.9
P2O5 0.1–1.7 0.1–0.3 1.1–1.5 0.1–0.6 0.2–3.9
TiO2 0.5–2.6 1.1–1.6 0.2–0.7 1.0–2.7 1.3–3.7
MnO 0.03–0.2 nd nd 0.5–1.4 nd
SO3 0.1–12.7 0.1–2.1 1.0–2.9 nd 0.1–0.6
LOI 0.8–32.8 0.2–11.0 nd 0.5–5.0 nd
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substantial proportions of crystalline Calcium compounds including tricalcium 
aluminate, tetracalcium aluminosilicate, calcium silicate and calcium oxide 
(Manz 1999).

Table 3.2 shows the normal range of chemical constituents of bituminous coal 
FA with those of lignite coal FA and sub-bituminous and antracitre coal FA. Lignite 
and sub-bituminous coal FA have a higher calcium oxide content and lower loss of 
ignition (LOI, that is an indication of the amount of carbon in FA) than FA from 
bituminous coals. Lignite coal FA may have a higher concentration of sulphite com-
pounds than bituminous coal FA.

Based on its mineralogy, American Society for Testing and Materials (ASTM) 
grouped coal FA into two classes, designated C and F, respectively (Blissett and 
Rowson 2012).

Table 3.3 shows that in the ASTM classification Class F coal FA has a combined 
SiO2, Al2O3, and Fe2O3 content of greater than 70 % compared to greater than 50 % 
for Class C coal FA. Another difference between Class F and Class C is that the 
amount of alkalis (combined sodium and potassium), and sulphites, are generally 
higher in Class C FA than in the Class F FA. On the basis of this classification, class 
C coal FA is derived from lignite and sub-bituminous coals and class F coal FA is 
derived from bituminous and anthracite coals.

Coal FA classifications, widely reported in literature, are fundamental to relate 
its mineralogy to its applications. The aim is to use a system designed to distinguish 
coal FA types that will be suitable to choose appropriate FA for use in building 
applications (Kamseu et al. 2011). Indeed, class F ash is regarded as a pozzolanic 
material. A pozzolan is a siliceous, or a siliceous and aluminous material that has no 

Table 3.2 Range of chemical compounds of fly ash produced from different coal types

Component (wt%) Bituminous Sub–bituminous Lignite Antracite

SiO2 20–60 40–60 15–45 28–57
Al2O3 5–35 20–30 10–25 18–36
Fe2O3 10–40 4–10 4–15 3–16
CaO 1–12 5–30 15–40 1–27
MgO 0–5 1–6 3–10 1–4
SO3 0–4 0–2 0–10 0–9
Na2O 0–4 0–2 0–6 0–1
K2O 0–3 0–4 0–4 0–4
LOI 0–15 0–3 0–5 1–8

Ahmaruzzaman (2010) and Moreno et al. (2005)

Table 3.3 Classification systems of the US standards bodies for fly ash use in concrete  
(ASTM C618)

Class ASTM C618 SiO2 + Al2O3 + Fe2O3 (%) SO3 (%) Moisture (%) LOI (%)

C >50 <5 <3 <6
F >70 <5 <3 <12
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intrinsic cementitious property. Moreover, when it is in a very finely divided form, 
it can chemically react with calcium hydroxide at ordinary temperatures and in pres-
ence of moisture, and form compounds exhibiting cementitious properties. The 
nature of lignite and sub-bituminous FA, that contain high calcium oxide quantity, 
can induce the formation of cementitious materials also in the absence of Ca(OH)2 
(Manz 1999). However, this classification is prescriptive, rather than based on per-
formance, so it can be controversial because, in practice, many class C FAs can meet 
the performance requirements of class F ashes (Manz 1999). Vassilev and Vassileva 
(2007) proposed a new classification system based on an analysis of 41 European 
coal FAs. It groups the main bulk oxides together to create the four tiers classifica-
tion system presented in Table 3.4.

The new proposed approach is based on a classification system where a further 
distinction is made between the phase and mineralogical composition of the coal FA 
(Vassilev and Vassileva 2007).

The chemical composition of coal FA has also been extensively investigated. 
The major matrix elements are Si, Al, and Fe together with significant percentages 
of Ca, K, Na and Ti (Matti et al. 1990). FA contains essential macro-nutrients like 
P, K, Ca, Mg and S and micro-nutrients including Fe, Mn, Zn, Cu, Co, B and Mo. 
The type of coal used for combustion affects the sulphur content of FA. Coal FAs 
 contain many elements at concentrations greater than 50 mg/kg. Some of these 
may produce environmental concern (Izquierdo and Querol 2012). For example, 
coal FA is often rich in trace elements like Mercury, Cobalt and Chromium 
(Izquierdo and Querol 2012), that are concentrated in smaller FA particles (Adriano 
et al. 1980). Al in FA is mostly bound in insoluble aluminosilicate structures, and 
this considerably limits its biological toxicity. The ratio between Ca and S is strictly 
related to the pH of the water-ash system and so plays the dominant role in the 
leachability of most elements contained in FA (Izquierdo and Querol 2012). In pH 
range from 7 to 10, Be, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb, Si, Sn, Th, Tl, U, and Zn 
have the minimum solubility; by contrast, oxyanionic-forming species, i.e. As, B, 
Cr, Mo, Sb, Se, V, and W, display their maximum leachability in the same pH range 
(Izquierdo and Querol 2012).

Table 3.5 shows the concentrations of trace elements in 23 European coal FAs. 
These values are in agreement with the elemental composition found for coal FA 
from other areas (Jankowski et al. 2006). It is noticeable that elements, such as 
As, Cr, Pb, and Se, may be present in coal FA. Moreover, coal FA generally 

Table 3.4 Approach for classification of coal FA based on chemical composition

Class
SiO2 + Al2O3 + K2O  
+ TiO2 + P2O5 (%)

CaO + MgO + SO3  
+ Na2O + MnO (%) Fe2O3 (%)

Sialic >77 <11.5 <11.5
Calsialic <89 >11.5 <11.5
Ferrisialic <89 <11.5 >11.5
Ferricalcsialic <77 >11.5 >11.5

Vassilev and Vassileva (2007)
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shows a relatively low content of environmentally available toxic metals, mainly 
in the leachable fraction. The leachability of toxic elements is closely related to 
the phase with which they are associated and to leaching conditions such as pH 
(Jankowski et al. 2006). It is very recently reported (Świetlik et al. 2012) that 
high combustion temperature leads to a reduction in the concentration of Cd and 
Pb in FA, because the most volatile metals are concentrated in the finest particles 
that are less efficiently collected by the electrostatic precipitator system. 
Consequently, the level of toxic metals leached with water is generally low. 
Additionally, in the presence of Ca, the leachability of As and V is attenuated due 
to the occurrence of low solubility phases (Izquierdo and Querol 2012). From the 
morphological point of view, coal FA consists of fine, glass-like particles, with 
dimensions that fall in the range from 0.01 to 100 μm. The morphology of coal 
FA particles is controlled primarily by the combustion temperature and subse-
quent cooling rate. The particles are predominantly spherical in shape. Scanning 
electron microscopy analysis has revealed that coal FA samples consist of solid 
spheres, hollow spheres (cenospheres), and irregular unburned carbon. Mineral 

Table 3.5 Trace element content in 23 European fly ashes from coal

Element

Trace element composition (ppm)

25th Perc. Median 75th Perc.

As 40 55 97
B 135 259 323
Ba 639 1,302 1,999
Be 6 8 12
Cd 1 2 2
Co 30 35 48
Cr 137 148 172
Cu 73 86 118
Ge 3 7 15
Hg 0.2 0.2 0.3
Li 150 185 252
Mo 7 11 13
Ni 87 96 144
Pb 59 80 109
Rb 50 108 147
Sb 4 4 8
Se 6 7 13
Sn 7 8 10
Sr 384 757 1,647
Th 25 30 37
U 9 12 18
V 202 228 278
Zn 123 154 175

Moreno et al. (2005)
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aggregates containing corundum, quartz, and magnetite particles have also been 
observed (Benezet et al. 2008; Kutchko and Kim 2006) (Fig. 3.2). Cenospheres 
are believed to be formed by the expansion of CO2 and H2O gasses, evolved from 
minerals within the coal being burnt (Fisher et al. 1976). The predominant forces 
are, however, the pressure and surface tension on the melts as well as gravity 
(Fisher et al. 1976). The predominant spherical microscopic structure of fine FA 
is a consequence of equilibrium of forces on the molten inorganic particle as it is 
forced up the furnace or smoke stack against gravity. The molten inorganic par-
ticles cool down rapidly, maintaining their equilibrium shape. Generally, the per-
centage of cenospheres increases with the ash content in coal, and decrease with 
Fe2O3 concentration (Ghosal and Self 1995). Because cenospheres are hollow, 
they have a low bulk density. Therefore, FA has low bulk density (normally less 
than 1 g/cm3), high surface area and light texture (Asokan et al. 2005).

3.2.2  Flue Gas Desulphurisation (FGD) Fly Ash

The coal burning can convert sulphur-bearing impurities to gaseous SO2, an 
atmospheric pollutant and a precursor to acid rain. In the past two decades, 
restrictions on the emission of sulphur dioxide from coal-fired power plants have 
been increasingly stringent. In response to these requirements, power plants have 
had to remove increasing amounts of SO2 from the flue gases before releasing 
them to the  atmosphere. This problem has spurred the development of various 
types of scrubbing processes to convert SO2 from flue gases into solid products 
for disposal or beneficial reuse. Flue gas desulphurisation (FGD) FA is the 
byproduct generated by the air pollution control equipment in coal-fired power 
plants, to reduce sulphur amount in air. The term flue gas desulphurisation gener-
ally refers to wet scrubbers that remove sulphur dioxide emissions from large 
electric utility boilers (mainly coal combustion). These systems are capable of 
removing approximately 70–90 % of the SO2 in the flue gas, depending on the 
operating conditions of the system.

Since the end of the 1970s, more than 100 million tons of FGD FA has been 
produced in hard coal and lignite power plants in Europe (Leiva et al. 2010). 
Many types of FGD systems have been developed. These can be classified into 
two major groups, wet and dry processes, which are subdivided in several types 
depending on the specific chemical reactions taking place and the employed flow 
conditions (Leiva et al. 2010). Among them, the wet limestone FGD process is 
the most widely employed because of its high desulphurisation performance, 
reliability and low utility consumption (Kikkawa et al. 2002). In wet FGD scrub-
bing systems, the scrubbing liquid contains an alkali reagent to enhance the 
absorption of SO2 and eventually other acid gases. More than a dozen different 
reagents can be used, with lime and limestone being the most diffused. 
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Sodium-based solutions (sometimes referred to as clear solutions) provide better 
SO2 solubility and less scaling problems than lime or limestone. However, 
sodium reagents are much more expensive. Generally, SO2 is removed from the 
flue gas by absorption into limestone slurry, which in turn is extracted from the 
system as gypsum slurry and is dewatered. FDG FA chemical composition is 
mainly gypsum, so the finally produce FA are called FGD FA and/or FGD gyp-
sum. The other impurities include about 10 % of extra water, organic carbon, and 
limestone (Miao et al. 2012). FGD FA volumes and quality were essentially 
influenced by power station parameters, such as mode of operation, type of fuel/
sulphur content, technology of the desulphurisation unit and absorbents type. 
Concerning coal FA, libraries and web sites can be found (see for example the 
American Coal Ash Association) with much additional information. In contrast, 
much less data are available on the properties of FGD FA. Kost et al. (2005) 
published a study reporting chemical physical properties of FGD samples col-
lected from 13  different locations. The composition of all samples was domi-
nated by Ca, S, Al, Fe, and Si and strong preferential partitioning into the acid 
insoluble residue (i.e., coal ash residue) was observed for Al, Ba, Be, Cr, Fe, Li, 
K, Pb, Si, and V. Deionised water leachates and diluted acetic acid leachates had 
mean pH values of >11.2 and high mean concentrations of S (primarily as SO4

2−) 
and Ca. Concentrations of Ag, As, Ba, Cd, Cr, Hg, Pb, and Se, were below drink-
ing water standards in leachates. FGD FA is mostly uniform in particle size. 
Specific  surface area was related to particle size and it varied between 1.3 m2/g 
with bed ash and 9.5 m2/g with spray dryer material. Many of the chemical and 
physical properties of these FGD FAs were associated with the quality of the coal 
rather than the combustion and SO2 scrubbing used processes.

3.2.3  Municipal Solid Waste Incineration (MSWI) Fly Ash

Municipal solid waste incineration (MSWI) is a highly efficient technique for 
waste management, because it reduces significantly the waste volume. The main 
economic advantage of this system is that the energy produced when burning waste 
is recovered. However, MSWI technology causes environmental problems, mainly 
related to the disposal of FA produced during combustion. There are different types 
of ash residues that result from cleaning emissions from MSW incinerators and it 
is important to differentiate between FA and air pollution-control (APC) residues. 
FA is the finer fraction of the particulate (<200 μm) which is entrained in the flue 
gas and subsequently trapped in an electrostatic precipitator or fabric filter and 
later removed before any further treatment of the gaseous effluents. FA can be 
recovered separately from the gas stream, or it can be incorporated into the APC 
residues. APC residues are produced from a scrubber systems that involve the 
injection of an alkaline material (for example lime) to remove acid gases, particu-
lates and flue gas condensation/reaction products. FAs and APC residues are often 
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considered together, as a unique output from the MSWI plant. This residue is often 
called MSWI FA (De Boom and Degrez 2012). Depending upon types of solid 
waste, combustion unit, melting conditions and air pollution-control device, MSWI 
FA can have a heterogeneous composition (Kirby and Rimstidt 1993; Song et al. 
2004). The mineralogy of MSWI FA is an assemblage of crystalline and amor-
phous phases (amorphous can be higher than 50 %) (Bontempi et al. 2010b). 
MSWI FA is preferentially composed of sulphate and aluminosilicate glass as well 
as silicate minerals (Eighmy et al. 1995; Forestier and Libourel 1998; Fermo et al. 
1999, 2000). MSWI FA is also rich in soluble salts (as for example halite and syl-
vite). The toxic elements in MSWI FA are more concentrated in the glassy phases 
rather than in the crystalline phases (Zevenbergen and Comans 1994). MSWI FA 
has a higher fraction of water-soluble compounds than bottom ash. This factor is 
considered an important aspect for treatment, disposal and possible utilisation of 
MSWI residue (Hjelmar 1996). In fact, 15–25 % of the total mass of FA and 
30–40 % of the total mass of the dry/semidry acid gas scrubbing APC residues 
containing salts are readily dissolved in water.

Ranges of chemical elements that can be found in MSWI FA are reported in 
Table 3.6. MSWI FA comprises highly volatile elements, such as Cl and S, in 
addition to some constituents like Si, Al, K and Ca. The high calcium content is 
due to excess lime used in the scrubbing process, while the high levels of chlo-
ride originate from the significant volumes of polyvinyl chloride present in 
MSW. As a result of volatilisation and subsequent condensation of particles as 
well as concentration phenomena occurring during combustion, MSWI FA con-
tain high concentrations of heavy metals (i.e., As, Cd, Hg, Pb and Zn) (Forestier 
and Libourel 1998; Sabbas et al. 2003) and can contain organic micro-pollutants. 
The division of metals into solid and gas phases (Fermo et al. 1999) may be due 
to the effect of incineration temperature and chemical environment in the com-
bustion chamber. In the combustion zone, metals or metal species behave differ-
ently related to their thermal behaviours. Consequently, the metal entrapped in a 
glassy phase or adsorbed into FA particles depends upon a wide range of pro-
cesses such as volatilisation, melting, subsequent condensation and precipitation 
(Eighmy et al. 1995).

A recent paper showed extensive characterisation of MSWI FA collected in a 
German incinerator. (Bayuseno and Schmahl 2011). As an example, the composi-
tion data of this ash is given in Table 3.7. As shown in Table 3.7, the composition of 
MSWI FA change with aging. Several studies (Speiser et al. 2000; Sabbas et al. 
2003) demonstrated that a number of weathering reactions can promote mineralogi-
cal changes of MSWI FA. For example, because of natural carbonation, and several 
other factors such as pH, redox potential, temperature and humidity conditions, 
some mineralogical change can occur over time. The mineralogical changes in 
FA by aging (both hydrated and naturally aged fly ash) may include reactions 
as oxidation, carbonation, neutralisation of pH, dissolution, precipitation and 
sorption – towards formation of stable secondary minerals, such as ettringite, 
hydrocalumite, and a C–S–H phase. In particular, the natural carbonation produces 
a change in the mineralogical of FA and formation of new phases that eventually 
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impacts on its leaching behaviour (Sabbas et al. 2003). Then, such structural changes 
may also be beneficial, leading to significant reductions in trace elements for 
leaching (Meima and Comans 1999).

It is possible to schematize the distribution of heavy metals in FA as follows 
(Bayuseno 2006): the most lithophilic (e.g., Cr, Mn, Na, Ti and V) and siderophilic 
elements (e.g., Co, Mo, Ni, Fe and Sn) are more concentrated in the larger particles 
(bottom ash). Some elements (W, Mo, Zr, Ti, Co, Al, Si, Ba, Sr), which are hardly 
vaporised during incineration, would preferentially melt and thereby tend to be 

Table 3.6 Ranges of 
chemical elements in fly ash 
from municipal waste 
incineration

Element Fly ash (wt. %)

Si 9.5–19
Al 4.9–7.8
Fe 1.8–3.5
Ca 7.4–13
Mg 1.1–1.9
K 2.3–4.7
Na 2.2–5.7
Ti 0.75–1.2
Si 0.11–0.32
Cl 4.5–10.1
P 0.48–0.96
Mn 0.08–0.17

Element Fly ash (ppm)

Ag 31–95
As 49–320
Ba 920–1,800
Be nd
Cd 250–450
Co 29–69
Cr 140–530
Cu 860–400
Hg 0.8–7
Mo 15–49
Ni 92–240
Pb 7,400–19,000
Sc 6.1–33
Sn 1,400–1,900
Sr <80–250
V 32–150
W nd
Zn 19,000–41,000

Hjelmar (1996)
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Table 3.7 Mineralogy of MSWI FA as collected and after natural aging of 1 year

Mineral species Fresh fly ash (wt%) Aged fly ash (wt. %)

Amorphous 44.2(6) 45.3(6)
Alunite 1.8(1) 0.9(1)
Anhydrite 8.5(1) 5.6(1)
Anorthite-albite (Plagiocase) 1.4(1) 1.6(2)
Apatite 2.3(2) 1.3(1)
Bassanite – 1.3(1)
Ca2S(Ca2SiO4) 2.2(2) 1.4(1)
Ca3S(Ca3SiO5) 2.6(2) 2.1(2)
Ca3A(Ca3Al2O6) 0.9(1) 1.3(1)
Calcite 1.5(1) 1.4(1)
Caracolite 0.2(0) 0.2(0)
Cristobalite 0.4(0) –
Digenite 0.2(0) 0.2(0)
Diopside 2.3(2) 1.5(2)
Dolomite 1.1(1) 0.6(1)
Enstatite 2.3(1) 2.5(2)
Garnet 0.4(1) 0.6(1)
Halite 4.6(1) 5.7(0)
Hematite 0.5(1) 0.6(0)
Hercynite 0.6(1) 1.4(1)
Hydrocalumite – 0.6(1)
Iron 0.4(0) –
Kalsilite 0.4(1) 0.4(1)
Lime 0.3(0) 0.3(0)
Magnetite 0.5(1) 0.9(1)
Massicotite 0.2(0) –
Melilite 3.3(1) 4.4(2)
Minium 1.0(0) 0.2(0)
Muscovite/ilite – 0.6(1)
Nepheline 1.4(1) 0.8(1)
Portlandite 0.2(0) –
Potassium tetrachlorozincate 9.3(2) –
Quartz 2.1(0) 2.9(1)
Rutile 0.6(1) 0.6(1)
Sanidine feldspar 1.3(0) 2.4(1)
Sodalite – 0.3(1)
Sylvite – 0.6(0)
Syngenite – 9.6(2)
Tobermorite 14-Å – 0.3(1)
Ulvoespinel 0.7(0) 0.8(0)
Wurtzite 0.5(0) 0.3(0)

Bayuseno and Schmahl (2011)
Values in parentheses indicate the least-squares estimated standard deviation referring to the least 
significant digit to its left, a zero indicates an estimated standard deviation <0.05 %
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tightly fixed in phases inherited from MSWI FA (Hjelmar 1996). On the contrary, 
the chalcophilic elements (e.g., As, Cd, Cu, Pb and Zn) are readily vaporised at an 
intermediate temperature and are the major constituents of FA (Forestier and 
Libourel 1998; Belevi and Moench 2000). Hg, that is extremely volatile, may 
be emitted almost totally in the vapour phase and therefore may be not found in the 
MSWI FA. Finally, the atmophilic elements (C, S, Cl, and F) generally remain in the 
vapour or enter in the minute particles of condensed-phases (e.g., Cu, Fe, and Sn) 
after electro filtration. MSWI FA may also contain persistent organic pollutants 
such as polychlorinated dibenzo-dioxins (PCDD) and polychlorinated  dibenzo- furans 
(PCDF) (Rani et al. 2008).

3.2.4  Fly Ash from Biomass Matter Burning

Combustion of biomass is a common technique to generate heat and power in 
both small- and large-scale grate furnaces (domestic boilers, stoves, district 
heating plants). In recent years, pressures on global environment and sustain-
ability have led to an increasing interest on renewable energy sources, and 
diversification of Europe’s energy supply. Among the available resources, the 
biomass plays an important role, since it is considered a renewable and CO2 
neutral energy resource. Nowadays, biomass is ranked as fourth after oil, gas 
and coal, providing approximately 14 % of the world’s energy needs (Shen et al. 
2009). The Seventh Framework Programme of the European Commission 
addresses research priorities on biomass. The objective is to develop and imple-
ment technologies for electricity, heating and cooling from biomass (Rajamma 
et al. 2009; Yin et al. 2008). Moreover, one of the problems associated to bio-
mass combustion is related with the ash production, in the thermal conversion 
process itself (for example, slagging and fouling phenomena), and also its envi-
ronmental management.

The quantity and quality of ashes produced in a biomass power plant are 
strongly influenced by the characteristics of the biomass source (Mukherjee 
et al. 2008; Burke 2007). For example, combustion of wood generates low 
amounts of ashes to be managed; on the contrary herbaceous biomass, agricul-
ture wastes and rice husk have higher ash content. Agricultural residues are 
usually mainly composed of  cellulose, hemicelluloses, and lignin. Other com-
ponents are extractives, lipids,  proteins, simple sugars, starches, water, hydro-
carbons, ash, and many more compounds that contain a variety of functional 
groups present in the binding process (Sun 2010). The functional groups present 
in biomass molecules include acetamido, carbonyl, phenolic, amido, amino, 
sulfhydryl carboxyl, ester, and hydroxyl groups (Beveridge and Murray 1980; 
Gupta and Ali 2000). These groups have the affinity for metal complexation. 
Some biosorbents are selective for certain types of metals depending on their 
chemical composition, whereas other are no specific and can bind a wide range 
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of heavy metals (Garg et al. 2007; Tarley and Arruda 2004). Biomass ashes 
differ from coal FA, in particular in what concerns its chemical composition and 
mineralogy and exhibit more variation in both composition and amount of inor-
ganic material than is typical of coal. The characteristics of ashes from biomass 
combustion are influenced by biomass source (for example, herbaceous mate-
rial, wood or rice husk), and combustion technology (for example, fixed bed or 
fluidised bed) (Obernberger et al. 1997). The ashes from biomass burning are 
quite different also depending on the type of soil and harvesting (ASTM 2005). 
Furthermore, even for the same type of biomass, the properties of its FA depend 
also on some growth and production factors including weather, season, storage 
and geographic origins (Bridgeman et al. 2007; Wiselogel et al. 1996). In addi-
tion, the temperature in the furnace and its hydrodynamics influence the degree 
of slagging and fouling in the furnace and boiler, because of the relatively low 
melting temperature characteristic of biomass ashes and consequently the com-
position of formed final ash (Werther et al. 2000).

Variations in the inorganic fraction of fuels are directly reflected in ash com-
positions. The different kinds of installations result in multiple kind of ash flow, 
each with differences in morphology, composition and leaching behaviour. There 
are several paper in literature that reports chemical composition of biomass FA 
(Thy et al. 2006; Rajamma et al. 2009), showing how these compositions are 
widely variable.

Generally, the main inorganic elements in biomass ash are Ca, K, Na, Si and P. 
Some of these act as important nutrients for the biomass (Masia et al. 2007). 
Moreover, some biomass fuels have high silicon content (e.g. rice husk) while 
some have high alkali metal content (wood). Whereas the elemental composition 
of the ash is determined by the inorganic constituents in the parent biomass, the 
phase composition and the crystallinity is strictly dependent on the used combus-
tion technique. Typically, FA from neat biomass combustion has more alkali (Na 
and K) and less alumina (Al2O3) than coal FA (Thy et al. 2006; Llorente and 
Garcia 2006). The solid byproducts that can be obtained from the thermochemical 
processing of biomass (e.g., gasification and pyrolysis) are generally a mixture of 
char and ash. Whereas the ash typically recovered from biomass combustion is 
mostly inorganic, that from biomass gasification can have unburned carbon con-
tents ranging from 10 to 60 % (Leiva et al. 2007). Despite that, generally, biomass 
ash does not contain toxic metals like coal ash; sometimes the concentration of 
toxic heavy metals (for example, Zn, Cd, Pb, Hg) may be problematic in the FA 
(Demirbas 2005; Tulonen et al. 2012). In addition to its high carbon content, this 
ash can also contain organic contaminants, like PCDD/F and polyaromatic hydro-
carbons (PAHs). This makes the management of gasification FA a challenging 
task, especially for contaminated fuels (Gómez-Barea et al. 2009). Because ash 
with a silica content of >50 wt% can be used as a substitute source for silica in the 
manufacturing process of a silicate glass (Park et al. 2009), or as constituent in the 
cement production (Girón et al. 2013) the silica content is the most evaluated 
component of FA from biomass.
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Table 3.8 reports as a reference, silica content of some biomass FAs (Ruangtaweep 
et al. 2011) at different sintering temperatures. It has been found that, rice husk ash, 
sugarcane leaves ash, straw ash, and palm petiole ash at all sintering temperatures, 
and bagasse ash at 800 and 1,000 °C, have silica content of >50 wt%.

Rice husk ash, in particular, is the main studied ash from biomass. Rice is one of 
the major crops grown throughout the world. Covering 1 % of the earth’s surface, 
rice is now a way of life, being grown on every continent and is deeply embedded 
in cultures, rituals and myths.

World rice production is approximately 645 million tons. Asian farmers pro-
duce rice about 90 % of total production of 100,000 tons or more, with two coun-
tries, China and India, growing more than half of the total crop (Ruangtaweep 
et al. 2011). For every 4 tons of rice, 1 ton of rice husk is produced. Rice husk is 
generally employed as biomass for energy recovery. The energy generating from 
rice husk has received great support (Wang et al. 1999), particularly in those coun-
tries that are primarily dependent on imported oil as their energy needs. In heat 
generation, rice husk has a calorific value of 12.1–15.2 MJ/kg (Beagle 1981). Rice 
husk has a chemical composition varying from sample to sample, depending upon 
the varieties of paddy sown, geographical conditions, soil chemistry, proportion 
of irrigated area, fertilizer used, climatic variation, timeliness of crop production 
operations and agronomic practices in the paddy growth process (Chaudhary and 
Jollands 2004; DSIRI 1992; Rao 1980; Patel et al. 1987). Rice husk major con-
stituents comprising of cellulose, hemicellulose, lignin, hydrated silica 
(Chandrasekhar et al. 2005), which the exterior composed a large amount of silica 
(Mahin 1990; Ismail and Waliuddin 1996). After combustion, 15–30 % of this 
results in rice hush ash (RHA) (Mehdinia et al. 2011), that is collected from the 
particulate collection equipment attached upstream to the stacks of rice husk-fired 
boilers (Naiya et al. 2009). It contains 80–95 % of silica and minor amounts of 

Table 3.8 Silica content of some biomass fly ash

Biomass

Temperature (°C)

400 600 800 1,000

Rice husk 85 85.9 90.4 92.1
Sugarcane leaves 68 69.7 65.6 67.9
Straw 69.9 71.6 81.2 85
Eucalyptus wood  2.1 1.5 1.7 1.5
Bagasse 47.3 49.7 53.1 63.7
Palm petiole 65.7 67.7 60.3 65.2
Palm bunches 46.8 47.7 44.4 48
Coconut shell 12.1 9.3 12.9 25.4
Corn Stubble 34.6 34.1 33.6 39.8
Cassava  1.4 0.9 5.3 9.5
Rubber tree wood 10.9 8 7.7 5.4

Ruangtaweep et al. (2011)
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metallic elements (Chandrasekhar et al. 2005). Chemical composition and 
crystallinity of RHA vary considerably according to the burning technique, 
depending on the temperature regime and gasification structures. For example, 
during the combustion at 550–800 °C, amorphous silica tends to be formed; on the 
contrary, at greater temperatures, crystalline silica is generated, both having dif-
ferent properties and specification for the possible final use. The chemical compo-
sition of rice husk ash is given in Table 3.9.

3.3  Fly Ash Treatments

Air pollution is a major problem for incineration. In modern incinerators, an 
advanced pollution control system is designed to minimize the pollution and 
ensure compliance with environmental standards. A dry/wet scrubber is used to 
spray fine atomised slurry or lime powder into the hot exhaust gas in order to 
neutralize the acidic gases such as sulphur oxides and hydrogen chloride. An 
activated carbon column or injected activated carbon spray is used to absorb the 
heavy metals and organic pollutants, such as polychlorinated biphenyl’s and 
volatile organic compound, in the exhaust gas. A selective non-catalytic reduc-
tion system is used to remove nitrogen oxides by adding urea or ammonia for 
reaction to nitrogen, carbon dioxide and water. The bag filter system acts to fil-
ter and remove the fine particulates and dust particles (Lam et al. 2010). A selec-
tive catalytic reduction (SCR) is also used to convert nitrogen oxides into 
diatomic nitrogen (N2) and water (H2O) with through a catalyst. In particular 
this techniques utilized a gaseous reductant, for example anhydrous ammonia, 
aqueous ammonia or urea, that is added to a stream of flue or exhaust gas and is 
absorbed onto a catalyst. This technique reduce nitrogen oxides by 70–95 % and 
so, comparing with selective non-catalytic system, this is more efficient 
(Finocchio et al. 2006).

Concerning the presence of contaminants, MSWI FAs are the most problematic 
ashes. The composition of municipal solid waste varies over time and from country 

Table 3.9 Chemical analysis 
of rice husk ash

Constituent Amount (wt %)

Silica (SiO2) 80
Alumina (Al2O3) 3.93
Sulfur trioxide (SO3) 0.78
Iron oxide (Fe2O3) 0.41
Calcium oxide (CaO) 3.84
Magnesium oxide (MgO) 0.25
Sodium oxide (Na2O) 0.67
Potassium oxide (K2O) 1.45
Loss on ignition (LOI) at 850 °C 8.56

Ismail and Waliuddin (1996)
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to country, due to the differences in lifestyle and waste recycling processes of a 
country; the ash content will vary too. Generally, the chemical and physical charac-
terisation of ash will depend on the compositions of the raw MSW, the operational 
conditions, the type of incinerator and air pollution control system design. Chemical 
composition of MSWI FA is quite variable because it depends on the incinerated 
waste composition, which varies by season. The chemical composition of ashes 
shows that the major common oxides present in ash are SiO2, Al2O3, CaO, Fe2O3, 
Na2O, and K2O. CaO is the most abundant compound that exists in MSWI FA (Alba 
et al. 1997). The most abundant elements are Si, Al, Fe, Ca, Mg, K, Na and Cl. With 
regard heavy metals, Cd, Cr, Cu, Hg, Ni, Pb, and Zn are the most abundant, with Zn 
and Pb generally found in the largest amounts (see Table 3.10) (Bontempi et al. 
2010b). These metals may cause leaching problems and are harmful to the environ-
ment without proper treatment. Generally, the heavy metals content in FA is high 
due to the vaporisation of metals during combustion and the process of metals 
adsorption on the surface of FA particles. MSWI FA contains high chloride content. 
This may be due to the lime scrubber in the air pollution control system, which 
removes acidic gases such as HCl, thus resulting in a high amount of chloride con-
tent remaining in FA after the air pollution control system.

Another problem of FA is the content of organic pollutant like dioxin. The inter-
national emission standard limit for dioxin concentration in flue gas is 0.1 ng I-TEQ/
m3. In order to minimize the flue gas dioxin concentration, dioxin is removed from 
vapor phase to solid phase by lime scrubbing and activated carbon injection to 
adsorb dioxin (Hinton and Lane 1991; Lee et al. 2008). There are a number of ways 
of minimising dioxin/furan formation during MSW incineration which can signifi-
cantly reduce the dioxin/furan. A two-stage approach system was designed to get 
complete combustion and minimize formation. In the combustion system, the com-
bustion temperature should be above 1,000 °C, the combustion residence time 
should be greater than 1 s and the combustion chamber turbulence should be 

Table 3.10 Quantification of 
elements found in the fly ash 
mixture

Element Concentration (mg/l)

S 62
Cl 309
K 94
Ca 1,846
Ti 21
Cr 1
Mn 2
Fe 69
Cu 9
Zn 47
Br 7
Sr 5
Pb 12

Bontempi et al. (2010b)
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 represented by a Reynolds number greater than 50,000, with good MSW feed 
preparation and controlled feed rate. In the end-of-pipe treatment systems, very 
rapid gas cooling from 400 to 250 °C should be achieved. Semi-dry lime scrubbing 
and bag filtration coupled with activated carbon injection adsorption as end-of-pipe 
treatments can all play a role in prevention or minimisation of dioxins in the final 
flue gas emission to the atmosphere (McKay 2002). Due to the volatilisation and 
subsequent condensation as well as concentration phenomena acting during com-
bustion, FA and air pollution control (APC) residues bear high concentrations of 
heavy metals, salts as well as organic micro-pollutants. There are two possible ways 
of handling FA residues: landfilling after adequate treatment or recycling as a 
secondary material after inertisation. There are two classes of proposed technologies: 
one about heavy metals entrapment and one for the organics pollutants abatement.

3.3.1  Heavy Metal Entrapment

In order to utilize the waste and reduce the environmental impact, the treatments 
for FA can be grouped into three classes (IAWG 1997): (1) separation processes; 
(2) solidification/stabilisation (S/S); (3) thermal methods. In practice, it may be 
useful to set up the treatment with separation techniques (generally washing or 
leaching with fluid solutions that are more aggressive than water), followed by ther-
mal treatments or stabilisation/solidification techniques. In Fig. 3.3 it is reported the 
classification of these treatments.

Separation processes
•Washing
•Leaching
•Electrochemical processes
•Thermal treatment

Thermal treatments
•Vitrification

�Conventional
�Plasma

•Melting/Fusion
•Sintering
•Microwave

Solidification/stabilization treatments:
•Chemical stabilization 

�The Ferrox® process
�Phosphate based stabilisation processes
�Mechanochemistry
�Acid extraction

•Chemical fixation and solidification with binders
�Cement based processes
�Colloidal silica
�Carbonation
�Bitumen encapsulation

•Geopolymers

Heavy metals 
entrapment

Fig. 3.3 Classification of several techniques for heavy metals entrapment
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 Separation Processes

Separation methods include all techniques that allow the extraction of some species 
from the waste, aiming to improve the quality of the residue for further utilisation 
and/or to recover the species in question. Its principle is to separate from the bulk of 
the material the individual constituents that are already present in such residues in 
the same physical and chemical form.

Washing

The goal is, in general, to remove the soluble salts by using water as a leachant. This 
process may be used as a first step in more sophisticated methodologies. In this way, 
chlorides can be extracted and the solutions can be evaporated to produce salts 
(Francois and Criado 2007; Chimenos et al. 2005; Mulder 1996; Nzihou and 
Sharrock 2002). Mangialardi (2003) washed the residue at pH 6.5–7.5 (that resulted 
less unfavourable to cement hydration) and then solidified with a binder. Studies by 
the author have shown that washing methods, involving water alone, are not very 
appropriate since large quantities of heavy metals (e.g. Pb and Zn) are also released 
simultaneously with the soluble salts (Quina et al. 2008). Rani et al. (2008) explained 
several washing treatments. In particular for incinerator FA, they showed that it pos-
sible washing FA with only water or with water and acid. In the first case, only 1 % 
of Pb and other heavy metals were removed. Instead, in the second case, a signifi-
cant amount of chlorine and other heavy metals were removed to such a point that 
the acid washed ask was utilised as a secondary raw materials in road construction. 
Some chemical additives, such as soluble phosphates, may be used to overcome this 
problem. After washing to remove soluble salts, Francois and Criado (2007) utilised 
phosphate to trap heavy metals in stable crystalline phases as apatite (calcium 
phosphate).

Leaching

Leaching can be defined as the dissolution of a soluble constituent from a solid 
phase into a solvent and usually the leaching is the first important operation for the 
whole treatment process. Leaching arises because of the chemical reactions taking 
place at the scale of the individual waste particles as well as of the contaminant 
transport processes via the fluid moving through the solid particles. Aspiring at the 
extraction of heavy metals for further recovery, solutions for leaching other than 
water may be used. Pb and Zn are the most important elements in this process, and 
the target is to obtain a solution in which concentrations are high enough to facilitate 
further separation and recovery.

Two possibilities can be implemented for improving leaching efficiency, when 
the released quantities are too low: adding chemical additives or restart with the 
leaching process (Laethem et al. 1994)
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In the literature, many studies use chemical agents to develop heavy metal leaching. 
Sabbas et al. (2003) showed the influence of pH on leaching. In fact, pH is strongly 
related to the nature of the particular contaminant under concern as well as the mineral 
phase(s) in which this is bound. Three main typical leaching behaviours for solubility-
controlled leaching have been identified: (1) Cation-forming species and non-ampho-
teric metal ions (e.g. Cd) that displays fairly constant high values at pH < 4, and 
decreases strongly up to pH = 8–9, remaining approximately constant or slightly 
increasing for higher pH values. (2) Amphoteric metals (including Al, Pb, Zn) increase 
solubility under both strongly acidic and strongly alkaline conditions. And, (3), 
Oxyanion-forming elements (e.g. As, Cr, Mo, V, B, Sb); usually their solubility 
decreases in alkaline ranges (pH > 10) (Sabbas et al. 2003). van der Bruggen et al. 
(1998) and Katsuura et al. (1996) operated by acid extraction processes; van der 
Bruggen et al. (1998) utilised acid solution with ethylenediaminetetraacetate (EDTA) 
to increase the solubility of Pb and Katsuura et al. (1996) described that it is possible to 
recover solid salts containing close to 99 % of NaCl. Ecke et al. (2000) explain Japan 
practice in which nine acid extraction units for treating the MSWI residues are used. 
Nagib and Inoue (2000) carried out a series of leaching experiments using three kind 
of acid: sulphuric, hydrochloric acid and acetic acid. The advantage of employing sul-
phuric acid was to dissolve Zn and other metals from the FA leaving Pb, which is 
insoluble in sulphuric acid solution. The advantage of hydrochloric acid and acetic acid 
is the ability to dissolve all heavy metals generating leach solutions that contain both 
Pb and Zn, which can be separated by means of solvent extraction. Fedje et al. (2010), 
due to the alkalinity of the ash, investigated some alternative leaching media such as 
EDTA, ammonium nitrate, ammonium chloride and a number of organic acids and to 
compare them with the usual mineral acids and water. The use of mineral acids and 
ethylene-diaminetetraacetate (EDTA) mobilised many elements, especially Cu, Zn and 
Pb, whereas the organic acids generally were not very efficient as leaching agents for 
metals. Leaching using ammonium nitrate was especially effective for the release of 
Cu. Hong et al. (2000), utilised chelating agents to recover Cr, Cu, Pb and Zn.

It is clear that the efficiency of the extraction depends greatly upon the heavy 
metal in question, the extracting agent, the pH and the liquid/solid ratio used. Huang 
et al. (2011) utilised lixiviant extraction method at room temperature that seems 
more attractive from the point of view of recovery and recycling of metals. Many 
lixiviants can be chosen for the extraction of heavy metals from FA, such as inor-
ganic mineral acids like sulphuric acid, hydrochloric acid, and nitric acid, organic 
acids like citric acid, oxalic acid, acetic acid, tartaric acid, or, chelating reagents like 
nitrilotriacetic acid (NTA), ethylenediaminetetraacetate (EDTA), and diethylenetri-
aminepentaacetate (DTPA), and, in some cases, alkaline solutions like ammonium 
and sodium hydroxides.

The leaching of heavy metals can also be improved through bioleaching, by 
using bacteria leaching processes. Krebs et al. (2001) through bioleaching by 
Thiobacilli thiooxidans made an extraction of higher than 80 % for Cd, Cu and Zn 
but there was a low efficiency for Pb; while Bosshard et al. (1996), through biole-
aching by Aspergillus Niger explained as the environmental quality of the residues, 
that contain heavy metals, can be improved with respect to re-use.

3 Fly Ash Pollutants, Treatment and Recycling



126

Due to the mobility of the water-leachable compounds, a successful removal of 
the metals is expected applying supercritical fluid extraction with CO2 in which 
traces of water and extractants are dissolved. The use of supercritical CO2 is par-
ticularly attractive, because it is an environmentally benign solvent with a high 
diffusivity and a low viscosity allowing easy penetration into the smallest pores of 
particles such as FA. Supercritical fluid extraction does not require an expensive 
solvent removal step. The extractant can be rinsed out with CO2, while releasing 
the pressure after supercritical fluid extraction results in the entire evaporation of 
the residual CO2. Furthermore, CO2 can be recycled without problems (Kersch 
et al. 2004).

Nam and Namkoong (2012) explained the use of electron beam irradiation on FA 
that significantly increased the leaching potential of heavy metals from FA. When 
the intensity of electron beam irradiation increased gradually up to 210 kGy, con-
centration of Pb and Zn in the leachate increased linearly as absorbed dose increased, 
while that of Cu went through no significant change. Notable change in metal form 
in FA was observed when FA was irradiated and it was related to leaching potential 
of the metals. Change in Pb form was much greater than in Cu form.

Electrochemical Processes

Electrochemical processes are methodologies that involve reduction/oxidation reac-
tions at the interface of electrodes and electrolyte, induced by a potential difference 
in the electrodes. During the electrochemical process, hydrogen is generated at the 
cathode, metals are deposited on its surface (due to the reduction reaction) and oxy-
gen is released at the anode (through the oxidation reaction). The main advantage of 
these methods is that they do not require the addition of chemicals, but removing 
metals when the concentration is low is a major problem (Yang and Tsai 1998). The 
variables that significantly affect this process are current density, temperature, mix-
ing conditions, distance between the electrodes and the pH of the solution. Pedersen 
(2002) showed a kind of electrochemical process: the electrodialytic remediation. 
The electrodialytic process is a remediation technique used for the removal of heavy 
metals and chlorides from FAs. It has been introduced as a possible new extraction 
method. In electrodialytic remediation, the FA is suspended in an aqueous phase 
and placed between two electrodes (Fig. 3.4).

When a low voltage current is applied, the ions in the ash slurry (in compartment 
III) begin to migrate in the electric field either toward the positive electrode (anode) 
or toward the negative electrode (cathode), depending on their speciation. As a 
result, the ions are transported out of the ash slurry and into the electrolyte solutions 
in compartment II or IV, from where they can be separated by conventional methods 
(e.g. electroplating, ion exchange, or precipitation). Pedersen (2002) and Pedersen 
et al. (2005) demonstrated that the electrodialytic remediation method enhanced the 
extractability of heavy metals in MSWI fly ashes compared to more traditional 
extraction methods. Above all when combining the electrodialytic treatment with 
the addition of an appropriate assisting agent to the ash slurry before and during 
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remediation, it was possible to improve the desorption of one or more heavy metals 
specifically, thereby improving the extraction efficiency considerably for targeting 
metals compared to basis experiments using only water or acid as assisting agents. 
Also Lima et al. (2012) utilised electrodialytic process: they washed the ash before 
the electrodialytic remediation period started. Then the suspension was decanted to 
grossly separate the solid from the liquid. The remaining suspension was filled up 
to L/S of 4 using distilled water. They concluded that the best compromise for 
removal of Cd, Pb, Zn, Cu, and Cr was obtained with a solution of 0.25 M ammo-
nium citrate and 1.25 % of NH3 as assisting agent (Lima et al. 2012; Pedersen 2002; 
Pedersen et al. 2005).

Thermal Treatment

This method may be used for removing heavy metals through evaporation processes 
(using temperatures lower than melting point), while at the same time enabling the 
recycling of the metals (decontamination). In general, the heavy metals of interest 
are Zn, Pb, Cu, and Cd. In the literature, some studies have given up promising 
results regarding the separation of heavy metals by thermal treatment: Auer et al. 
(1999) utilised HCl gas to recycle heavy metals by fractionated condensation. It is a 
promising method, because heavy metals in presence of HCl (gas) are volatile. 
Jakob et al. (1995, 1996) analysed evaporation of heavy metals through heat 
treatment; they showed that with temperatures between 1,000 and 1,100 °C, the 
evaporation efficiencies for Pb, Cd, and Cu are 98 %, and higher, and that the 
 evaporated amounts as well as the rates of evaporation were strongly influenced by 
chlorides. Stucki and Jakob (1997) showed that performing thermal treatment under 
chloride containing and reducing conditions, more than 99 % of the Cd, Cu, Pb, and 
Zn present in FA predominantly evaporated as chlorides and they can be collected 
separately as heavy metal condensates. They also asserted that the principal thermo-
chemical reactions that control the evaporation of heavy metals were the evaporation 

Fig. 3.4 The principle of electrodialytic remediation of fly ash (Pedersen 2002)
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of the metallic forms or the reduction at the metal state followed by evaporation, the 
evaporation of the volatile chlorides, and the formation of stable compounds within 
the solid matrix, such as oxides in the residue. Lutz (2002) studied the detoxification 
of several different types of filter ash from municipal solid waste incinerators and 
the impact from different atmospheres (inert, oxidizing, reducing, reactive). Zhao 
et al. (2004) investigated the impact of moisture on volatility of heavy metals in 
municipal solid waste incinerated in a laboratory scale simulated incinerator. 
Analytical tools were improved to analyse the evaporated heavy metals during 
thermo(−chemico) treatment quantitatively as well as element- specifically by using 
TG-ICP (Ludwig et al. 2007) coupled with a special condensation interface to trans-
fer the volatilised heavy metals from the electrically heated quartz tubular often to 
the TG-ICP (Ludwig et al. 2000a, 2001). Synchrotron-based X-ray absorption spec-
troscopy allowed gaining insights in the fate of Zn (Struis et al. 2004) and Pb (Struis 
et al. 2009) by studying MSWI FA at room temperature, as a function of treatment 
temperature and atmosphere (inert gas or air). With time, the questions regarding 
heavy metal partitioning expanded also to other wastes, such as electronic scrap 
(Scharnhorst et al. 2007). Very recent studies concern the evaluation of health risks 
related to waste incineration of polymer nanocomposites (Roes et al. (2012) and its 
possible persistence in a MSWI plant (Walser et al. 2012).

 Solidification/Stabilisation Treatments

Solidification/stabilisation (S/S) treatments are among the most prevalent processes 
used for waste incineration residues. The principal function of solidification/stabili-
sation is to produce a material with physical (specific surface area, porosity, etc.), 
mechanical (durability, mechanical strength, etc.) and chemical properties capable 
to immobilised hazardous components originally present in waste. The solidifica-
tion/stabilisation process utilizes chemically reactive formulations that, together 
with the water and other components in sludges and other aqueous hazardous 
wastes, form stable solids. The material used for solidification/stabilisation (S/S) 
not only solidifies the hazardous waste by chemical means but also insolubilises, 
immobilises, encapsulates, destroys, sorbs, or otherwise interacts with selected 
waste components. The result of these interactions is solids that are non-hazardous 
or less hazardous than the original waste. The solidification process reduces the 
mobility of the pollutants in the treated material through encapsulation, as an effect 
of the reduced surface area and low permeability. On the other hand, the major goal 
of stabilisation is to convert the pollutants into less soluble or less toxic forms, with 
or without solidification. Chemical stabilisation and then solidification of the waste 
is the best approach to solidification/stabilisation (S/S) technology. The solidifica-
tion/stabilisation processes (S/S) use additives or binders, such as cements or poz-
zolanic materials, in order to immobilize hazardous components initially present in 
waste. It consists of mixing the waste with water and binders and sometimes with 
chemical additives such as sodium silicate, soluble phosphates and carbonates. 
Even if the S/S treatments are the most used methods, they are no completely 
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efficiency for the treatment of soluble salts; in fact because of FA residues contain 
high levels of salts, the leaching of these salts from the S/S matrix over a long time 
has a poor performance. The consequent increase in metals released is due to the 
loss of physical properties and durability of the treated product. However, the S/S 
treatments are used in order to observe landfill criteria (Sabbas et al. 2003; Quina 
et al. 2008). Although the stabilisation technology for MSWI FA has advanced, 
certain problems with conventional stabilisation technologies cannot be ignored, 
such as long-term stability and the cost of stabilisation chemicals. In addition, car-
bonation is an important topic in recent research on the long-term leaching of heavy 
metals.

Chemical Stabilisation

Chemical stabilisation processes have been proposed, which basically involve 
chemical precipitation of heavy metal-incorporating insoluble compounds and/or 
heavy metal substitution/adsorption into various mineral species. The principal 
forms of chemical agents used include sulphides (IAWG 1997; Katsuura et al. 
1996), soluble phosphates (Derie 1996; Eighmy et al. 1997; Hjelmar et al. 1999; 
Nzihou and Sharrock 2002), ferrous iron sulphate (Lundtorp et al. 1999) and car-
bonates (Hjelmar et al. 1999). As a result either of hydration, carbonation, or oxida-
tion/reduction, these changes may lead to considerable reductions in trace elements 
(including heavy metals as Cd, Cu, Pb, Zn and Mo) and leaching. These can give go 
up to pH decrease, contaminant sorption processes and formation of more stable 
mineral species (Sabbas et al. 2003).

The Ferrox® Process

The Ferrox®-process was developed in Denmark as an on-site treatment for FA resi-
dues prior to landfill disposal (Lundtorp et al. 2002; Jensen et al. 2002). The process 
consisted in mixing of three mayor units that were ferrous sulphate solution, recy-
cled water and FA residues; suddenly the oxidation of ferrous iron took place fol-
lowed by pH adjustment with either additional FeSO4 or H2SO4 and finally, in a 
plate-and-frame filter press, the treated residue was dewatered. Aeration oxidised 
the precipitated ferrohydroxide to ferrihydrite and the suspension was then sepa-
rated into treated residue and wastewater. This process was reported to leach out 
large amounts of salts (Cl, Na, K and Ca) but low concentrations of trace metals 
(Pb and Cd) from FA residues (Lundtorp et al. 2002). Hu (2005) studied the effec-
tiveness of mixing FeSO4 and Fe2(SO4)3 solutions with FA residues in order to sta-
bilize heavy metals and they concluded that the solution reacted with the FA to form 
Ca4Fe9O17, which coated the surface of ash particles, and for that reason the heavy 
metal releasing was decreased. Other authors (Christensen et al. 2001) have used 
iron sulphate to stabilize FA residues. The wastewater generated contained low lev-
els of heavy metals, but high concentrations of salts. The process reduced the leach-
ing of Pb by more than two orders of magnitude at fixed pH. Leaching of Cd, Zn and 

3 Fly Ash Pollutants, Treatment and Recycling



130

Cu were also significantly reduced. However, the effect on elements that forms 
 oxyanions (for example Cr) was marginal and there was no reduction in leaching of 
Hg. Unfortunately the stability of iron oxides and hydroxides can change with time; 
so some authors (Sorensen et al. 2000), proposed an additional heat treatment at 
600–900 °C after the Ferrox® process. This thermal treatment of Ferrox stabilised 
FA residues produced a more stable product with respect to leaching of heavy met-
als. In fact Ferrihydrite was formed initially but converted upon thermal treatment 
into more stable and crystalline compounds (maghemite and hematite). In general 
since most of the salts are removed by this process, the treated residues are expected 
to be less affected by physical disintegration than the cement solidified product.

Phosphate Based Stabilisation Processes

Stabilisation by the addition of phosphate (particularly phosphoric acid) is one of the 
most promising and intensively investigated techniques. The phosphate phases likely 
to precipitate are extremely numerous, particularly calcium phosphates and heavy 
metal phosphates such as Copper, Lead and Zinc phosphate. Since FA is rich in 
Calcium, that is generally present in the form of calcium carbonates, most of the 
leachable metals are caught during the precipitation of calcium phosphates including 
traces of metals. Above all apatite is one of the most thermodynamically stable phos-
phate species. Piantone et al. (2003) proposed an approach for monitoring the phos-
phation of FA produced by Municipal Solid Waste (MSW) incineration. The phosphate 
process includes the Neutrec® process developed by Solvay S.A. (scrubbing of flue 
gases by contact with sodium bicarbonate), and it has the objective of minimising 
the disposal of FA residues in hazardous landfills, obtaining a no- hazardous residue.

This treatment consisted in four steps: (1) filtration of the flue gases producing 
mixtures of soluble and insoluble mineral particles; (2) ash washing at basic pH to 
remove salts; (3) phosphation of the solid residues to trap metals, and, (4), drying 
and calcination of the solid phosphate residues to destroy organic compounds 
(Fig. 3.5). Piantone et al. (2003) washed the FA with a solution with a pH close to 
10.5 (by acidification with hydrochloric acid) to permit the extraction of soluble 
salts with a low dissolution of the metals, particularly Zinc and Lead, and an increase 
hydrated lime (Ca(OH)2), as excess lime would tend to increase phosphoric acid 
consumption. To make phosphation, a solution phosphoric acid (H3PO4 10 %) was 
added to FA. The pH ranges from 6.5 to 8. They obtained a precipitation of calcium 
phosphate that trapped Lead and Zinc by destruction of just formed calcite. After 
drying, they used calcination process between 600 and 900 °C for 1 h that is impor-
tant to destroy the dioxins (PCDD/F) always associated with this kind of ash. They 
obtained fine sand that was creamy white to grey in colour. They extracted soluble 
salts (NaCl, Na2SO4, and Na2CO3) after adsorption of the organic compounds by 
activated charcoal and then extracted metals by ion exchange resins in the Solvay 
process that are then recycled (Piantone et al. 2003).

Rani et al. (2008) shows the VKI® process. This process has been developed by 
a consortium of Danish companies and it is explained by Hjelmar et al. (Hjelmar 
and Birch 1997; Hjelmar et al. 2001; Hjelmar and Hansen 2006).
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It is now a one-stage treatment process that improves the leaching characteristics 
of FA residues. Such process involves the removal of soluble salts by aqueous 
extraction, chemical stabilisation of the washed product with carbon dioxide (CO2) 
or phosphoric acid (H3PO4), washing the product and final dewatering. pH buffering 
capacities of both carbon dioxide and phosphoric acid are very important; in fact 
this mechanism reduces the pH of the residues without totally removing the alkalin-
ity which protects against future acidification. The wastewater from the process 
must be treated to reduce the content of trace elements and heavy metals before to 
discharge to a treatment plant. For this reason it could be treated to comply with the 
EU leaching criteria for acceptance at hazardous waste landfill, and in most cases 
also with the criteria for landfilling of wastes at a site for non-hazardous waste 
which accepts stable, non-reactive hazardous (Rani et al. 2008). In many aspects, 
the VKI® process is like to the Ferrox® stabilisation process with the exception of 
the use of chemical agents that in the VKI® process are CO2 and/or H3PO4. The 
VKI® stabilised products are expected to demonstrate low leaching because heavy 
metals as carbonates and phosphates have low solubility.

Eighmy et al. (1997) made a stabilisation of FA by using 1.2 mol of phosphoric 
acid/Kg of residue with water at an L/S ratio of 0.4 (WES-PHix® process). They 
found that in case of FA from an incinerator of municipal waste, treatment with 
phosphate reduced the fraction available for leaching of divalent heavy metals, by 
38 % for Cd, 58 % for Cu, 99 % for Pb and 28 % for Zn. Stabilisation occurs due to 
precipitation of metal phosphates rather than by adsorption of metals onto phos-
phates. The products obtained were crystalline and amorphous calcium phosphates, 
tertiary metal phosphates and apatite family minerals. This process consumes less 
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Fig. 3.5 Fly ash stabilisation process (Piantone et al. 2003)
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water for phosphate stabilisation than the Ferrox® and VKI® stabilisation processes 
and retains salts in the treated product. Leaching of salts is therefore expected to be 
higher than for other processes.

Also other authors make use of a chemical stabilisation with phosphoric acid. 
For example, the procedure of Iretskaya et al. (1999) consists of mixing waste and 
water with a calcium hydroxide and phosphoric acid. The suspension obtained was 
stirred, filtering and drying at 60 °C. Chemical treatment reduces heavy metals solu-
bility. Thermal treatment decreases also the solubility of metal ions with respect to 
chelating agents due to the incorporation of metals in a matrix of calcium phos-
phate. After this, a calcinations procedure at 900 °C was performed in order to avoid 
metal loss by evaporation and contribute to apatite crystallisation. On the other 
hand, immobilisation by phosphate is vulnerable to changes in pH. When pH is 
decreased from 7 to 4, solubility of Pb immobilised by phosphate may go up by 
roughly three orders of magnitude (Reijnders 2005).

Mechanochemistry

Mechanochemistry is a subdivision of the chemistry used to describe the chemical 
and physicochemical transformation of substances caused by the mechanical energy 
during aggregation. Mechanochemical effects have been utilised in many fields, such 
as metallurgy, crystal engineering, materials engineering, coal industry, building 
industry, agriculture, pharmacy, and waste treatment, and they are environmentally 
friendly. It is a high potential technology for heavy metals stabilisation in FA.

In recent years, Nomura et al. (2010) have developed a mechanochemical process 
for inhibition of heavy metal elution from FA and used the residues as cement mate-
rials. For the mechanochemical treatment procedure, they used a planetary ball mill 
with a couple of pots composed of stainless steel (45 cm3). Seven steel balls were 
located in each of the pots; the pots were positioned on a rotating disk so that the pots 
and the disk rotated in opposite directions. In another work, Nomura et al. (2006) 
treated FA mechanochemically and they showed the elution property of lead (Pb) and 
alkali from a cemented solid made of FA treated by mechanochemical process with 
blast furnace (BF) slag and an additive. The process of mechanochemical treatment 
and cementation completely inhibited Pb elution from FA. A possible inhibition 
mechanism might be that Pb compounds were changed into different forms and 
stabilised during the treatment. The pH value in elution from mechanochemical 
cemented solid was suppressed to 8–9. These results suggest that FA treated with BF 
slag mechanochemically can be use as cement material.

Lately, Nomura et al. (2008) used lead oxide (PbO), a typical Pb compound in 
FA, as a model substance to explore the lead immobilisation in mechanochemical 
FA recycling. In their testing, they added PbO and calcium oxide (CaO) mixture 
to FA. The planetary ball mill was rotated at 700 rpm for no less than 2 hours to 
ensure dioxin degradation, with a 15 min cooling interval every 15 min. After 
mechanochemical treatment, the residue was removed from the pots for Pb leaching 
tests and also used as a constituent in cement. They showed that mechanochemical 
treatment of FA inhibited Pb leaching by 93 %, and additional inhibition (99.9 %) 
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was observed on the production of cement from the treated FA. The decrease of pH, 
observed by the production of cement, is one of the reasons for the further inhibition 
of Pb leaching (Nomura et al. 2008). Mechanochemical process necessitates no 
heating and produces insignificant gas emission. Therefore, a large plant with 
sophisticated facilities is not needed, and simple closed-system designs are more 
likely to be accepted by local residents. The immobilisation of heavy metals in FA 
by mechanochemical treatment may consequently be a practical pretreatment 
technique for the not dangerous recycling of the FA as a component in cement 
(Guo et al. 2010).

Acid Extraction

Acid extraction sulphide stabilisation (AES) has been used for treating incinerator 
residues. In the AES process, incinerator FA is acid-extracted and stabilised by 
NaHS to transform residual heavy metals into insoluble heavy metal sulphides. The 
process flow scheme is shown in Fig. 3.6. Katsuura et al. (1996) explained that the 
acidic agent extracted soluble heavy metals and added sodium sulphide stabilised 
the remaining heavy metals. Concentrations of Pb leaching (0.2 mg/l) from the AES 
treated electrostatic precipitator FA were below the required values and the waste-
water was processed by evaporation/crystallisation. The FA was discharged as sta-
bilised cake for final landfill disposal and the solid salt residue was recycled for soda 
production. Condensed water was recycled and used for cooling; the plant did not 
discharge wastewater.
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Fig. 3.6 Flow diagram of the acid extraction sulphide stabilisation (AES) process (Katsuura et al. 
1996)
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In a recent research article Xue et al. (2010) compared the technique of extraction 
of heavy metals from MSWI FA by traditional and microwave acid extraction. They 
showed that hydrochloric acid was an effective extractant. They observed also that 
microwave heating promoted extraction and shortened extraction time but the time 
and the power were not significant for the extractability of heavy metals.

Chemical Fixation and Solidification with Binders

Treatments with hydraulic or chemical binders generally yield good leaching prop-
erties at relatively low costs (Sabbas et al. 2003). The aim is to incorporate the waste 
in the binder system and produce a monolithic solid with structural integrity and 
long-term stability. Solidification inhibits leaching by reducing waste/leachant con-
tact and by forming a stable pH environment in which many heavy metals remain 
insoluble.

Cement Based Processes

S/S system of cement-based materials is the most frequently applied approach to 
minimize the environmental impact of hazardous wastes, compared with other tech-
nologies. It provides also the possibility of reusing the final materials. This technol-
ogy involves mixing FA with cement to form solidified cement immobilisation body 
of a durable, monolithic material after hydration, which will not easily leach haz-
ardous components under the disposal conditions, thereby reducing the dangerous 
leaching composition of the waste by a large margin. American State Bureau of 
Environmental Protection refers to cement immobilisation as the best technology to 
dispose the poisonous and harmful wastes (Landreth 1986). Shi and Kan (2009) 
showed that MSWI FA was mainly composed of silica, calcium, alumina oxide, and 
iron oxide, which were quite similar to those of complementary cementitious mate-
rials commonly used, such as granulated blast-furnace slag and coal FA (see 
Table 3.11).

This suggested that MSWI FA could have pozzolanic or hydraulic behaviour and 
its addition to the cement could have a beneficial role in the development of the 

Table 3.11 Main chemical composition of FAs, Portland cement and Metakaoline

Sample SiO2 Fe2O3 Al2O3 Na2O K2O MgO CaO SO3 Cl− f-CaO Loss

Ordinary Portland  
cement

20.6 3.33  5.37 0.23 0.61 1.53 64.2 2.19  0.5 0.2  1.85

MSWI FA 24.5 4.01  7.42 4 4.6 2.72 23.37 12.03 10 1.5 22.04
FA 55.91 3.48 32.33 0.6 1 1.23 2.28 0.37 – 0.61  0.73
Ground granulated  

blast- furnace slag
34.4 1 14.9 0.38 0.45 7.8 41.6 2.4 – – −1.77

Metakaolin 53.36 3.96 39.27 0.18 1.81 0.59 0.24 0.08 – –  1.1

Shi and Kan (2009)
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hydrated cement paste. Thus, MSWI FA does not only imply pollution, but also 
allows resource reusing. They evaluated the flexural and compressive strength of the 
mortar specimens and they concluded that they decreased gradually with increasing 
of MSWI FA content (Shi and Kan 2009).

Cement is the most frequently used and widely studied binder. Solidification 
with cement is widely understood and simple, easily available, and results in a sta-
ble product (Roy et al. 1991). Kawakami et al. (1996) made a comparison of treat-
ments with commercially stabilising agents and cement. They tested a solidifying 
powder SFPA (Sumitomo fine powder agent) that was a mixture of inorganic agents 
and they concluded that by using Sumitomo fine powder agent, the heavy metals 
can be immobilised and no toxic gases were formed during the chemical treatment. 
While Kamon et al. (2000) utilised cement, Al2(SO4)3, Ca(OH)2 and coal FA, and 
they concluded that the stabilised residue could be used for embankments to mini-
mising the geo-environmental impact. Youcai et al. (2002) made stabilisation with 
sodium sulphide, thiourea, sodium hydroxide, and ethylenediaminetetraacetic acid 
and they compared the solidification effects of these chemicals with those of cement 
and asphalt. They concluded that chemical stabilisation processes, in particular by 
using sodium sulphide as the chemical agent, were strongly recommended, having 
advantages in terms of the low volume expansion and environmental safety of the 
stabilised products and cost balances. Geysen et al. (2004) showed a comparison of 
immobilisation of FA residues with different cements and with different silica con-
taining materials: pyrogenic silica-aerosil, microsilica, waterglass, aluminosilicate, 
bottom ash and glass. They observed that the Pb leachability was reduced 3–50 
times on the type and amount of cement used and on the curing time and that the 
physical immobilisation of Pb is better in case of the cement-treatment than with 
micro-silica.

Colloidal Silica

Bontempi et al. (2010a) have recently proposed a new method for MSWI FA inerti-
sation mainly based on the use of colloidal silica as metal stabilizer. FA from MSWI, 
Flue Gas Desulphurisation (FGD), and coal, were used in the process together with 
aqueous colloidal dispersions of SiO2 particles with high specific surface area. The 
experiments showed that the quantity of metals decreased in the leachate of the 
inertised MSWI FA. In particular, the Zn contribution decreased with respect to the 
leachate of raw MSWI FA and the Pb peak disappeared completely (Fig. 3.7). The 
TXRF data given in Table 3.12 also show that hardly no metals leached from FGD 
FA, whereas only some V, Cr, As, and Se were released from coal FA after treat-
ment. So, it appeared that the procedure is effective in the inertisation of FA not only 
for Pb, but also for V, As, and Se.

Considering the legislation of Italy, cf. DM 03/08/2005 (DECRETO 3 agosto 
2005 “Definizione dei criteri di ammissibilità dei rifiuti in discarica”), the treated 
FAs are suitably inertised for landfill deposition. From Table 3.12, it is also seen that 
there is a high content of chlorine and bromine that can be recovered by washing 
prior to obtaining the final material with the lowest quantity of salt, which Bontempi 
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Table 3.12 Results of the TXRF quantitative analysis performed with the leaching solution of 
MSWI FA, FGD FA, coal FA, and the corresponding inertised mixture before washing

Element MSWI fly ash mg/l FGD fly ash mg/l Coal fly ash mg/l Inertized mixture mg/l

P n.d. n.d. 0.3 ± 0.1 n.d.
S n.d. 1.1 ± 0.9 67 ± 6 98 ± 9
Cl 2,477 ± 234 980 ± 93 n.d. 3,522 ± 288
K 433 ± 46 6.6 ± 0.8 6.6 ± 0.6 479 ± 41
Ca 1,850 ± 171 794 ± 97 173 ± 14 2,318 ± 177
V n.d. n.d. 0.29 ± 0.02 n.d.
Cr n.d. n.d. 0.031 ± 0.004 n.d.
Fe 0.18 ± 0.08 n.d. 0.03 ± 0.01 1.1 ± 0.4
Zn 3.7 ± 0.3 0.03 ± 0.01 0.013 ± 0.002 1.6 ± 0.1
As n.d. n.d. 0.048 ± 0.004 n.d.
Se n.d. n.d. 0.96 ± 0.07 n.d.
Br 33 ± 2.8 4.4 ± 1 0.012 ± 0.001 71 ± 6
Rb n.d. n.d. 0.012 ± 0.002 n.d.
Sr n.d. 1.8 ± 0.1 2.4 ± 0.19 n.d.
Ba n.d. n.d. 0.19 ± 0.02 n.d.
W n.d. n.d. 0.053 ± 0.005 n.d.
Pb 13 ± 1 n.d. n.d. n.d.

Bontempi et al. (2010a)
n.d. not detected
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Fig. 3.7 TXRF spectra collected with the leaching solution of MSWI fly ash (black) and inertised 
material (gray) (Bontempi et al. 2010a)

et al. (2010a) designated as COSMOS (Colloidal Silica Medium to Obtain Safe 
inert). Comparing XRD results of MSWI FA with the corresponding COSMOS 
material (Fig. 3.8) showed that FA inhibits a significant amount of portlandite that 
is not found with the COSMOS sample. On the contrary, COSMOS showed the 
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presence of a small number of crystalline phases, with ~25 % calcium carbonates as 
the main phase, together with calcium sulphate, and silicon oxide, alongside ~65 % 
of amorphous material, suggesting that only a small amount of colloidal silica crys-
tallised. This may be because the inertisation process was performed at room tem-
perature. Because calcite was the predominant newly formed phase after the FA 
inertisation process with colloidal silica, the XRD results with COSMOS may be 
seen to point at a carbonation reaction similar to that of portlandite with CO2, viz., 
Ca(OH)2 + CO2 → CaCO3 + H2O. Similarly, CaClOH + CO2 → CaCl2 + H2O, thus 
both calcium forms could disappear after carbonation, while the CaCO3 peak 
increases. Notwithstanding these, it is also easy to suppose that the chemical 
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reactions occurring during carbonation contributed to an increase in the efficiency 
of inertisation by reducing the metals mobility.

Bontempi et al. (2010a) concluded that MSWI FA could be considered a valu-
able resource with potential for industrial applications and could become an inter-
esting alternative to other inert materials for building applications.

Carbonation

The emissions of CO2 from MSWI plants are a significant source of greenhouse gas. 
In order to reduce CO2 emissions, controlling the production of CO2 inside incinera-
tion plants is important. Carbonation is an important step in the weathering process 
by changing the mineralogical characteristics of FA. It has some positive effects, 
such as decreasing heavy metal leaching. Carbonation involves the dissolution of 
CO2 in water under initially alkaline conditions. This decreases the pH by precipi-
tating calcite, which is the predominant mineral formed during FA maturation, until 
the material is in equilibrium with CO2. Moreover, heavy metals can be entrapped 
in the newly formed minerals. The CO2 source is atmospheric CO2. However, the 
natural carbonation process can be accelerated using different sources of CO2 and 
various methods. Carbonation is capable of inducing setting and strength develop-
ment in the waste forms where hydration is significantly retarded. The carbonated 
solidification/stabilisation (S/S) product develops higher strength in comparison to 
non-carbonated products. Waste containing heavy metals has increased susceptibil-
ity to carbonation. Incorporating waste species into a carbonate phase by a mecha-
nism involving solid solution reactions with calcite also improves metal fixation 
(Malviya and Chaudhary 2006). Li et al. (2007) proposed an accelerated carbon-
ation treatment for the treatment of MSWI FA. They used two reactors: one was a 
stainless steel chamber incorporating a cooling plate to examine the influence of 
temperature. Water, used as the coolant, counteracted the heat of reaction and con-
trolled the temperature. Changes in pressure and temperature were monitored using 
digital gauges. The second carbonation reactor was a closed chamber containing 
100 % CO2 at a relative humidity (RH) of 75 % operated at ambient laboratory tem-
perature. It was used to ascertain the optimum water/solid (w/s) ratio for ash carbon-
ation. Li et al. (2007) explained the mechanism of carbonation by the following 
equations:
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They affirmed that water is necessary to promote the reaction of CO2 but that too 
much water can limit the reaction due to the blockage of pores in the solid. Moreover, 
whereas the original pH of the ash is around 12–12.5, it is 7–10 after carbonation. 
Li et al. (2007) reported differences between the diffractograms of original FA from 
the MSWI plant and the carbonated samples (Table 3.13). Untreated ash contains 
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lime, portlandite, and calcium chloride hydroxide (Ca(OH)Cl) due to lime addition 
during gas treatment in the MSWI plant. They showed that in carbonated samples 
the calcite peak intensity increased, while those of lime/portlandite/Ca(OH)Cl 
decreased and finally disappeared. They also identified many Si–Al–Ca salts in the 
carbonated ashes, including gehlenite, braunite, and larnite.

Although Li et al. (2007) measured a decrease of ion levels with leachates; the 
decreased mobility of chlorides was still higher than the acceptance value. Ecke 
(2003) showed that carbonation of FAs from municipal waste incinerators has been 
found to reduce leachability of Pb and Zn by two orders of magnitude, but to 
increase leaching of Cd with a factor 10, and that leaching of metals from cement, 
such as Cr, Ni and Sb, may well increase because of carbonation in the long run.

Bitumen Encapsulation

Bitumen is a residue from petroleum or coal-tar refining and it consists of a mixture 
of high molecular weight hydrocarbons. A waste encapsulation process using bitu-
men was developed in France in the 1960s for radioactive waste disposal. It has a 
number of benefits as an encapsulation binder, such as chemical inertness, imper-
meability to water, resistance to breaking, and relative simplicity of processing. 
Based on the asphalt manufacturing process (Rani et al. 2008), a stabilisation tech-
nique for the treatment of FA residues was developed by Shell Bitumen in the early 
1990s. FA residues were stirred under addition of about 50 wt% hot bitumen for 
several hours to guarantee absolute covering. The properties of bitumen, including 
durability, resistance to micro-organisms and many chemical substances, make it a 
stable and effective binder for encapsulating hazardous waste. The resultant mate-
rial either was put into steel beats or transferred directly into moulds at a storage site 
for waste. Hard grade bitumen was employed to guarantee that the stabilised waste 
preserved structural integrity for a long time (Rani et al. 2008).

Table 3.13 Main mineral phases in ash untreated and carbonated

Mineral phases Formula Untreated ash Carbonated ash

Lime CaO ×
Portlandite Ca(OH)2 ×
Calcium chloride hydroxide Ca(OH)Cl ×
Quartz SiO2 × ×
Anhydrite CaSO4 × ×
Halite NaCl × ×
Sylvite KCl ×
Friedels salt Ca2Al(OH)6Cl (H2O)2 × ×
Nordstrandite Al(OH)3 ×
Calcite/vaterite CaCO3/Al2O3 · 3CaO · 2SiO2 × ×
Gehlenite Ca2Al2SiO7Ca2Al 

(Al · 5B · 5Si · 5Cr · O7)
×

Li et al. (2007)
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Geopolymer

Geopolymerisation technology has been proposed to stabilize and solidify FA. 
Unlike a glass, geopolymers are obtained by the reaction between a solid alumino-
silicate, where Ca is absent or contained in low amount, and a highly concentrated 
alkaline solution, that is the chemical activator, as for example aqueous alkali (Na, 
K or Li) hydroxide or silicate solution. Geopolymers are formed at room or low 
(40–90 °C) temperatures (Duxson et al. 2005). In particular, the reaction is a geo-
synthetic reaction whose mechanism can be characterised by the following reaction 
steps (Davidovits 1994):
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The technology has received increasing attention, because of its low cost, flexi-
bility, low processing temperature, and its capability to immobilize and stabilize 
hazardous wastes. Geopolymers used in solidification/stabilisation (S/S) systems to 
immobilize toxic metals have a function similarly to cement binders in terms of 
encapsulation. The approach is the same as for S/S of hazardous wastes by pozzolan- 
based binders, which also do not remove heavy metals from the polluted waste, but 
bind them physically and chemically in the solid matrix in order to reduce their 
mobility. Depending on the source material and the processing conditions, geopoly-
mers in construction can manifest improved chemical and physical properties, such 
as acid attack resistance, fire resistance, structural integrity, low permeability, high 
compressive strength and durability, low shrinkage, fast or slow setting, and low 
thermal conductivity. The mechanism of heavy metals immobilisation is believed to 
be either physical, or, chemical, such that metals are either fixed in the geopolymer 
network, or, possibly bound into the structure for charge balancing roles or remain 
physically trapped by the surrounding network.

Lancellotti et al. (2010) introduced 20 % of incinerator FAs, deriving from elec-
trofilter and fabric filter into a geopolymeric matrix. They focused on the evaluation 
of the possibility of inertizing MSWI FA in a metakaolin geopolymer matrix. They 
observed a chemical efficiency in terms of heavy metals immobilisation; in fact, the 
release of heavy metals from geopolymeric materials, after 1 or 7 days, was lower 
than the values of the as-received FA (see Table 3.14). They evaluated also the sta-
bilisation of the new geopolymeric matrix and they observed that there were no 
traces of degradation or fragmentation, even not under a certain pressure applied on 
the samples.

They concluded that geopolymers, based on metakaolin and sodium hydroxide/
silicate compositions, stabilize the FA against leaching, showing release of heavy 
metals which allows the disposal in a landfill for not dangerous wastes.

Galiano et al. (2011) studied the use of geopolymeric agents in the S/S of haz-
ardous metals with MSWI FA. They demonstrated the stabilisation of metals, such 
as Pb, Cd, Cr, Zn, and Ba, using coal FA-based geopolymerisation technology. 
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They compared the geopolymer S/S solids with similar solids obtained after the 
stabilisation of the MSWI waste with classical hydraulic binders. They observed 
that the compressive strength developed by the S/S solids increased with time with 
all treated samples and that Zn, Sb, and Sn were excellently immobilised in the S/S 
solids, while Mo, V, and Cr (which are preferentially present as oxyanions) showed 
the worst results with most of the mixtures. With regard to the speciation of metals, 
they concluded that Zn, Pb, and Cd exhibited typical hydroxide-amphoteric behav-
iour and that the leachability of Cd, Cr, Pb, and Zn was generally lower with the 
geopolymer S/S solids at neutral and acidic pHs. Moreover, some authors (Zheng 
et al. 2011) made also a water-wash pretreatment in order to promote the early 
strength of geopolymer and this process resulted in a higher final strength com-
pared to the equivalent without water-wash.

 Thermal Treatments

The thermal treatment of FA is used extensively in some countries to obtain reduced 
leaching from the residues and reduced volume, as well as, to obtain a treated mate-
rial that is suitable for reuse. Thermal treatment techniques include vitrification, 
melting, sintering, and microwave employment. Regardless of the process, in most 
cases, thermal treatment results in a more homogeneous, denser product with 
improved leaching properties. Vitrification also adds the benefits of physical encap-
sulation of contaminants in the glass matrix. A major drawback to these methods, 
however, is that they require substantial amounts of energy and especially vitrifying 
and melting result in the mobilisation of volatile elements, such as Hg, Pb, Zn, 
during the thermal treatment process (Sabbas et al. 2003).

Table 3.14 Heavy metals release values for the geopolymer samples after 1 and 7 days and the 
as-received fly ashes after 1 day, according to EN 12457 (mg/l), compared to the limit values set 
by Italian legislation (DM 03/08/2005)

Sample Cr Cd Ni Cu Pb

Limit value 1 ppm 0.02 ppm 1 ppm 5 ppm 1 ppm

GPEF20(1) 0.02 0 0 0.04 0
GPEF20(7) 0.09 0 0 0.07 0.03
GPFF20(1) 0.53 0 0 0.03 0.1
GPFF20(7) 0.64 0 0 0.03 0.1
GP(1) 0 0 0 0.03 0.01
GP(7) 0.03 0 0 0.03 0.02
EF (1) 2.41 3.55 0.06 0.01 0.12
FF (1) 2.31 3.22 0 2.63 3.94

Lancellotti et al. (2010)
GP geopolymer, EF fly ash by electrofilter, FF Fly ash by fabric filter, GPEF20(1) leachate of 
geopolymer with 20 % of fly ash by electro filter after 1 day, GPEF20(7) leachate of geopolymer 
with 20 % of fly ash by electrofilter after 7 days, GPFF20(1) leachate of geopolymer with 20 % of 
fly ash by fabric filter after 1 day, GPFF20(7) leachate of geopolymer with 20 % of fly ash by 
fabric filter after 7 days
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Vitrification

Vitrification is a process whereby residues are mixed with glass precursor materials 
and then combined at high temperatures into a single-phase amorphous, glassy prod-
uct. Typical vitrification temperatures are at 1,000–1,500 °C and the material is 
cooled to form a single solid phase (amorphous and homogeneous). The waste mate-
rial is melted with additives (glass precursors) in order to fix the contaminants in the 
final matrix (alumina-silicates). The retention mechanisms are chemical bonding of 
inorganic species in the residues with glass-forming materials, such as silica, and 
encapsulation of residue constituents by a layer of glassy material (Sabbas et al. 
2003). This technique has the advantage of stabilising hazardous waste, reducing the 
amount of waste to be landfilled and producing potentially re- usable materials. After 
vitrification, there is an obvious change in microstructure and mineralogy, an excel-
lent resistance against leaching of heavy metal ions, and a significant decomposition 
rate (99.95 %) of PCDD/Fs in Toxic EQuivalent (TEQ) in the produced slag. In fact, 
thermal methods are very efficient at destroying dioxins, furans, and other toxic 
organic compounds. Vitrification to produce glass or glass–ceramics varies from 
using conventional electric furnaces to plasma arc technology.

Conventional

Vitrification of FA requires appropriate SiO2 content to achieve a suitable glass com-
position as demonstrated by many authors (Bernardo et al. 2010; Ferreira et al. 2003; 
Izumikawa 1996; Park and Heo 2002; Sabbas et al. 2003). Research has demon-
strated that vitrification of FA immobilizes hazardous metals, destroys organic pol-
lutants, and results in an 80–90 % reduction in waste volume. It also showed that it 
reduced leaching of Cr and Pb, but leaching of Zn and Cu increased. In particular, Ito 
(1996) made the vitrification of FA by swirling-flow furnace and concluded that the 
treatment was effective on reducing the volume, detoxification, and stabilisation of 
FA from fabric filter. Izumikawa (1996) made a metal recovery from FA generated 
from vitrification processes (at 1,350 °C). The process consisted of pre- treatment, 
leaching, sulphurisation, and waste water treatment. They concluded that almost 
100 % of toxic heavy metals in vitrification could be recovered by chemical treat-
ment and a detoxified FA was obtained. Frugier et al. (2002) studied the influence of 
composition variations of FA on the degree and kinetics of the vitrification and 
 crystallisation in the vitrified material. They concluded that the composition of FA 
was very important on the degree and kinetics of the process of vitrification. The 
vitrification decreased when the alkali content increased and the silicon content 
decreased.

Plasma

Plasma arc treatment is a high-energy technology able to treat a range of scheduled 
wastes. In plasma arc treatment, a thermal plasma field is created by directing an 
electric current through a low pressure gas stream. A generic plasma process flow 
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diagram for treating hazardous wastes is shown in Fig. 3.9. The thermal plasma 
system consists of six parts including a steel reactor, a plasma torch, power supply 
system, working gas unit, cooling water unit, and exhaust gas cleaning unit. The 
plasma torch installed inside the reactor is the core of this system. The plasma sys-
tem consists of a direct current (DC) hollow graphite cathode installed through the 
top of a furnace and supported by a vertical manipulator column. An inert gas, in 
particular argon, is introduced down the centre of the cathode to generate a stable 
plasma arc that is transferred to the furnace melt. The anode consists of conductive 
elements built into the furnace hearth. The process is able to manage varying parti-
cle size and chemical composition ashes. The furnace operates under controlled 
reducing conditions and runs approximately at temperatures between 1,500 and 
1,600 °C; therefore even residues containing heavy metals can be melted uniformly 
with a short time. Water cooling elements are used to improve the lifetime of the 
furnace refractory coatings. The plasma power is modulated to maintain the melt 
temperature. The ash is rapidly melted and molten slag phase continuously over-
flows the converter where it is either water granulated or cast. The melted slag is 
removed continuously via the outlet port. The atmosphere in this furnace is oxida-
tive. Exhaust gases exiting the unit are treated in a thermal oxidizer to fully oxidize 
residual combustible gas species. The gas is cooled and particulates removed in a 
bag filter prior to venting the cleaned gas to atmosphere. The particle free off-gas 
enters a wet scrubber dosed with a caustic solution to remove acid gases and is sub-
sequently vented through the stack (Sakai and Hiraoka 2000; Rani et al. 2008).

Sakai and Hiraoka (2000) demonstrated the recovery of Pb and Zn during the 
vitrification of FA. Also Mugica et al. (1995) analysed the vitrification process 
with plasma and they explained that this technology was adequate for FA from 
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Fig. 3.9 Process flow diagram for the plasma vitrification of fly ash (Sakai and Hiraoka 2000)
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electrostatic precipitator filter. They concluded that the obtained slags were inert 
and the heavy metals were fixed in the silicate matrix. Wang et al. (2009, 2010) 
utilised a direct current (DC) double anode plasma torch. Compared with the con-
ventional plasma torch, this one has a special design with two nozzle-shaped cop-
per anodes set at different axial distances from the cathode tip. They analysed three 
kinds of FA from bag filter of different power plants that have different composi-
tion (see FA1, FA2, and FA3 with Table 3.15).

From XRD analyses, they showed that these three FA samples had the same 
crystalline components, such as SiO2, CaSO4, and CaCO3. Concentrations of heavy 
metals in FA were high and included Cd, Cr, Cu, Ni, Pb, and Zn. The concentrations 
and residual fractions of heavy metals in slag were significantly enriched. The resid-
ual fractions of Cr and Ni were approximately 84–96 % and 90–94 %, respectively. 
It showed that Cr and Ni were stable and remained almost completely in the slag. 
However, the slag contained extremely fewer Cd and Pb due to visibly observable 
volatilisation during the thermal plasma treatment process. They observed that the 
residual fractions of heavy metals in slag presumably decreased in the following 
order: Cr > Ni > Cu > Zn > Pb > Cd. Overall, the residual fraction of each heavy metal 
in slag from sample FA1 (which was rich in chloride ions) was higher than those of 
sample FA2 and FA3, illustrating that chloride in FA could accelerate the volatilisa-
tion of heavy metals with low boiling points through vitrification (Wang et al. 2010).

Melting (or Fusion)

Melting is similar to vitrifying, but this process does not include the addition of 
glass materials. The glass formed may not be homogeneous and results in a multiple- 
phased product. Often, several molten metal phases are produced. It is possible to 
separate specific metal phases from the melted product and recycle these metals 
perhaps after refinement. Temperatures are similar to those used in vitrifying 
(Sabbas et al. 2003).

The melting processes are divided into two groups:

A: Fuel-burning melting system
B: Electric melting system

The group A has been subdivided in five subgroups:

• surface melting furnaces;
• swirling-flow melting furnaces;

Table 3.15 Chemical compositions of fly ashes (wt%)

Sample Fe2O3 MgO CaO TiO2 Al2O3 SiO2 K2O Na2O Cl

FA1 5.9 1.4 10.3 0.9 17.8 48.9 1.8 1.9  2.4
FA2 1.5 2.4 28.4 1.6  8.6 32.8 4.2 3.9  9.1
FA3 4.9 3.3 21.2 0.8  7.4 34.8 4.9 4.1 13.6

Wang et al. (2010)

A. Gianoncelli et al.



145

• coke-bed melting furnaces;
• rotary kiln melting furnaces;
• internal melting furnaces.

While group B has been subdivided in four subgroups:

• electric-arc melting furnaces;
• electric resistance melting furnaces;
• plasma melting furnaces;
• induction melting furnace (high-frequency, low-frequency).

It is not possible to say what the best technique is. Moreover, it is fundamental to 
choose the most appropriate process for the particular condition and situation. For 
example, in the case of a big incinerator with a power generator, the electric-arc 
melting furnaces (which is used and explained before in vitrification technique) is 
generally the best technique, because they can use the recovery electric power. 
However, in the case of a smaller incinerator without power generator, one of the 
fuel-burning melting systems is preferred (Sakai and Hiraoka 2000). The fuel- 
burning melting systems utilize heavy oil, kerosene, and gas as a fuel. The structure 
of the furnace consists of an inner body, burner, and surface for melting. The surface 
melting furnace works in such a way that continuously supplied incinerator residues 
melt at its surface by the heat of the fuel burning and leave the furnace via the outlet 
port. Therefore, the melted slag touches the furnace body directly and the incinera-
tor deposits operate as an insulator to protect the furnace body. This kind of furnace 
has a quite large exhaust gas amount and it is more appropriate for a small capacity 
range of wastes.

Sakai and Hiraoka (2000) utilised melting technology for FA. They observed that 
inorganic elements were reorganised after melting treatment according to their boil-
ing temperature. Particularly, Si, Al, Ca, Fe, Mg, Mn, P, Cr, and Sn have high boil-
ing points and they were converted into slag, while elements such as Cd and Pb with 
a low boiling point, were found in exhaust gas. Jung et al. (2005) studied the metal 
behaviour in MSWI FA after melting treatments and they concluded that the perfor-
mance depended on the volatility of the metals. In particular, the behaviour of Zn 
was also influenced by the oxidising condition in the furnace and the presence of 
chlorine in the mixture could have a significant effect on Cu, but not on Pb. Nowak 
et al. (2012) tested different amounts and types of chlorides (NaCl, MgCl2, CaCl2) 
on heavy metals removal from MSWI FA by thermal treatments. They performed 
heavy metals removal by mixing the ash with chlorides and treating the mixture 
thermally at T = 1,000 ± 100 °C. They showed that NaCl chlorinated heavy metals 
directly, but also that it vaporised without reacting in significant amounts. On the 
other hand, CaCl2 and MgCl2 first formed HCl and/or Cl2 by reacting with H2O and/
or O2 (indirect chlorination). CaCl2 and MgCl2 were generally more effective for 
removal of heavy metals, such as Cd, Cr, Cu, Pb, and Zn, than NaCl. With respect 
to resource conservation, Nowak et al. (2012) concluded that MgCl2 seemed to be 
the best choice due to high heavy metal removals (especially Zn) and low remaining 
chloride, which is also necessary for further use of the treated ash.

3 Fly Ash Pollutants, Treatment and Recycling



146

Sintering

Sintering is an alternative method to recycling FA and it is a viable method to  produce 
glasses and glass-ceramics from incinerator residues. Sintering involves heating 
the residues to a point where particles bonding take place and chemical phases in the 
residues reorganize. This leads to a denser product with less porosity and a higher 
strength. Usually the temperature involved in this process is in the range of 
900–1,000 °C. When MSW is incinerated, some level of sintering will typically 
occur in the incineration furnace. This is particularly the case when a rotary kiln is 
used as component of the incineration process (Sabbas et al. 2003). In general, 
sintered incinerator FA produces ceramic materials with low metals leachability.

Some authors utilised water-washing before sintering as a pre-treatment to lower 
the sintering temperature. In particular, Mangialardi (2001) utilised water to wash 
the FA and concluded that water-washing greatly improved the chemical and 
mechanical characteristics of sintering products. Wey et al. (2006) investigated the 
sintering behaviour of FA with a rotary kiln and looked for a solution to reduce the 
concentrations of heavy metals to acceptable levels by considering also the parti-
tions of the heavy metals in the process. The rotary kiln incinerator (Fig. 3.10) con-
sisted of a continuous feeder system, a main sintering chamber, and a collection 
system of sintered ash. The temperature in the chamber was measured by a thermo-
couple and an air pollution control device cleaned the exhaust gas before coming 
out into the atmosphere. The temperature and rotary speed of the chamber was 
controlled by a control system. They also utilised water-washing treatment for 
decreasing the sintering temperature and time. They explained that water-washing 
removed the chlorides of the FA to improve the quality of sintering products between 
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Fig. 3.10 The rotary kiln incinerator (Wey et al. 2006)
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700 and 900 °C and they concluded that concentration of Pb decreased in sintering 
products only under 900 °C.

Karamanov et al. (2003a, b) analysed the sintering behaviour of a glass obtained 
from MSWI FA. They obtained glass-ceramics containing gehlenite by melting a 
mixture of 70 % of MSWI FA and 30 % of waste from feldspar production at 
1,350 °C. They quenched the melt in water to form a glass frit and sintering between 
950 and 1,050 °C. They showed that crystallisation was influenced by the heating 
rate. At high rates, surface crystallisation was the predominant mechanism, while, 
at low heating rates, bulk crystallisation occurred. Heating at low rates formed 
glass–ceramics containing open and closed porosity. Nonporous sintered samples 
were obtained using isothermal treatment at 1,120 °C. They concluded that the 
properties of the glass–ceramics formed were similar to those of marble and 
granite.

Also Wang et al. (1998) studied the sintering process at different conditions with 
respect to compact pressure, sintering temperature, and time. They analysed the 
strengths of the materials produced during sintering process. They showed that the 
strengths increased as the temperature arose at 1,120 and 1,140 °C, but decreased 
with an increasing ignition loss of FA. Moreover, they analysed heavy metals and 
concluded that these metals were fixed in the sintered materials and rendered low 
metals leachability with the ceramic-like solid obtained by the sintering process.

Microwave

Microwave energy is a non-ionising electromagnetic radiation with frequencies in 
the range of 300 MHz to 300 GHz. The use of microwave heating in the treatment 
of FA is relatively new even if this technique was developed over 50 years ago. 
Compared with other conventional thermal treatment technologies, the microwave 
technique offers the advantage of selective, uniform, and rapid heating, because of 
its characteristics of polar oscillation and effect of dielectric losses. The application 
of microwave radiation is generally used in many fields: for example in materials 
joining (Siores and Rego 1995), sintering and fusion of ceramics (Agrawal 1998), 
treatment of hazardous waste (Sedhom et al. 1992; Jones et al. 2002), digestion 
procedures for environmental materials (Lamble and Hill 1998), and treatment of 
minerals (Kingman and Rowson 1998; Appleton et al. 2005).

Rawlings et al. (2006) and Fukui et al. (2006) immobilised coal FA into a glass- 
ceramic material by microwave processing in a much shorter time and they com-
pared the physical and mechanical properties to those obtained via conventional 
heating.

In a second work, Fukui et al. (2007) compared the hydrothermal treatment with 
microwave heating and conventional heating of coal FA with an aqueous solution of 
NaOH and a mixture of rice husk ash as a silica source at 100 °C. Figure 3.11 shows 
their experimental scheme, which comprised two steps: In the first step, they dis-
solved FA into aqueous NaOH solution at T = 100 °C with an electric heater for 
1 hour and then separated the insoluble FA from the solution by filtration. In the 
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second step, they added rice husk ash as a silica source to the solution and heated up 
the slurry by microwaves and by a conventional electric heater for purpose of com-
parison (Fig. 3.11).

They explained that the microwave heating shorted the reaction time respect to 
conventional electric heater and that the rice husk ash (RHA) was added in order to 
change the crystalline phase of the obtained zeolite. They also analysed the method 

Fig. 3.11 Schematic diagram of the experimental scheme (Fukui et al. 2007)
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to synthesize phillipsite, which is a mineral of the zeolite group and showed that the 
crystalline phase of the zeolite produced from FA by hydrothermal treatment 
depends on the heating method, but microwave heating requires more rice husk ash 
than conventional heating in order to synthesize phillipsite selectively. They found 
that the particle size of phillipsite obtained by microwave was smaller than that 
obtained by conventional process.

Chou et al. (2009) studied the sintering of MSWI FA by microwave heating. 
They investigated the effects of process time, aging time, and material and salt con-
tents. They observed that MSWI FA could be sintered under microwave processing 
to form a glass–ceramic material. This process was able to immobilize heavy met-
als. In particular, Zn, Cr, Pb, Ca, and Cu with FA were mainly in oxide phases, but, 
after thermal treatment, the leaching concentration of Pb was higher than allowed 
by legislation. They also observed that the sintering efficiency increased as the 
microwave time was longer. As soluble salts decreased the efficiency of sintering, 
they washed them out before microwave processing. They also made aging tests 
during 0–30 days and concluded that aging did not increase the leaching of heavy 
metals, but increased the weights of the materials obtained by sintering of MSWI 
FA by 40–60 % by absorbing water from air.

3.3.2  Organic Pollutants Abatement

FA is often considered as a hazardous waste, because sometimes it has high 
 percentage of heavy metals and organics. Besides a high content of inorganic com-
pounds, incineration residues also contain abundant carbon compounds resulting 
from incomplete combustion, unburned organic matter, and carbon compounds 
formed during the incineration process. Chlorinated dioxins and benzofurans and 
PAH are theoretically degradable, but their full degradation in soils may take very 
long time. Ashes often contain organic compounds, in particular, persistent hazard-
ous organic compounds, also called persistent organic pollutants (POP), such as 
polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyl’s (PCB), 
methyl sulphates, and chlorinated dioxins and benzofurans. Dioxins are a class of 
structurally and chemically related polyhalogenated aromatic hydrocarbons that 
mainly includes polychlorinated dibenzo-p-dioxins (PCDDs or simply “dioxins”), 
poly-chlorinated dibenzofurans (PCDFs or simply “furans”), and polychlorinated 
‘dioxin-like’ biphenyls (PCBs). They constitute a group of persistent environmen-
tal chemicals and usually occur as a mixture of congeners. Dioxins had come to 
public attention in the year 1982 when an explosion at ICMESA factory in Seveso, 
Italy, deposited these chemicals over a wide area. USEPA (1994a, b) reported that 
only 7 of the 75 possible PCDD congeners and 10 of the 135 possible PCDF con-
geners have chlorine substitution in the 2,3,7,8 positions and they render dioxin-
like toxicity. Similar toxicity applies with only 12 of 209 possible PCB congeners 
having four or more chlorine atoms. Figure 3.12 shows the basic structure of 
PCDDs, PCDFs, and PCBs, respectively.
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PCDDs and PCDFs are synthesised in MSWI after combustion by reactions 
between the resulting FA and flue gas at low temperature (350–250 °C). FA pro-
duced in well-controlled combustion of coal has been found to contain quite low 
levels of chlorinated dioxins and benzofurans, together with low amounts of PAH, 
while wood combustion may produce ashes with considerable amounts of PAH, 
chlorinated dioxins and benzofurans (Reijnders 2005). The two most important 
mechanisms proposed in the literature thus either concern the formation of PCDDs 
and PCDFs from precursors, such as chlorinated phenols or benzenes, or, de novo- 
synthesis reactions between more or less complex, non-chlorinated, compounds 
(and FA in general) and a chlorine source, such as Cl2, HCl, or, inorganic chlorides. 
In both cases, FA can act as a catalyst and it was demonstrated that the presence of 
oxygen is essential (Lasagni et al. 2009).

Several different kinds of organics pollutant abatements have been studied over 
the past three decades. Although thermal treatment has produced the mayor results, 
the manufacturing and maintenance of the melting facilities are expensive, the 
exhaust gases must be treated, and high-temperature treatment carries a risk of acci-
dents. Therefore, other approaches for degrading organo-chlorinated compounds 
had been developed as well. Krishnamurthy and Brown (1980) showed e.g. that the 
dehalogenation methods mostly involve the use of low-valent metal, such as alkali 
metal in alcohol, or, Mg and Zn in acidic or basic solution. It is an effective alterna-
tive procedure for decomposing chlorinated organic wastes under relatively mild 
conditions without the formation of the toxic by-products and it is a high potential 
technology for degrading PCDDs and PCDFs. Figure 3.13 shows some of the other 
techniques developed so far.

 Thermal Treatment

There exist thermal applications for decomposing dioxins and organics in general. 
In the literature, several studies focused on the thermal treatment of dioxins. For 
example, Vogg and Stieglitz (1986) decomposed 95 % of dioxins by thermal treat-
ment at 600 °C for 2 h, but they also observed the formation of new dioxins at a 
lower temperature. Thermal technology can also be used for FA treatment to decom-
pose dioxins under suitable conditions to render recyclable, fused-slag byproducts.
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Vitrification

Thermal vitrification technology is a more satisfactory technique to treat organic 
pollutant contents in FA than other thermal treatment. Until now, various types of 
melting furnaces have been developed and used to vitrify incineration residues into 
non-toxic glassy slag, for example, electric ovens, coke-bed melting furnaces, rotary 
kiln with electric heaters, sintering in burning furnaces, plasma melting furnaces, 
surface melting furnaces, and swirling-flow melting furnaces (Wang et al. 2009; 
Kulkarni et al. 2008).

Wang et al. (2009) utilised in particular a thermal plasma reactor and they showed 
that after vitrification the decomposition was 99.3 % in PCDD/Fs and 99.95 % in 
Toxic Equivalent (TEQ) (see Table 3.16). They explained that unlike FA, the ther-
mal glassy slag obtained was amorphous, compact, and homogeneous.

Kuo et al. (2003) found for PAH in ash a reduction of over 99.9 % during vitrifi-
cation. However, volatilisation was also significant, requiring provisions for reduc-
ing PAH emissions into ambient air. Ito (1996) found that over 98 % of chlorinated 
dioxins and benzofurans decomposed in a vitrification process operating at 1,300–
1,400 °C. Significant decomposition of hazardous organics, such as PAH, chlori-
nated dioxins and benzofurans, is not to be expected for immobilisation processes 
operating at much lower temperatures and also neither by reaction with cement 
(temperature up to 100 °C) nor by ‘natural weathering’ (ambient temperature).

Melting

Non-toxic materials can be obtained through melting processes, the melted slag can 
be used as a resource, and the PCDDs/PCDFs in FA are decomposed at the typical 
melting operating temperatures.

Organics
pollutants
abatement

Thermal treatment
•Vitrification
•Melting

Supercritical water 
oxidation (SCWO)

Hydrothermal 
treatment

Chemical 
reactions

UV irradiation
(photolytic)

Biological
removal

Mechanochemistry
Solidification/stabilization

Non-thermal
plasma process

Fig. 3.13 Classification of several techniques for organic pollutants abatement
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Sakai and Hiraoka (2000) utilised a surface melting furnace for thermal  treatment 
of MSWI residue containing organics pollutant at the high temperature of approxi-
mately 1,400 °C. The operation of this kind of furnace was explained under Thermal 
treatments (Sect. 3.3.1.3). They found that from 320 ng/g (=3.7 ng TEQ/g) dioxins 
in the MSWI FA studied by them, only 0.012 ng/g (0.00049 ng TEQ/g) remained in 
the slag after thermal treatment. They concluded that the decomposition rate of 
99.93 % for PCDDs/PCDFs (99.94 % in TEQ) and the slag produced by the melting 
process was environmentally compatible.

Nishida et al. (2001) developed a technology to crystallize melted slag (which had 
low strength) into higher strength stones to produce good quality stones. Other effective 
applications for the produced stones could be using them as aggregates in pavement 
blocks or asphalt. The technology was also capable to destroy 99 % of dioxins in ash.

 Non-thermal Plasma Process

Non-thermal plasma is a very economical process, because it is performed at room 
temperatures, involves low maintenance, does not require auxiliary fuel, and elimi-
nates disposal problems or sensitivity to poisoning by sulphur or halogen containing 
compounds.

Table 3.16 The PCDD/Fs concentrations and Toxic Equivalent (TEQ) concentrations in the fly 
ash and slag

Fly ash (ng/g) TEQfly ash pg I-TEQ/g Slag (ng/g) TEQslag pg I-TEQ/g

PCDDs
2,3,7,8-TCDD 0.06 60 – –
1,2,3,7,8-PeCDD 0.26 130 – –
1,2,3,4,7,8-HxCDD 0.08 8 – –
1,2,3,6,7,8-HxCDD 0.15 15 – –
1,2,3,7,8,9-HxCDD 0.11 11 – –
1,2,3,4,6,7,8-HpCDD 0.81 8.1 – –
OCDD 0.32 0.32 – –
PCDFs
2,3,7,8-TCDF 0.69 69 – –
1,2,3,7,8-PeCDF 0.53 26.5 – –
2,3,4,7,8-PeCDF 0.83 415 – –
1,2,3,4,7,8-HxCDF 0.47 47 – –
1,2,3,6,7,8-HxCDF 0.49 49 – –
1,2,3,7,8,9-HxCDF 0.12 12 – –
2,3,4,6,7,8-HxCDF 0.47 47 – –
1,2,3,4,6,7,8-HpCDF 1.08 10.8 0.05 0.5
1,2,3,4,7,8,9-HpCDF 0.12 1.2 – –
OCDF 0.34 0.34 – –
Total PCDDs 1.79 232.4 – –
Total PCDFs 5.14 677.8 0.05 0.5
Total PCDD/Fs 6.93 910.2 0.05 0.5
PCDD/PCDFs 0.35 0.34

Wang et al. (2009)
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Zhou et al. (2003) demonstrated the utility of non-thermal plasma technology on 
the destruction of dioxins from MSWI FA by inducing a surface chemical transfor-
mation of the dioxin-containing FA by pulse discharging using a different polarity 
of pulse voltage. They showed that the concentration of dioxin congeners influenced 
their destruction; in particular, higher concentrations showed higher destruction 
efficiency, and, vice versa (see Table 3.17).

They concluded that this technology was able to destroy dioxins and, in particu-
lar, that of TCDD. The destruction efficiency with the PCDD-type dioxins decreased 
in the order: TCDDs > PeCDDs > HxCDDs > HpCDDs > OCDD. With furan conge-
ners, the order was: TCDFs > PeCDFs > HxCDFs > HpCDFs > OCDF.

 UV Irradiation (Photolytic)

Another promising method for degradation of dioxins is photocatalytic reactions by 
semiconductors films, such as TiO2, ZnO, CdS, and Fe2O3, under UV or solar light 
to generate conduction band electrons and valence band holes (e− and h+) that are 
able to initiate oxidoreduction-chemical reactions on semiconductors. This reaction 
takes place at room temperature and ambient pressure with low energy photons. 
TiO2 has been used predominantly as semiconductor photocatalyst.

Kim et al. (2006) showed that valence band holes were powerful oxidants 
that initiate the degradation reactions of a wide variety of organic compounds. 
They reported that a complete degradation of 2-chlorordibenzo-p-dioxin and 
2,7- dichlorodibenzo-p-dioxin was observed after 2 and 90 h, respectively, in UV 
illuminated aqueous suspension with no significant intermediates detection. With 

Table 3.17 Detailed content of PCDDs and PCDFs, before and after non-thermal plasma 
treatment

Type of dioxin

Dioxin content (ng/g)

Before After discharge

Ash Air

PCDDs T4CDDS 35 10 –
P5CDDS 71 29 –
H6CDDS 97 44 –
H7CDDS 82 45 –
O8CDD 78 47 –
Total 363 175 –

PCDFs T4CDFS 52 18 –
P5CDFS 66 32 –
H6CDFS 89 47 –
H7CDFS 61 34 –
O8CDF 28 17 –
Total 296 148 –

PCDDs + PCDFs 659 323 –

Zhou et al. (2003)
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photocatalytic degradation of highly chlorinated dioxin compounds, Choi et al. 
(2000) found that degradation rates of dioxins decreased with the number of chlo-
rine and increased with the intensity of light and the TiO2 coating weight. 
Additionally, Everaert and Baeyens (2004) found that oxides of Pt and Au sup-
ported on silica-boria-alumina were effective for the destruction of dioxins at 
200 °C. Andersson et al. (1998) explained that to avoid blockage of the catalyst 
with coarse FA particles and ammonium sulphate, the catalyst for the destruction 
of dioxins functions better after preliminary cleaning. The advantage of applying 
selective catalytic reduction (SCR) over the other method is the elimination of 
complicated disposal problems with the residual matter, whereas the catalyst 
lacked the capacity of removing contaminants as wide as with activated coke.

 Chemical Reaction

A chemical reaction involves use of a reagent for the decomposition of polychlori-
nated aromatic compounds. Catalytic dechlorination with noble-metal and 
transition- metal catalysts is an especially simple and efficient method. Molecular 
hydrogen is often used as a hydrogen source in the catalytic dechlorination. In 
recent years, catalytic dechlorination methods have been developed including trans-
fer hydrogenation by means of hydrogen donors, such as metal hydrides formic acid 
and its salts, and alcohols that need water or methanol as solvents.

Hagenmaier et al. (1991) demonstrated that, under oxygen deficiency, the 
destruction of PCDD, PCDF, and other chlorinated aromatics was a general prop-
erty with FA from waste incineration processes. The authors proved that dechlorina-
tion/hydrogenation of PCDD/PCDF and other chlorinated aromatic compounds 
with FA were catalysed under certain conditions.

Zhijun et al. (2007) studied an efficient method for the detoxification of dioxins 
and furan using 5 % of palladium on carbon (Pd/C) as reaction promoting catalyst 
and which can be regenerated and recycled (Fig. 3.14). They showed that the 
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detoxification reaction of PCDDs and PCDFs using commercial Pd/C catalyst had 
high activity in water/isopropanol solution at 40 °C under normal pressure. They 
included water for economical and ecological reasons, because they found no envi-
ronmental pollutants after treatment.

They observed that the dechlorination efficiencies were higher for octa- and 
hepta-chlorinated congeners than for tetra- and penta-chlorinated ones and that it 
worked well in water, rendering over 99 % efficiencies with almost all of the PCDD/
Fs congeners studied (Table 3.18) within short reaction times. In particular, the 
concentration of 2,3,7,8-TCDD, which is one of the most persistent congeners in 
dioxins, decreased from 4,029 to 11 pg/ml, thus, with a 99.73 % efficiency. They 
also found that the catalytic degradation of PCDFs was easier than that of PCDDs.

Mitoma et al. (2004) studied detoxification of polychlorinated aromatic com-
pounds by means of metallic calcium in ethanol. They found that metallic calcium 
could be kept stable under atmospheric conditions for a long time compared with 
metallic sodium, because the surface was coated with CaCO3 formed from contact 
with air. Moreover, ethanol, which was one of the safe solvents for humans, acted 
not only as a solvent, but also as an accelerator due to its ability to remove the 

Table 3.18 Conversions of 2,3,7,8-chlorinated PCDD/Fs with Pd/C-catalysed dechlorination

Congeners
Initial concentration 
(pg/ml)

Final concentration  
(pg/ml) Conversion (%)

2.3.7.8-TCDD 4,029 11 99.73
1.2.3.7.8-PeCDD 9,756 19 99.81
1.2.3.4.7.8-HxCDD 11.359 13 99.89
1.2.3.6.7.8-HxCDD 23.08 18 99.92
1.2.3.6.7.8-HxCDD 16.501 20 99.88
1.2.3.4.6.7.8-HpCDD 193.708 73 99.96
OCDD 521.638 88 99.98
Total CDDs 780.071 242 99.97
I-TEQ 16.46 27 99.84
2.3.7.8-TCDF 10.449 n.d. 100
1.2.3.7.8-PeCDF 23.525 n.d. 100
2.3.4.7.8-PeCDF 19.322 10 99.95
1.2.3.4.7.8-HxCDF 31.259 9 99.97
1.2.3.6.7.8-HxCDF 36.84 6 99.98
1.2.3.7.8.9-HxCDF 2,914 n.d. 100
2.3.4.7.8.9-HxCDF 30.914 11 99.96
1.2.3.4.6.7.8-HpCDF 112.908 68 99.94
1.2.3.4.7.8.9-HpCDF 14.3 n.d. 100
OCDF 34.638 n.d. 100
Total CDFs 317.069 104 99.97
I-TEQ 23.382 8 99.97
Total I-TEQ 39.841 35 99.91

Zhijun et al. (2007)
Concentrations: determined by isotopic dilution. High resolution gas chromatographs/High resolution 
mass spectrometer; n.d. means not detected
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carbonated coating. They showed that PCDDs, PCDFs, and PCBs were reduced in 
98–100 % conversions by treatment in ethanol at room temperature and that the 
TEQ for the total residues of isomers was reduced from 22,000 to 210 pg-TEQ at 
room temperature. Regarding costs and safety of the reagents, they concluded that 
this decomposition method was one of the most environmental and economical 
promising detoxification methods for dioxins.

 Hydrothermal Treatment

A hydrothermal treatment is a physicochemical process based on the relation 
between temperature, relative humidity, and time. FAs were put into water (or other 
solutions) and subjected to hydrothermal treatment at high pressure and tempera-
ture. Hydrothermal condition is relatively mild compared with high temperature 
refractory conditions and it is more energy saving, because the steam produced in 
the incineration heat recovery boiler can be used as heating source. In the literature, 
there are some works about the elimination of the PCDDs and PCDFs under hydro-
thermal condition.

Ma and Brown (1997) found that NaOH containing methanol was an effective 
solution for dioxins decomposition. They showed that treating FAs containing 
1,100 ng/g total dioxins by hydrothermal treatment using this solution at 300 °C for 
20 min the level of dioxins decreased to 0.45 ng/g. They concluded that the process 
was superior to purely thermal treatment at the same temperature and the regener-
ated FAs could be used in the cement industries.

Also Yamaguchi et al. (1996) showed that PCDDs/PCDFs decompose com-
pletely when the hydrothermal reactions took place when using a 1 N NaOH solu-
tion containing 10 vol. % methanol as solvent at T = 300 °C for 20 min and they 
observed that the treated FA toxicity of PCDDs/PCDFs decreased to 0.03 ng- 
TEQ/g. Although in both works a good decomposition of PCDDs/PCDFs was 
obtained, the reagent methanol that they used was poisonous and the alkaline envi-
ronment would result in caustic brittleness of the reaction wall which works under 
high pressure.

In order to enhance decomposing PCDDs/PCDFs during hydrothermal process, 
Xie et al. (2010) studied carbohydrazide as a strong reductant at temperatures of 
245 and at 260 °C and achieved by total concentration decomposition efficiencies 
with PCDDs and PCDFs higher than 80 % and 90 %, respectively.

In a recent work, Hu et al. (2012) studied raw FA containing a total PCDDs/PCDFs 
amount of 11,463.3 ng/kg (TEQ = 628.8 ng/kg). To improve the decomposition of 
PCDDs/PCDFs during hydrothermal treatment, they used a mixture of ferric and fer-
rous sulphates with the ratio Fe(III)/Fe(II) = 2 as reactant. They used an autoclave at 
two different temperatures and corresponding pressures (T = 245 °C/P = 3.46 MPa; 
T = 290 °C/7.44 Mpa). After processing, the resulting cake was dried at T = 80 °C for 
2–3 days. Figure 3.15 shows the scheme of the process.

They found that without the ferric/ferrous sulphate-mixture, the decomposition 
efficiency and the destruction efficiency of the PCDDs/PCDFs with MSWI FA was 
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80.03 % and 46.17 %, respectively. The decomposition efficiency was defined as the 
ratio of total PCDDs/PCDFs concentration reduction by hydrothermal processing to 
total original PCDDs/PCDFs concentrations in experimental fly ashes, while the 
destruction efficiency was defined as the ratio of the reduced I-TEQ value to origi-
nal I-TEQ value. With the Fe(II)/Fe(III) sulphate mixture, the decomposition effi-
ciency of PCDDs/PCDFs raised a little to a range of 81.88–92.30 %, whereas the 
destruction efficiency of PCDDs/PCDFs increased dramatically to a range of 
80.82–89.59 %. It thus appeared that the beneficial effect from the added Fe com-
pounds on the decomposition of PCDDs/PCDFs in MSWI FAs was limited, but also 
that it could enhance the destruction efficiency greatly. The authors also reported 
that the decomposition and destruction efficiencies of dioxin were higher at 
T = 290 °C than those at T = 245 °C and they attributed it to the change in the water 
properties with temperature and pressure under hydrothermal conditions. They con-
cluded that the temperature was likely the most significant parameter for destructing 
PCDDs and PCDFs and that a higher reaction temperature is to be preferred when 
possible.

 Supercritical Water Oxidation (SCWO)

Supercritical water oxidation is another way for an effective dioxin remediation. It 
consists in a waste treatment process using supercritical water, which exists as a 
phase above the critical temperature (647.3 K) and critical pressure (22.12 MPa).

Sako et al. (1997) utilised the process for the decomposition of dioxins in 
MSWI FAs with air, pure oxygen gas and hydrogen peroxide as oxidizer. They 
performed a reaction under conditions of temperature (673 K), pressure (30 MPa), 
and time 30 min. They found that the decomposition yield of dioxins is 99.7 % 
with the use of supercritical water and hydrogen peroxide. Recently, the same 
group (Sako et al. 2004) studied a hybrid process for the destruction of dioxins in 

Fig. 3.15 Process scheme of hydrothermal process (Hu et al. 2012)
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FAs. They performed extraction of dioxins from FAs using supercritical fluid 
(CO2), concentration by adsorption, and destruction by supercritical water oxida-
tion. During the extraction–adsorption process, dioxins could be transferred and 
concentrated to the adsorbent (activated carbon). Then, the adsorbent containing 
dioxins was completely destructed by supercritical water oxidation as explained 
before.

 S/S Mechanochemistry

Some years ago, Nomura et al. (2006) developed a mechanochemical process for 
inhibition of heavy metal elution from FA and used the residues as cement materi-
als. For the mechanochemical treatment process, they used a planetary ball mill 
with a pair of stainless steel pots (45 cm3). Seven steel balls were placed in each of 
the pots. The pots were placed on a rotating disk in such a way that the pots and the 
disk rotated in opposite directions. In particular, they mechanochemically treated 
FA with blast furnace slag to use FA as a cement resource. They reported the degra-
dation behaviour of dioxins in FA caused by mechanochemical treatment. The con-
centration of dioxins in FA decreased from 9 ng-TEQ/g to 30 pg-TEQ/g after 
mechanochemical treatment for 4 h, and no dioxins was detected after 8 h.

Yan et al. (2007) also investigated the potential of mechanochemical treatment to 
degrade PCDD/Fs contained in FA via grounding with calcium oxide (CaO) under 
atmospheric pressure. The results indicated that PCDD/Fs included in real FA could 
be degraded by mechanochemical treatment. The degradation efficiency of PCDD/
Fs increased with increasing ratio of CaO and that it might increase with increasing 
rotational speed. Although the destruction of chlorinated compounds like DDT and 
PCDD/Fs by milling with calcium oxide was successful, the authors deemed it 
uneconomical on an industrial scale due to the long milling time required. However, 
using a hydride donor compound (NaBH4, LiAlH4) or metal Na/Mg and a hydrogen 
donor species involved much shorter milling times (ranging from minutes to a few 
hours) with contaminated materials as well as with highly concentrated or pure 
chlorinated compounds and their mixtures at room temperature. Therefore, the 
authors considered the latter approach fast and economic.

 Biological Removal

Bioremediation is an alternative waste management method that overcomes some of 
the shortcomings of existing methods. It is economical and has minimal impact on 
the environment. And, it is one of the most important areas in environmental micro-
biology and biotechnology. Several microbial species were found to catabolise 
dibenzo-p-dioxin (PCDD) and dibenzofuran (PCDF), and their congeners, and also 
allows removing dioxin from FA.

Nam et al. (2005) utilised a particular microorganism (Sphingomonas wittichii RW1), 
because they found it to be potential dioxin degrader. They analysed MSWI FA in which 
the total PCDD concentration was 28,852 pg/g-ash (WHO- TEQ = 877.4 pg/g-ash). 
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They observed that the removal efficiency with PCDDs congeners increased with the 
degree of chlorination from 48.4 % (with TCDD) to 86.4 % (with OCDD). For example, 
they reduced PCDDs from 28.85 to 7.08 ng/g- ash (i.e. with 75.5 % removal efficiency). 
They concluded that Sphingomonas wittichii RW1 could decompose PCDD, PCDF, and 
their metabolites, in MSWI FA and they might serve as a potential candidate for the 
industrial elimination of PCDDs/PCDFs in FA. In a more recent work, Nam et al. (2008) 
treated MSWI FA with a biocatalyst for 21 days using a solid-state fermentation system. 
They obtained a reduction of 69 % of total toxic PCDD/PCDF present in MSWI FA. In 
particular, 55.4 % of the most toxic 2,3,7,8-TCDD and 57.5 % of the second most toxic 
1,2,3,7,8-PeCDD were removed by the microbial biocatalyst (see Table 3.19).

The results shown in Table 3.19 were achieved using a newly manufactured 
microbial agent consisting of five fungi and four bacteria. They authors concluded 
that this microbial biocatalyst could be a potential candidate for the development of 
a biological treatment technology to eliminate PCDD/Fs in FA.

3.4  Fly Ash Recycling

FA is considered contaminating mainly due to its enrichment in potentially toxic 
trace elements that condensed from the flue gas. Therefore, most of the FA produced 
was disposed off as landfill in earlier times, but this practice has become increas-
ingly more under examination with time for environmental concerns, because of 

Table 3.19 Removal of PCDD/Fs from incinerator fly ash by microbial agent

WHO-TEQ conc. (ng/kg-ash)

Homolog Congener
Control  
(Autoclaved control.) Sample Decrease (%)

TCDD 2,378 70.4 31.4 55.4
PeCDD 12,378 96.3 40.9 57.53
HxCDD 123,478 12.2 5.7 52.79
HxCDD 123,678 104.4 45.9 56.03
HxCDD 123,789 69.6 31.1 55.32
HpCDD 1,234,678 83.6 33.8 59.57
OCDD 12,346,789 10.8 3.6 66.67
TCDF 2,378 18.5 8.7 52.97
PeCDF 12,378 9.4 4 57.45
PeCDF 23,478 353.6 66.7 81.14
HxCDF 123,478 38 12.9 66.05
HxCDF 123,678 39.2 13.6 65.31
HxCDF 123,789 73.8 26.2 64.5
HxCDF 234,678 19 6.8 64.21
HpCDF 1,234,678 15.1 5.2 65.56
HpCDF 1,234,789 2.3 0.9 60.87
OCDF 12,346,789 1.4 0.4 71.43
SUM 1,018.3 338.5 66.76

Nam et al. (2008)
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environmental costs that are incurred so that a company’s activities do not damage 
the environment or that any such damage is put right. Figure 3.16 shows the main 
fields of FA employ in the EU nowadays (ECOBA 2008).

Generally, the most re-used FA is coal FA. Recent estimates put global coal FA 
production in the region of 750 million tonnes per year (Blissett and Rowson 2012). 
Current coal FA utilisation amounts to about 39 % in the USA and 47 % in Europe 
(ECOBA 2008; ACAA 2010). The global average is estimated to be close to 25 % 
(Wang 2008). On the other hand, FA from Municipal Solid Waste Incineration 
(MSWI FA) arising from flue gas treatment are partially recovered in some cases 
only (i.e. some industrial processes are used to recover certain fractions of resi-
dues), but, in general, the residues are still sent for disposal, often by landfill and 
commonly following specific treatments. In some cases, MSWI FA residues are 
placed in salt mines where they are used as backfill. Its possible employ is limited 
to some applications, as for example as geopolymer (Galiano et al. 2011) or inert 
materials (Zacco et al. 2012), after the stabilisation of leachable metals. However, 
certain problems with stabilisation technologies cannot be ignored, such as long- 
term stability and the cost of stabilisation chemicals.

Disposal of FA may soon be too costly due to stricter legislative requirements, 
less land being destined for disposal, and ecological concerns, probably, even for-
bidden. An economically and environmentally viable solution to this problem 
should include an increased utilisation of FA and the search for new products rather 
than land disposal. Other incentives are e.g. financial returns from the sale of the 
by-product, or, at least, an offset of the processing and disposal costs, and the 
replacement of some scarce or expensive natural resources by the by-products. 
Considerable research had been conducted worldwide on the re-use of FA materials 
and making them more affordable. Utilisation of FA can be in the form of an alter-
native to another industrial resource, process, or, application. Figure 3.17 presents 
possible uses of FA based on its properties (Wang 2006). These processes and 
applications include addition of FA to cement and other concrete products or its 
addition to construction materials as a light-weight aggregate, roadway and pavement 
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Restoration 

45%

Temporary
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Disposal
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Utilisation
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Concrete 
addition

Concrete blocks
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Blended cement
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Fig. 3.16 Main fields of use in Europe (ECOBA 2008)
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utilisation, employ as infiltration barrier and underground void filling, adsorber in 
soil and water treatment for environmental improvement, and so on.

The following six Sects. (3.4.1, 3.4.2, 3.4.3, 3.4.4, 3.4.5 and 3.4.6) describe alter-
native uses of FA and associated research at full length.

3.4.1  Adsorbent

Thanks to its good adsorption capacities, activated carbon produced by carbonising 
organic materials is today’s most widely used adsorbent (Gaikwad 2004). However, 
the high cost of the activation process limits its employ. On the other hand, the 
adsorbent properties of FA (and in particular those from coal and rice husk) are 
attributed to their unburned carbon content and specific surface area. This carbon 
can be a precursor for activated carbons because it has gone through devolatilisation 
during combustion in the power station furnace (Maroto-Valer et al. 1999).

Pozzolanic Nature
A

b
u

n
d

an
t 

R
es

er
ve

s

Chemical Composition

S
ize R

an
g

e

C
o

n
tro

lled
 L

o
w

S
tren

g
h

t M
aterial

S
o

u
rc

e 
o

f 
S

ili
ca

,
A

lu
m

in
a,

 Ir
o

n

Fly Ash
Resourse

Fig. 3.17 Possible uses of fly ash based on its properties (Wang 2006)

3 Fly Ash Pollutants, Treatment and Recycling



162

Generally, the unburned carbon content with coal FA is in the range of 2–12 %. 
However, with the introduction of the 1990 Clean Air Act Amendments, caps have 
been established on the emission of nitrogen oxides (NOx). To meet the require-
ments, many coal-fired utilities were retrofitted with low NOx burners (Ahma-
ruzzaman 2010). Due to the low oxygen and temperature combustion conditions 
required by those low NOx combustion units, the carbon content in FA also increased 
significantly (up to 20 % in some cases). The adsorption performance of FA can be 
improved further by activation of this carbon (Ahmaruzzaman 2010). For example, 
several studies showed that activation of coarser FA particles through controlled 
gasification of the unburned carbon increased the adsorption capacity.

Sometimes, the unburned carbon separated from FA results in a by-product and 
any practical application of such material results economically and environmentally 
advantageous. For example, it is possible to extract (leach) silica from rice husk ash 
(RHA) by using alkali, such as sodium hydroxide and sodium carbonate. It renders 
a residue with above 50 % carbon content, which can be used to produce active 
carbon through activation with chemical or physical means (An et al. 2011). Due to 
the low cost of rice husk ash, this may be an effective material for the treatment of 
pollutants, because this material is also biodegradable and eco-friendly. Fact is that 
there had been a high increase in production and utilisation of activated carbon from 
coal FA and RHA in the last few decades (Chen et al. 2011).

Due to the adsorption properties of the carbon, the retention of hazardous ele-
ments by FA produced in combustion plants had been studied extensively in recent 
years. Without claim of completeness, a categorised overview is given below.

 Nitrogen and Sulphur Oxides

The adsorption of NOx using activated chars recovered from FA was reported (Rubel 
et al. 2005). Carbon-rich fractions from a gasifier adsorbed one-third of the NOx 
compared with a commercial carbon. Activated carbon from unburned carbon in 
coal FA had also been used for removal of NO (Rubio et al. 2007). FA treated with 
calcium hydroxide had been tested as a reactive adsorbent for SO2 removal 
(Al-Shawabkeh et al. 1995). It was reported that Ca(OH)2-FA mixtures were a low- 
cost SO2 control option (Davini 1995, 1996). Davini (2002) also tested a process 
using activated carbon derived from FA plus Ca(OH)2 for SO2 and NOx adsorption 
from industrial flue gas and this mixture exhibited characteristics similar to that of 
non-FA-derived activated carbons used with flue gases normally. It was also recom-
mended that the mineral matter must be removed efficiently from unburned carbon 
of FA before activation; in this manner an efficient activated carbon for NOx adsorp-
tion can be obtained (Rubio et al. 2007).

 Mercury

Due to its high removal efficiency, activated carbon can also be used to remove 
mercury from flue gas and which is otherwise emitted into the atmosphere as well. 
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However, due to its high cost, large-scale applications in utility boilers had not been 
developed (EPA 1997). It has also been observed that some coal FA can capture 
mercury. Although the role of inorganic components of FA in this capture remains 
unclear, several studies showed that unburned carbon from FA shows certain capa-
bilities for adsorbing elemental mercury (López-Antón et al. 2007; Suárez-Ruiz 
et al. 2007; Suárez-Ruiz and Parra 2007). Researchers at the Pennsylvania State 
University have proposed a method to separate unburned coal from FA (Skillings 
Mining Review 1999). To understand the role of different types of unburned car-
bons with FA in mercury capture, some studies associated types of particles and 
textural properties of FA with the amount of captured Hg (Pavlish et al. 2003; 
Hower et al. 2000; Suárez-Ruiz et al. 2007; Suárez-Ruiz and Parra 2007). It was 
demonstrated that mercury retention can be dependent on the mode of occurrence 
of this element in the gas phase (metallic Hg is retained in FA in a greater proportion 
than HgCl2). Several studies made to understand the entrapment mechanism as a 
function of the physical and chemical interactions between the carbon surface and 
mercury showed that the carbon surface contains some adsorption centers, called 
primary sites. When a molecule of the adsorbate adsorbs on a primary site, the 
adsorbed molecule can act as a secondary center for the adsorption of more mole-
cules (Dubini 1965).

 Organic Gas

In addition to the adsorption of NOx, SOx, and Hg, in flue gas, FA had also been 
shown to be effective in adsorption of organic gas. Peloso et al. (1983) studied the 
adsorption of toluene vapours. In accord with other researchers (Rovatti et al. 1988), 
coal FA obtained after thermal activation showed satisfactory adsorption perfor-
mance for toluene vapours. Good results were also reported for aromatic hydrocar-
bon and m-xylene (Rotenberg et al. 1991).

 PAH

Not only heavy metals, but also a complex mixture of organic compounds, 
 originated during combustion process, was associated with FA particles from all 
origins, but mainly with MSWI FA. The nature of these compounds has only 
partly been elucidated, but it is evident that FA can contain persistent hazardous 
organic compounds, also called persistent organic pollutants, such as polycyclic 
aromatic hydrocarbons (PAH), polychlorinated biphenyl’s (PCB), methyl sul-
phates, and chlorinated dioxins and benzofurans (Fiedler 2003; Johansson and 
Van Bavel 2003a, b; Kim et al. 2003; Mininni et al. 2004; Schmid et al. 2000; 
Tame et al. 2003; Van Gerven et al. 2004; Wheatley and Sadhra 2004). The 
organic compounds identified in FA extracts include polar mutagenic organic 
chemicals (Yoshino and Urano 1998). This can create a problem of secondary 
environmental pollution.
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 Heavy Metals

The adsorption of heavy metals by FA was found to depend on several factors, such 
as the initial concentration of heavy metals and contact time. In particular, the initial 
concentration of heavy metal has a great effect on the adsorption capacity of the FA. 
The adsorption capacity of FA was also found to depend on the surface activities, 
such as available specific surface area for solute surface interaction, equilibrium 
between competitive adsorption from all the cations, ionic size, and stability of 
bonds between heavy metals and FA. The last important factor governing the 
adsorption of heavy metal by FA is pH, because, with increasing pH in a certain pH 
range, most metal adsorption increases up to a certain pH value, before decreasing 
with further increase in pH (Ahmaruzzaman 2010). Among the investigated metals, 
Pb, As, Cu, Cd, Ni, Cr, and Hg are the most often studied. Coal FA was found to be 
good adsorbent for removal Pb, Zn (Prabhu et al. 1981), and Cd (Gashi et al. 1988), 
from effluents in the battery and fertilizer industries. Removal efficiencies were 
greater than 70 %. FA was also effective for the removal of arsenic. Coal FA was 
also tested for removal of As (V) from water (Diamadopoulos et al. 1993). Coal FA 
was employed for the removal of Cu (Panday et al. 1985; Gashi et al. 1988) and Hg 
(Kapoor and Viraraghavan 1992) from aqueous solution. The lime content in the FA 
resulted to be a significant factor influencing the adsorption of Cr(VI) and Cd(II) 
and FA was found to have a higher adsorption capacity for Cd(II) as compared to 
Cr(VI) (Grover and Narayanaswamy 1982; Dasmahapatra et al. 1996). Coal FA was 
also shaped into pellets and used for the removal of Cu and Cd ions (Papandreou 
et al. 2007). To improve removal efficiencies and adsorption capacities, chemical 
modifications of FA can be also done (Zhu et al. 2012). For example, FA impreg-
nated with Cl, Fe, and Cu salts facilitate a more porous structure, which is much 
more efficient in the metal adsorption. Finally, Apak et al. (1996) reported that coal 
FA is a good adsorbent for both radionuclides of 137Cs and 90Sr. Table 3.20 resumes 
the metals adsorption capacity using coal FA. The utilisation of RHA was studied 
for the adsorption of Pb(II) and Hg(II) (Feng et al. 2004). Selective adsorption of 
various metal ions (Na, K, Mg, Ca, Cu, Cd, Mn, Hg, Cr, Pb, and Fe) by FA was also 
reported (Papachristou et al. 1985). Heavy metal-specific adsorption capacities 
using fly ash can be found with Table 3.20.

 Water Purification

Several studies focused on the use of FA for water depuration. The mainly employed 
fly ashes for this application are coal FA and RHA. Concerning water pollution, 
heavy metals are most serious pollutants and the contamination of water by toxic 
heavy metals through the discharge of industrial wastewater is a worldwide environ-
mental problem. Heavy metal toxicity provides severe health concerns: it can reduce 
mental and central nervous functions, lower energy levels, damage blood composi-
tion, lungs, kidneys, liver, and other vital organs. Table 3.21 reports permissible 
limits and health effects of various toxic heavy metals.
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Heavy metal and metalloid removal from aqueous solutions is commonly 
 performed by several processes, such as ion exchange, reverse osmosis, adsorption, 
chemical precipitation, solvent extraction, etc. Among these processes, the adsorp-
tion process should be a simple and effective technique for heavy metals removal 
from wastewater, also, because it usually produces few volumes of sludge. FA has 
potential application in wastewater treatment mainly, because of its chemical com-
position, as it contains alumina, silica, ferric oxide, calcium oxide, magnesium 
oxide, and carbon. Also, its physical properties, such as porosity, particle size 

Table 3.20 Metal type-specific adsorption capacity using coal fly ash summarised by 
Ahmaruzzaman (2010)

Metals Adsorbent
Adsorption 
capacity [mg/g] References

Zn2+ Coal fly ash 0.07–13.3 Banerjee et al. (2003), Bayat (2002a, c)
Fly ash 0.27–11.11 Weng and Huang (1994), Querol et al. (2002)
Rice husk ash 5.88–14.30 Bhattacharya et al. (2006), Srivastava et al. (2008)
Bagasse fly ash 2.34–13.21 Srivastava et al. (2006), Gupta and Ali (2000), 

Gupta and Sharma (2003)
Cd2+ Coal fly ash 18.98 Papandreou et al. (2007)

Fly ash 0.01–207.3 Apak et al (1998), Ayala et al. (1998), Bayat 
(2002a), Srivastava et al. (2006), Weng and 
Huang (1994), Apak et al (1998), Panday et al. 
(1985)

Rice husk ash 3.04 Srivastava et al. (2008)
Bagasse fly ash 1.24–6.19 Srivastava et al. (2006), Gupta and Sharma (2003)

Pb2+ Fly ash 18.0–483.4 Apak et al (1998); Ricou et al. (1999);Wang et al. 
(2008)

Treated rice 
husk ash

12.61 Feng et al. (2004)

Bagasse fly ash 285–566 Gupta et al. (1998a)
Cu2+ Coal fly ash 20.92 Papandreou et al. (2007)

Fly ash 0.76–207.3 Panday et al. (1985), Ayala et al. (1998), Apak 
et al. (1998), Lin and Chang (2001), Rao et al. 
(2003), Ricou et al. (1999), Wang et al. (2008)

Bagasse fly ash 2.26–2.36 Gupta and Ali (2000)
Ni2+ Fly ash 0.03–14.0 Banerjee et al. (2003), Bayat (2002a), Ricou et al. 

(1999), Rao et al. (2002)
Bagasse fly ash 1.12–6.48 Gupta et al. (2003), Srivastava et al. (2006)

Cr3+ Fly ash 52.6–106.4 Kelleher et al. (2002)
Cr6+ Fly ash 0.31–23.86 Panday et al. (1984), Bhattacharya et al. (2008), 

Banerjee et al. (2004), Srivastava et al. (2006)
Rice husk ash 25.64 Bhattacharya et al. (2008)
Bagasse fly ash 4.25–4.35 Gupta et al. (1999)

Hg2+ Fly ash 0.63–11.0 Sen and De (1987), Banerjee et al. (2004),  
Kapoor and Viraraghavan (1992)

Treated rice 
husk ash

6.72 Feng et al. (2004)

As5+ Fly ash 7.7–27.8 Diamadopoulos et al. (1993)
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distribution, and surface area, are in accord with this employ. Finally, in order to 
maximize metal adsorption by hydrous oxides, it is generally necessary to adjust the 
pH of wastewater using lime and sodium hydroxide. And, here, the alkaline nature 
of FA could also be a good neutralising agent (Bayat 2002a, b).

Apart from heavy metals in wastewater, other inorganic compounds can princi-
pally also be dangerous for human health, such as those containing phosphor, fluo-
ride, boron, and nitrogen. Another incentive for recovering nitrogen and phosphor is 
their re-use as fertilizer. Serious wastewater polluting contaminants also concern 
organic compounds, such as phenols and dyes.

 Phosphor

Phosphorous presence on surface and groundwater is a consequence of concen-
trated agricultural activities (such as soil fertilisation, feed lots, diaries, and pig and 
poultry farms) and is the origin of water quality problems in rivers and lakes. Since 
aluminum, iron, and calcium can adsorb or precipitate phosphates, FA emerges as a 
potential candidate to treat phosphate-laden effluents thanks to its composition that 
is rich in silica and aluminum, iron, and calcium oxides. The addition of coal FA to 
wastewater with phosphate was found to produce insoluble or low solubility salt, as 
for example calcium phosphate (Cheung and Venkitachalam 2000).

 Fluoride

Phosphate fertilizer can also induce high fluoride concentration in ground water 
resource. Because of an excessive amounts of fluoride may cause adverse health 
effects to humans and animals, great attention was made by using coal FA for the 
removal of fluoride from waters (Chaturvedi et al. 1990). The good condition for 
favourable FA application was found at low concentration, high temperature, and 
acidic pH.

Boron

On the contrary, only few studies were reported on boron adsorption using coal FA 
(Hollis et al. 1988).

Nitrogen

The removal of nitrogen compounds from wastewater is of increasing importance 
(Joshi and Lothia 1997; Mukherjee et al. 2008). Nitrogen contamination is due to 
intensive use of nitrogen fertilizers, and uncontrolled on-land discharges of raw and 
treated wastewater. Because of the presence of numerous impurities in the 
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wastewater, many kinds of absorption materials resulted not suitable to remove 
nitrate. Chemical reduction involve production of ammonia (Querol et al. 2002) and 
physical adsorption is not good for removing excess nitrate, due partly to their high 
cost. The majority of biological denitrification treatments rely on bacteria, which 
require organic carbon substrate. The carbon added source is generally methanol, 
ethanol, or, acetic acid (Bhattacharjee and Kandpal 2002; Thy et al. 2006). The 
disadvantages of this source are the need of a close and costly process control, the 
risk of overdosing and deep knowledge about the operation of the biological system. 
Moreover, traditional liquid carbon sources are expensive and potentially hazard-
ous. In a recent study, rice husk was chosen as a carbon source and the only physical 
support for microorganisms (Shao et al. 2009). It was shown that it is safer to use 
rice husk as substrate in wastewater denitrification when compared with traditional 
liquid carbon sources and a rapid increase of nitrate removal efficiency was found.

Phenols

Khanna and Malhotra (1997) proved that coal FA has a good potential also for phe-
nolic compounds adsorption. Phenol removal was found strongly dependent on 
temperature and pH value of treatment solution (Alemany et al. 1996). Experiments 
were made also on wastewater (Singh et al. 1994; Singh and Nayak 2004). The 
potential of rice husk ash (RHA) for phenol adsorption from aqueous solution was 
investigated (Mahvi et al. 2004) also by using lagooning mixture of FA and waste-
water (Lorenz 1954). Rice husk ash resulted very effective than rice husk for phenol 
removal. Rice husk ash obtained from a rice mill in Kenya was used for removal of 
some phenolic compounds in water (Damaris et al. 2002).

Dyes

The potential of coal FA for removal of dyes from wastewater was investigated by 
Ramakrishna and Viraraghavan (Viraraghavan and Ramakrishna 1999; Ramakrishna 
and Viraraghavan 1997; Mohan et al. 2002). The dye removal was proven inversely 
proportional to the size of FA particle: better adsorption was observed at lower par-
ticle sizes, because of increased external surface area available for adsorption. 
Brown coal FA was also examined as low-cost adsorbents for removal of synthetic 
dyes from waters (Janos et al. 2003). FA can be regenerated after the adsorption, 
using suitable reagents. For example, Batabyal et al. (1995) regenerated the used, 
saturated, coal FA with 2 % aqueous H2O2 solution. Coal FA has been also employed 
for its potential for use as a photocatalyst for the removal of dyes from water under 
visible light (Bayat 2002c). The rice husk ash was shown to be a potential cost 
effective adsorbent for the removal of methylene blue dye from aqueous systems 
(Chandrasekhar and Pramada 2006).

Table 3.22 presents a summary of adsorption capacity of various organic com-
pounds on FA.
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Closing Remarks

Despite the great potential in the absorption applications of FA, the effectiveness 
of adsorption process depends on the conditions and variables used for the adsorp-
tion process, such as temperature, pH, ionic strength, existence of competing 
organic or inorganic compounds in solution, initial adsorbent concentration, con-
tact time, etc. In addition, some problems can arise because of the competitive 
adsorption of organic compounds on FA: there are few data for the adsorption of 
organic compounds in presence of metals and other contaminants. Finally, there 
are a lack of data concerning the reproducibility of the adsorption properties and 
the equilibrium data. Other problems limit the actual FA employ as adsorber. 
Because FA is a waste material, its utilisation involves the potential leaching of 
some elements into water: the surface layer of FA particles (probably microns in 
thickness) contains a significant amount of leachable material, which is deposited 
during cooling after combustion.

Table 3.22 Adsorption capacity of various organic compounds by fly ash

Organic compounds Adsorbent Capacity (mg/g) References

Phenol FA 67 Akgerman and Zardkoohi (1996)
Sugar FA 0.47–0.66 Gupta et al. (1998b)
Wood FA 5.4 Daifullah and Gad (1998)

Ortho-chloro phenol Coal-FA 0.8–1.0 Kao et al. (2000)
FA 98.7 Aksu and Yener (2001)

2,4-Dichloro phenol FA 22 Kao et al. (2000)
Coal FA 1.5–1.7 Daifullah and Gad (1998)

3-Chloro phenol FA 20 Akgerman and Zardkoohi (1996)
Para-chloro phenol FA 118.6 Aksu and Yener (2001)
2-Nitro phenol Wood FA 143.8 Singh and Nayak (2004)

FA 5.80–6.44 Gupta et al. (1998b)
3-Nitro phenol FA 6.52–8.06 Daifullah and Gad (1998)
4-Nitro phenol Sugar FA 0.76–1.15 Singh and Nayak (2004)
Wood FA 134.9 Gupta et al. (1998b)

FA 7.80–9.68 Daifullah and Gad (1998)
Para-nitro phenol Bagasse FA 8.3 Gupta et al. (1998b)
Cresol Coal FA 85.4–96.4 Dutta et al. (2003)
m-Cresol Wood FA 34.5 Hollis et al. (1988)
p-Cresol Wood FA 52.5 Hollis et al. (1988)
2,4 Dimethyl phenol FA 1.39 Batabyal et al. (1995)
DDD Sugar FA (7.5–7.7) × 10−3 Gupta and Ali (2001)
DDE Sugar FA (6.5–6.7) × 10−3 Gupta and Ali (2001)
Lindane Bagasse FA (2.4–2.5) × 10−3 Gupta et al. (2002)
Malathion Bagasse FA (2.0–2.1) × 10−3 Gupta et al. (2002)
Carbofuran FA 1.54–1.65 Kumari and Saxena (1988)
TCB FA 0.35 Nollet et al. (2003)
HeCB FA 0.15 Nollet et al. (2003)
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3.4.2  Agriculture

Generally, FA contains potentially toxic elements, such as Cd, Pb, Ni, As, Cu, Zn, 
Cr, Se, etc. (Rautaray et al. 2003; Lee et al. 2006; Tiwari et al. 2008; Adriano et al. 
2002), which may contaminate soil (Pandey and Singh 2010). Nearly 5–30 % of 
toxic elements present in FA, especially, Cd, Cu, and Pb, is leachable (Natusch and 
Wallace 1974). Other elements are toxic to plants or animals if they are present in 
high concentrations: for example, B causes growth depressions (Adriano et al. 
2002) and Mo toxicity due to FA employ in soil had also been reported (Tolle et al. 
1983). The metals may also percolate and contaminate ground water or they may 
contaminate the nearby water body. However, leachability of heavy metals from 
coal FA is relatively low and leaching extent depends on the conditions of the sys-
tem. Trace metal concentration in the leachate depends on FA weight/solution, con-
centration of elements, pH, temperature, pressure, and time (Pandey and Singh 
2010). Besides potentially toxic heavy metals, FA can also contain radioactive ele-
ments like 238U, 232Th, 40K, 226Ra, 210Pb, 228Ra, 222Ru, 220Ru (Sharma 1989; Mandal 
and Sengupta 2003; Papastefanou 2008), and other radionuclides, such as uranium 
(U) and thorium (Th) series (Tadmore 1986). However, most FAs are not signifi-
cantly enriched in radioactive elements compared to common soils or rocks 
(Zielinski and Finkelman 1997). It was also found that the ground water quality due 
to disposal of FA remained unaffected with respect to radionuclide contamination 
(Cothern and Smith 1987; Zielinski and Finkelman 1997). A complex mixture of 
toxic organic compounds can also be associated with FA particles. Mainly depend-
ing on thermal treatment, the organic compounds identified with FA extracts can 
include mutagens and carcinogens as well.

Many applications for the use of mainly coal FA in agriculture and soil remedia-
tion had been proposed and studied in the past decades. A broad selection is pre-
sented below and it is categorised by keywords for ease of presentation.

Metal Immobilisation and Soil Remediation

FA is an alkaline waste material with high adsorption capacity and high surface area 
available for element adsorption, rendering many cationic metals less mobile (Ciccu 
et al. 2003). For this reason, increased attention was paid to the use of coal FA for 
metal-contaminated soil stabilisation, aiming to minimize the mobility of toxic 
heavy metals. When coal FA is added to the soil, it reduces metals mobility and 
availability and it helps to restore soil properties. The mechanism of immobilisation 
involves the phenomenon of adsorption, complexation, and (co)precipitation 
(Pandey and Singh 2010). Chemical immobilisation by means of soil amendments 
has been recognised as a valuable innovative technique for a wide range of contami-
nated sites (Vangronsveld and Cunningham 1998). Chemical immobilisation not 
only inhibits the transport of contaminants, such as heavy metals into deeper soil 
layers and into groundwater, but also promotes the revegetation (Vangronsveld et al. 
1996). In a study conducted on soils contaminated with heavy metals in an Italian 
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mine site, the mixing with coal FA showed decreased levels of heavy metals content 
in percolating water (Ciccu et al. 2003). To solve problems related to metal solubil-
ity and acid mine drainage, Iyer and Scott (2001) and Xenidis et al. (2002) sug-
gested the use of coal FA. It was employed for land stabilisation in mining areas 
(Jarvis and Brooks 1996), in pyritic mine tailing (Sonderegger and Donovan 1984), 
and to reduce Cu and Pb mobility and bioavailability in soil (Kumpiene et al. 2007). 
According to the literature, FA used for metal immobilisation represents an 
effective, eco-friendly management option for reclamation of metal contaminated 
soil. Its employ had been recognised as a valuable emerging technique for a wide 
range of contaminated sites. It is a fast-working alternative compared with phytoex-
traction, which takes several years to remove metals from contaminated soils due to 
its low bioavailability (Denuex-mustin et al. 2003). Similarly, inducing metal bio-
availability by the use of synthetic chelates, such as EDTA, are also not considered 
anymore, because of their very low biodegradability compared with microbial che-
lates (White 2001). However, the surface charge of some phases (for example iron 
oxides) present in FA is pH dependent, therefore, the metal adsorption capacities 
can change with changing pH (Cornell and Schwertmann 2003). Synthesised zeo-
lites from coal FA or zeolites mixed with FA had also been used in the immobilisa-
tion of heavy metals in polluted soils (Belviso et al. 2010).

Impact on Soil Properties, Plant Nutrients, Plant Growth

There are many studies dedicated on the impact of coal FA on soil properties 
(cf. Tejasvi and Kumar 2012). Indeed, FA not only has good adsorption properties, 
but it is also rich in many macro and micro plant nutrients, showing interesting 
properties for agricultural purposes. Due to the large amounts of FA materials pro-
duced, they can be considered a potential resource not only for heavy metal adsorp-
tion, but also for improving problematic soil systems. Some review papers discuss 
this application (cf. Pandey and Singh 2010). The use of coal combustion residue in 
agriculture was initially due to the presence of essential nutrients (except organic C 
and N), which can promote plant growth and alleviated the soils nutrient deficiency 
(Mittra et al. 2005). FA was employed as a soil amendment in agriculture to buffer 
the soil pH (Phung et al. 1978), improving soil texture (Chang et al. 1977), raising 
the nutrient status of the soil (Rautaray et al. 2003), etc. It was found that FA amend-
ment enhanced the plant growth when using 10–25 % FA (Dwivedi et al. 2007), but 
it rendered adverse (toxic) impacts with concentrations above 50 %, because of the 
reduction in growth parameters, such as plant height, root biomass, number of til-
lers, grain, and straw weight. For example, Srivastava et al. (1995) reported that 
10 % utilisation of FA in soil resulted in better growth, dry matter production, and 
increased photosynthetic pigments, in Lactuca sativa. FA was also found to improve 
the flowering and fruiting of tomato plant (Khan and Khan 1996). Campbell et al. 
(1983) found that FA addition at the rate of 10 % increased the water holding capac-
ity for fine and coarse sands. On the other hand, there are several factors that can 
restrict the ash disposal in soils, such as the content of potentially toxic elements, 
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high salinity, and reduced solubility of some nutrients due to the high pH with some 
FAs (Page et al. 1979). In addition, FAs are poor in both phosphorous (because 
excessive Fe and Al convert soluble P to insoluble P compounds and these are not 
readily available to plants; Adriano et al. 1980) and nitrogen (N2 is absent, because 
it is oxidised into gaseous constituents during the combustion).

Value of Preliminary Predictive Tests

FA being a combustion residue shows a wide variation in physico-chemical and 
mineralogical characteristics depending on the conditions of combustion, nature of 
combustion source, type of emission control devices, storage, and handling methods 
(Jala and Goyal 2006). In some cases, laboratory leaching tests appeared to be a 
poor predictor of what happened in reality. This possibility was exemplified by the 
unexpectedly very high leaching of Zn, W, Be, and Cd, from a coal ash dump in 
Poland (Twardowska and Szczepanska 2002). Indeed, external factors may be 
poorly reflected in leaching tests in the form as they are commonly used. Wallander 
et al. (1997) found that heavy metals immobilised as apatites (characterised by a 
calcium phosphate lattice) may be released due to the activity of fungi. The pres-
ence of humic acids is important for leaching of persistent organic pollutants 
(Comans et al. 2003; Kim et al. 2002; Osako et al. 2002; Sakai et al. 2000; Van der 
Sloot et al. 2001). However, humic acids tend to be absent in leaching tests. In view 
of environmental impact, this may be a significant problem when the leachability is 
much higher than predicted by leaching tests (Reijnders 2005). As a consequence, 
the commercialisation of coal FA as a fertilizer in agricultural sector for crop pro-
duction is generally uncommon. To promote the use of this potential resource in 
large volumes, it is very important to evaluate the impact of FA on different soil 
characteristics, such as soil fertility, soil health, soil microbes, soil bio-chemical 
activity, and soil nitrogen cycling. For effective FA incorporation in soil, a good 
understanding of the possible changes in soil biota, especially by earthworms, to 
amendment of agricultural soil with FA is also necessary.

Impact on Soil Fertility

FA can improve the physical properties of soil and its nutrient status (Rautaray et al. 
2003). Recently, pot culture experiments were conducted to verify the effect of coal 
FA for soil amendment to improve the fertility of soil leading to higher productivity 
of the test crop. Forty percent FA was found most suitable for growth and yield of 
test crop (Tejasvi and Kumar 2012). Moreover, the effect of FA addition to soil 
fertility largely depends upon the properties of original FA and soil. The majority of 
crops need optimum pH values of between 6.5 and 7.0, because in this range the 
availability of most nutrients to plants is maximised. FAs are generally alkaline. The 
initial increase in soil pH after FA amendment is explained by the rapid release of 
Ca, Na, Al, and OH− ions (Wong and Wong 1990). Lime in FA reacts with acidic 
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components in soil and releases nutrients in the form and amount beneficial to crop 
plants. Indeed, FA has been used for correction of sulphur and boron deficiency in 
acid soils (Chang et al. 1977). FA applied on acidic strip mine spoils at different 
places increased the yield of many crops, thanks to increased availability of Ca2+, 
Mg2+, and preventing toxic effects of Al3+ and Mn2+ and other metallic ions by neu-
tralising the soil acidity (Fail and Wochok 1977). On the contrary, fertility strongly 
decreases at very low pH levels as dissolution and bioavailability of some metals 
that are toxic to plants (as for example Mn) increases. The activity of certain metals 
may increase with an increase in pH. For example, Al is the most abundant metal in 
FA. Aluminium is relatively insoluble as Al(OH)3 at neutral pH, but it exists pre-
dominantly as highly soluble and toxic aluminate anions above a soil pH of 8.0.

Impact on Soil Biota

There are only few works about the effects of coal FA amendment on soil biological 
properties. Numerous short-term laboratory incubation studies showed that the 
addition of FA to soils can inhibit microbial respiration, numbers, size, enzyme 
activity, and soil nitrogen cycling processes, such as nitrification and nitrogen min-
eralisation (Arthur et al. 1984; Cerevelli et al. 1986; Wong and Wong 1986; Pitchtel 
1990; Pitchtel and Hayes 1990; Garau et al. 1991). Survival rate and function of 
earthworms are recognised as valuable indices of soil health and fertility in agricul-
ture. Structural features of burrows are known to significantly influence hydrology, 
gas diffusion, and nutrient distribution (Bouma 1991; Bouché and Al-Addan 1997; 
Bastardie et al. 2002). However, there are only few studies regarding the effects of 
FA amended soil on the earthworm (Nahmani et al. 2005; Muir et al. 2007). Only 
very recently, Markad et al. (2012) evaluated toxicological effects of FA on some 
earthworms. The risk assessment and management of heavy metals suggested that 
leachable toxicant from FA can induce harmful effects, such as oxidative stress, 
destabilisation of lysosomal membranes, and DNA damage.

Impact of FA Amended with Organic Wastes

Other studies suggest that coal FA can find better application in agriculture or 
improvement of degraded soils when combined with organic amendments, such as 
cow manure, farmyard manure, sewage sludge, press mud, paper factory sludge, crop 
residues, or, organic compost (Kumpiene et al. 2007; Sajwan et al. 2003; Shen et al. 
2008). Certain inhibitory effects to soil microbes by toxic components of FA may 
also be attenuated by the application of organic materials. For example, the toxicity 
of boron is the major limiting factor in agricultural use of FA, because it induces 
inhibition of microbial respiration; the boron release can be prevented by the co-
application of a readily oxidisable organic substrate (Page et al. 1979). A consid-
erable change in the physicochemical properties of soil, rising of pH, and increased 
rice crop yield was obtained by mixed application of FA and paper factory sludge 

3 Fly Ash Pollutants, Treatment and Recycling



174

and farmyard manure in different combinations (Mittra at al. 2005). The toxicity of 
heavy metals from FA, such as Pb, Ni, Cr, Zn, Cu, and Cd, were reduced with the 
increase of organic matter content in the FA dump by building complexes with the 
heavy metals (Juwarkar and Jambhulkar 2008). Other beneficial effects for combin-
ing FA with organic matter on soil are e.g. enhanced biological activity (Kumpiene 
et al. 2007), reduced heavy-metal availability, killing pathogens in the sludge (Wong 
1995); reduced leaching of major nutrients (Sajwan et al. 2003); improved soils 
through higher nutrient concentrations, better texture, lower bulk density, higher 
porosity and mass moisture content, higher content of fine-grained minerals (Shen 
et al. 2008), and being beneficial for vegetation (Rautaray et al. 2003).

Use of FA as Container Substrate

Another possible employ of coal FA in agriculture is to use it as container substrates 
for ornamental plant production (Chen and Li 2006; Jayasinghe et al. 2009, 2010). 
Any material formulated to provide support, water retention, aeration, and/or nutrient 
retention for plant production is known as container substrate. Numbers of studies 
have demonstrated the feasibility and advantages of utilising synthetically produced 
aggregates by combining different wastes together with FA (Jayasinghe and 
Tokashiki 2006; Jayasinghe et al. 2005, 2007, 2008, 2009). Since ornamental plants 
are grown for aesthetic purposes only, element accumulation in plant of toxic ele-
ments is generally not of much concern.

Use of FA as Insecticide

Several studies have revealed that coal FA can be used as insecticide in agricultural 
areas against a range of lepidopterous and coleopterous pests infesting rice, vegeta-
bles, greens, and certain other field crops (Narayanasamy and Gnanakumar 1989; 
Basu et al. 2009; Sankari and Narayanasamy 2007).

The application of FA dusts strongly increased the plant resistance mechanism 
and enhanced the fruit yield (Eswaran and Manivannan 2007). FA could effectively 
control various pests infesting several vegetables both under laboratory and field 
conditions.

Final Remarks

In conclusion, the potential of coal FA as a resource material in agriculture is now 
well established: it was shown that FA can be directly used as a soil conditioner in 
different degraded soils, mainly for the purpose of forestry and floriculture. It can 
be used in combination with chemical fertilizer to obtain additional benefits in 
terms of improvement in soil physical characteristics, increased yields, etc. 
However, the recommendation for a large FA application to agricultural soils 
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 cannot be made, unless extensive trials are done to establish a proper combination 
of FA with each type of soil to found its quality and safety. In the near future, much 
more attention must be paid to some fundamental aspects related to FA incorpora-
tion to soil, like long-term studies of soil quality, soil fertility, soil health, and 
continuous monitoring of the properties of soil and FA to verify the long-term 
impact of FA employ. For example, although coal FA is used directly as a soil 
amelioration agent, there are issues regarding potentially mobile toxic elements 
connected with the soil that is being used to grow crops. In this case, Pandey and 
Singh (2010) suggest pre- treatment steps.

3.4.3  Building Materials

Cement is the most cost and energy intensive component of concrete: apart from 
water, humans do not use any other material in a greater quantity than concrete. In 
2000, global cement production was about 1,537 million tonnes and the associated 
CO2 emissions were estimated to be 1579 Mt (van Oss and Padovani 2003). Portland 
cement is the most common type of cement in general use. The Portland cement 
industry generates an estimated 7 % of global anthropogenic CO2 emissions (Mehta 
2004). Thus, even small reductions in the embodied CO2 emissions of concrete can 
make significant global impacts. Thanks to the presence of cementitious compounds 
like calcium and reactive glass, coal FA is quite suitable in Portland cement prod-
ucts and its employ as partial replacement of cement had been studied extensively 
in the last decade, because of economical and environmental reasons.

There are essentially three applications for coal FA in cement: (1) Replacement 
of cement in Portland cement concrete, (2) Use as pozzolanic material in the pro-
duction of pozzolanic cements, and, (3) Use as retardant ingredient with cement and 
replacement of gypsum (CaSO4 · 2H2O).

Use of FA as Replacement of Cement in Portland  
Cement Concrete

The utilisation of FA is mainly due to its beneficial effects, such as lower water 
demand for similar workability, reduced bleeding, and lower evolution of heat. In 
addition, FA is employed because of its economical advantage as pozzolana for 
partial replacement of cement. FA employ reduces the cost of construction and 
increase its durability. Indeed, FA concrete provides much strong and stable protec-
tive cover to the steel against natural weathering action. FA can also improve the 
concrete workability without compromising strength; for this reason it was employed 
in fiber reinforced concrete that is characterised by low workability. Addition of FA 
as an admixture increased early-age compressive strength and long-term corrosion 
resistance characteristics of concrete (Maslehuddin 1989). The employ of FA in 
concrete produces less permeability, because the spherical FA particles lead to 
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improved packing, i.e., they facilitate a more dense paste, and further pozzolanic 
reaction. FA reaction with the soluble calcium hydroxide in cement produces the 
more stable (less-soluble) cementitious compound of calcium silicate hydrate, 
hereby also increasing the resistance to corrosion and ingress of corrosive liquids. 
In addition, the reaction products also tend to fill capillary voids in the concrete 
mixture, thereby, reducing permeability of the concrete.

Chemical activation of FA reactivity was demonstrated to be a method to increase 
the use of FA in concrete. To accelerate pozzolanic reactions, chemical activators, 
such as Na2SO4 or CaCl2, were employed. They changed pozzolanic reaction mech-
anisms between FA and lime (Shi and Qian 2003), resulting in decreased setting 
time, accelerated strength development, and increased strength of materials, 
 especially with a high percentage of FA.

High-volume FA concrete has emerged as a construction material in its own 
right. This concrete can contain more than 50 % of FA by mass of total cementitious 
materials. FA has been used extensively in large volume placement and mass con-
crete applications (Reiner and Rens 2006), because the lower heat of hydration 
produced compared with straight Portland cement concrete allows controlling vol-
ume expansion and reducing cracking at early ages.

Replacing cement with FA by less than 50 % rendered a 5–7 % reduction in the 
water requirement for the designated slump and the rate and volume of bleeding 
water was either higher, or, about the same, compared with the control mixture 
(Ravina and Mehta 1986). Concrete containing high volume of FA exhibited excel-
lent mechanical properties (Volz 2012), very low permeability to chloride ions, and 
good durability with regard to repeated freesing and thawing, (Giaccio and Malhotra 
1988; Langley et al. 1989; Malhotra 1990); it also showed no adverse expansion 
when reactive aggregates were incorporated into concrete (Malhotra 1990). On the 
contrary, FA is generally under-utilised (McCarthy and Dhir 1999), particularly, in 
relation to its application as a binder.

 Use of FA as Pozzolanic Material in the Production  
of Pozzolanic Cements

The pozzolanic reaction, which is normally a slow process, can be accelerated by 
using coal FA with reduced particle size (Ahmaruzzaman 2010). Typical FA has a 
mean particle diameter ranging from 20 to 30 μm, but ultra-fine FA with a mean 
particle diameter of 1–5 μm can also be produced. The finer FA can react more 
completely than the coarser particles and renders durability and strength benefits at 
a much earlier age (e.g. less than 90 days compared with more than 1 year with typi-
cal FA), even, with a smaller dosage of ultra-fine FA. Concrete durability properties, 
such as resistance to alkali sulphate reaction, sulphate attack, and corrosion, are also 
enhanced by ultra-fine FA. Generally, ultra-fine FA is used as a replacement in a 
ratio of 5–15 % of the cement weight. Moreover, there is a considerable potential 
for increasing the utilisation of FA in cementitious materials, either, by simple 
adjustment of the concrete constituent materials, or, using a more refined concrete-
mix- proportioning techniques (McCarthy and Dhir 1999).
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 Use of FA as Retardant Ingredient with Cement  
and Replacement of Gypsum

Coal FA can also be combined with binder material(s) other than normal Portland 
cement. These routes are of importance for achieving more sustainable, high- 
performance, concrete. It has been shown that the use of FA at levels of about 30 % 
of the binder allows obtaining similar or enhanced performance compared with that 
of Portland cement concrete of equivalent 28 day strength. Higher levels of FA are 
also used, but only in special situations where properties other than strength, as for 
example control of heat, had been important (Ahmaruzzaman 2010). FA use at 
higher levels can have a detrimental effect on early-concrete strength, because the 
use of high levels of this relatively slower reacting material reduces the mechanical 
properties of Portland cement. A possible way of overcoming this potential restric-
tion is to combine FA with cement exhibiting high early-strength characteristics, or, 
with cement that is reacting faster. High early strength can be achieved by ground-
ing the cement to a greater fineness, or, the use of chemically composed cement 
(Ahmaruzzaman 2010). The advantages of combining FA with these materials are 
several. Indeed, it is possible to increase the use of FA contents in concrete for main-
stream structural applications. In addition, the dilution of cement with slow reacting 
FA will reduce the rate of setting, promote the development of a better hydrate 
structure, boost the early strength of the FA-enriched concrete, and potentially 
allows using larger amounts of material.

To reduce CO2 emissions and improve cement quality, reactive amorphous 
silica is often used as additive in modern cement production to reduce clinker 
consumption. Successful examples include silica fume produced from silicone 
industry. Reactive silica can also be produced from combustion of organic resi-
dues. Because of the organic nature, reactive silica so produced is often called 
bio-silica. Plant by- products as for example rice husk can produce bio-silica. 
When it is burned and then blended with Portland cement, the final product is 
called biocement. The use of biocement has showed environmental, economic, 
and technical benefits (Hosseini et al. 2011). Under controlled incineration, 
rice husk ash (RHA) contains amorphous silica. Literature reports that up to 30 % 
(by weight) of RHA could be blended with Portland cement without adversely 
affecting the strength and permeability properties of the concrete (Ganesan et al. 
2008). It was reported that reduced porosity in RHA concrete also increased resis-
tance to chloride ion penetration, which is an advantage in prevention of corrosion 
of reinforcement in marine environment (Zhang and Mohan 1996). For self-
consolidating, high-performance concrete, the hardening properties were 
improved with higher RHA content due to the microfilling and pozzolanic effects 
of rice husk ash (Safiuddin 2008).

Biocement with interesting properties can also be made with ash obtained after 
biomass burning. The demand of renewable energy sources has increased the use of 
biomass in the production of heat and electricity. This means a higher FA quantity 
from biomass. FAs from biomass have a predominantly inorganic fraction and a 
minor organic fraction (i.e. unburned carbon). The composition depends on the dif-
ferent parameters and conditions of the combustion process, such as the type of 
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biomass, the load, and the combustion and operating conditions in which the pro-
cess develops (Girón et al. 2013). A variety of plant residues contain sufficient Si to 
generate amorphous bio-silica for biocement production.

Table 3.23 shows the chemical composition of ash produced from organic 
 residues. Values for Portland cement are included for reference (Hosseini et al. 
2011).

With respect to the use of organic residue ashes, the following comments can be 
made: 

• Biocement made with vetiver grass ash considerably improved mortar resistance 
against acid attack (Nimityongskul et al. 2003). 

• The corn cob ash blended cement reduced water absorption in concrete and 
increase its resistance to chemical attack (Adesanya and Raheem 2010).

• Tangchirapat et al. (2007) showed that ground oil palm ash is an excellent poz-
zolanic material to be used as a Portland cement replacement. 

• Singh et al. (2007) showed that a biocement with 20 % of bamboo leaf ash, that 
contains amorphous bio-silica compressive strength comparable to Portland 
cement after 28 days of curing.

• Sewage sludge has appreciable quantities of silicon that makes it suitable for 
biocement production. Sewage sludge can be used in biocement production via 
two different processes: (1), by blending its incinerated ash with Portland cement 
or, (2), by co-combustion of sewage sludge with limestone before its addition to 
Portland cement (Hosseini et al. 2011). However, the chemical properties of sew-
age sludge ash are expected to be highly variable, depending on what materials 
enter the waste stream and the wastewater treatment process.

• Studies on the use of sawdust ash for biocement production have shown that it is 
cost effective and offers a large potential market for this ash (Sumaila and Job 
1999; Udoeyo and Dashibil 2002). Sawdust ash increases the consistency of the 
cement paste; however, the workability and strength of this biocement declines 
when a high sawdust ash content is selected.

• The potential of paper mill sludge ash as ‘clinker’ in cement manufacture was 
also proven (García et al. 2008). There is little information regarding wheat straw 
ash, but an increase in sodium sulphate resistance of the concrete was observed 
with an increasing percentage of ash addition (Binici et al. 2008). Moreover, 
despite promising results, only few works have been devoted to biocement pro-
duction and additional experiments are necessary to uncover whether there is a 
problem in using these ashes. Combustion of other alternative fuels must also 
consider the effect on the FA quality.

The disposal of metal-laden FA, like MSWI FA, is a problem. Generally, this FA 
is disposed off as landfill. FA containing heavy metals can be incorporated into the 
cementitious mixture to reduce the heavy metals leachability from solidified prod-
ucts and without the risks of unacceptable delay of cement setting. The feasibility of 
a washing pretreatment of MSWI FA with water as a means of maximising the 
incorporation of FA in cementitious matrices (ash content up to 75–90 % by weight 
of total solid) had been proven (Mangialardi et al. 1999), without the risk of heavy 
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metals leaching from solidified products. Sintering procedure was also applied to 
MSWI FA with the aim of manufacturing sintered products for reuse as concrete 
aggregates (Mangialardi 2001). The addition of up to 50 % treated FA will not affect 
the strength and hardness, and the leaching property is acceptable for the use in road 
construction. However, the long-term durability has not yet been determined (Aubert 
et al. 2004, 2006).

It was shown that FA can be used as adsorbent with the aim of wastewater treat-
ment (see Sect. 3.4.1). After effluent treatment, FA can be disposed off ultimately in 
cementitious materials. For example, coal FA, which is generally used as immobilisa-
tion agents for heavy metal in aqueous solution, was employed to entrap Pb(II), 
Cd(II), and Cu(II), and then solidified by cement-based technology to hard concrete 
blocks and they should not pose any risk to the environment (Kilinçkale et al. 1997). 
The setting and hardening properties of the obtained mortars and the flexural and 
mechanical strengths of the solidified samples were optimised with respect to the dos-
age of natural and metal-loaded solid wastes. Weng and Huang (1994) showed that for 
an extended curing time, it is possible to prepare mortars with metal-laden FA that 
have strength comparable to cement only. However, a final recommendation on the 
use of this mortar for construction purposes necessitates the evaluation of its proper-
ties on a long-term basis regarding strength, durability, sulphate resistance, wetting/
drying and freesing/thawing cycles, and volume change of the metal-laden FA cement.

3.4.4  Synthesis of Zeolite

Zeolites are crystalline aluminium–silicates. Their structure is a network of [SiO4]4− 
and [AlO4]5− tetrahedral linked to each other at the corners by sharing their oxygens 
(Fig. 3.18) (Ahmaruzzaman 2010)

Fig. 3.18 Structure of zeolite framework of tetrahedral [SiO4]4− with a Si/Al substitution ([AlO4]5−) 
yielding a negative charge, and consequently a cation exchange capacity (Querol et al. 2002)
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The tetrahedral connection makes a three-dimensional network with lots of voids 
and open spaces, producing many useful properties of zeolites, such as adsorption 
of molecules in the huge internal channels. The characteristic that identify zeolites 
from silica minerals is due to the substitution of aluminum into the crystalline 
framework: the replacement of [SiO4]4− tetrahedra by the [AlO4]5− tetrahedra causes 
excess negative charges and cations are needed to neutralize them. Compensation of 
the negative charge is done by associated cations such as H+, Na+, K+, Ca2+, NH4+. 
As a consequence of their structural properties, zeolites have a wide range of indus-
trial applications (Breck 1984) mainly based on ion exchange, and gas and water 
adsorptions.

Zeolites exist as natural minerals, due to alkaline activation of glassy volcanic 
rocks, or they can be synthesised from a wide variety of high-Si and Al starting 
materials. The similarity of the FA composition to some volcanic material was the 
reason for the synthesis of zeolites from this waste product. The conversion of FA 
in zeolites is one of the most promising approaches to improve its utilisation. Zeolite 
can be obtained by hydrothermal treatment of FA (Querol et al. 1995). In particular, 
due to the presence of high content of reactive phases, such as aluminosilicate glass 
and its high specific surface, FA is a suitable starting material for zeolite synthesis. 
In addition, FA has a high Si/Al ratio, which allows the synthesis of low-Si zeolites 
with a high ion exchange capacity, a high selectivity for polar molecules, and a large 
pore volume (Höller and Wirsching 1985). All developed methodologies for zeo-
lites synthesis from coal FA (Querol et al. 2002) are based on the dissolution of 
Al–Si-bearing FA phase with alkaline solutions (mainly NaOH and KOH solutions) 
and subsequent precipitation of zeolitic material. Coal, lignite, and rice husk, ashes 
were used as raw materials for zeolite synthesis (Chareonpanich et al. 2004). 
Zamaow and Schultze (1993) showed that the obtained materials have important 
potential industrial applications, mainly as adsorbents and as replacement for phos-
phate in detergents. Zeolites synthesised from FA were employed for phosphate and 
ammonia immobilisation from wastewater (Takami et al. 2000; Murayama et al. 
2003). Therefore, simultaneous removal of ammonium and phosphate from aque-
ous solution by these materials was also shown to be possible (Takami et al. 2000; 
Murayama et al. 2003). Surface modified FA zeolites have been developed for mon-
itoring of VOCs in indoor air and remove organic compounds (Rayalu et al. 2006). 
In addition to above usages, zeolite was proven to be a suitable matrices for slow 
release of the biofertiliser. Surface modified zeolites have been used to adsorb bio-
fertiliser and other negatively charged microbes (Bowman 2003).

Table 3.24 shows the zeolite that can be synthesised from coal FA. The potential 
industrial application of these zeolitic materials is varied.

Zeolite synthesised from FA was employed also in the removal of heavy metals 
from wastewater (Wu et al. 2012). Somerset et al. (2008) showed that it is effective 
in reducing the Pb(II) and Hg(II) concentrations by 95 % and 30 %, respectively. 
The removal of arsenic, from drinking water was also reported (Goswami and Das 
2000). FA was converted to zeolites by also for the removal of metal ions, radioce-
sium (Mimura et al. 2001), Lead and Cadmium (Shawabkeh et al. 2004). Surface 
modified zeolite from FA was employed for the adsorption of phenol and 

3 Fly Ash Pollutants, Treatment and Recycling



182

o- chlorophenol (Kamble et al. 2008) and thiophene and benzothiophene 
(Ngamcharussrivichai et al. 2008). Although MSWI FA has a low content of SiO2 
and Al2O3 (15–30 %), different types of zeolites had been synthesised from MSWI 
FA by fusion or hydrothermal process (Yang and Yang 1998; Miyake et al. 2002). 
However, it was found that the residual liquid after the synthesis contains high con-
centrations of heavy metals, such as Pb and Zn, thus, necessitating further treatment 
before discharge (Yang and Yang 1998). The main limitation for zeolites synthesis 
from FA is that the reaction rate requires relatively high temperatures (125–200 °C) 
to dissolve Si and Al from the coal FA particles. Figure 3.19 summarises the differ-
ent approaches that had been studied for the synthesis of zeolites from coal FA 
(Blissett and Rowson 2012). Moreover, because of the variability of FA composi-
tion, it is very difficult to suppose the employ of FA in high-value applications, but 
it can be used for some of the low value applications that utilize the good ion 
exchange capacity (Ahmaruzzaman 2010).

RAW COAL FA

HYDRO-
THERMAL*

HYDRO-
THERMAL*

ALKALINE
FUSION

MOLTEN
SALT

HYDRO-
THERMAL*

HYDRO-
THERMAL*

* With or without microwave assisted reaction

Fig. 3.19 Summary of approaches for the synthesis of zeolites from coal fly ash (Blissett and 
Rowson 2012)

Table 3.24 Zeolites  
and other neomorphic  
phases synthesised from  
fly ash and Joint Committee  
of Powder Diffraction 
Standard (JCPDS) codes  
for XRD identification

Zeolitic product Chemical formula JCPDS

(Na)P1 zeolite Na6Al6Si10O32 · 12H2O 39-0219
(Na)P zeolite Na3.6A13.6Si12.4O32 · 12H2O 44-0052
Phillipsite K2Al2Si3O10 · H2O 30-0902
K-chabazite K2Al2SiO6 · H2O 12-0194
Zeolite F linde KAlSiO4.1 · 5 H2O 25-0619
Herschelite Na2Al2Si1.68O7.44 · 1.8H2O 31-1271
Faujasite Na2Al2Si3.3O8.8 · 6.7H2O 12-0228
Zeolite A NaAlSi1.1O4.2 · 2.25HO2 43-0142
Zeolite X NaAlSi1.23O4.46 · 3.07H2O 39-0218
Zeolite Y NaAlSi2.43O6.86 · 4.46H2O 38-0239
Perlialit K9NaCaAl12Si24O72 · 15H2O 38-0395
Analcime NaAlSi2O6 · H2O 19-1180
Hydroxy-sodalite Na1.08Al2Si1.68O7.44 · 1.8H2O 31-1271
Hydroxy-cancrinite Na14Al12Si13O51 · 6H2O 28-1036
Kalsilite KalSiO4 33-0988
Tobermorite Ca5(OH)2Si6O16 · 4H2O 19-1364
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3.4.5  Geopolymers

A geopolymeric reaction is a geosynthetic reaction of aluminosilicate minerals in 
the presence of an alkali solution at low temperatures and first developed in the 
1970s (Davidovits 1994). The reactions are already reported in Sect. 3.3.1.2. The 
resulting matrix poses good physical, chemical, and mechanical properties: these 
include low density, micro and nano-porosity, low shrinkage, high mechanical 
strength, good thermal stability, durability, surface hardness, fire, and chemical 
resistance, such as compressive strength (van Jaarsveld and van Deventer 1999). 
The major focus of these materials is that they can replace the use of Portland 
cement as a binder in concrete applications.

Several studies were made to use FA as source for geopolymer synthesis regard-
ing the dissolution reaction of FA, rate and thermodynamic properties of the reac-
tion, and the mechanism of the hardening process involved in geopolymerisation 
(Mustafa Al Bakri et al. 2011). For example, it was shown that geopolymers made 
from FA can harden rapidly at room temperature and that the mortar develops com-
pressive strengths in the range of 80–120 MPa (Kumar et al. 2007a, b; Blissett and 
Rowson 2012). Moreover, geopolymer was considered a valid technology for 
MSWI FA inertisation, because of its strong fixing capacity for heavy metals (Jin 
et al. 2011; Lancellotti et al. 2010). Heavy metal immobilisation occurring in geo-
polymerisation process was explained by the following mechanisms: (1) metal ions 
are taken into the geopolymer network, (2) metal ions are bound into the structure 
for charge balancing roles, and, (3), the heavy metals-containing precipitate is phys-
ically encapsulated (Zheng et al. 2011). One disadvantage of the geopolymerisation 
is that the inorganic salts, which are common with MSWI FA, affects the process 
negatively and may have to be eliminated first by water-washing pretreatment of the 
MSWI FA. The use of geopolymer binder was proposed for making pervious con-
crete (also known as porous concrete, or, water-permeable concrete). It is a special 
concrete with high void content to allow air or water to move through the concrete. 
This concrete can be used in the construction of park areas, areas with light traffic, 
pedestrian walkways, tennis courts, greenhouse, and other civil engineering and 
architectural works. The voids of pervious concrete make it also suitable for use in 
other applications, such as thermally insulating and acoustic absorption. Pervious 
concrete was also successfully prepared from alkali-activated lignite with high- 
calcium FA binder, rendering a material with density 30 % lower than that of the 
conventional concrete (Tho-in et al. 2012). Moreover, several factors mainly related 
to the chemistry of the raw materials can affect the performance of the final geo-
polymer products, such as compressive strength, setting time, strength develop-
ment, composition of the gel phase, and the microstructure of the alkali-activated 
material. For example, Rickard et al. (2010) showed that high iron contents appear 
to have a negative effect on the high temperature performance of geopolymers. 
Bakharev (2006) showed that crystallinity of FA is a key factor for final product 
performance. And, when different coal FAs are used as source material for geopoly-
mers production, a FA with high crystalline fraction renders a material with a much 
lower early-mechanical strength than with a predominantly amorphous FA.
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Coal FA characteristics are highly variable between power stations and strongly 
dependent on the coal source and burning conditions. Therefore, various FA charac-
teristics must be considered (clarified) before as geopolymers (Rickard et al. 2012). 
The most important specifics are:

 – particle size [as it influences the reactivity] (Chen-Tan et al. 2009),
 – glass content [as it sets the amount of reactive material] (Williams and van 

Riessen 2010),
 – Si:Al ratio in the glass [as it controls mechanical strength and thermal resistance] 

(Rickard et al. 2011),
 – iron content [as it is fundamental in high temperature applications] (Rickard 

et al. 2010),
 – Calcium content [as it affects setting time] (Dombrowski et al. 2007).

As with concrete, FA geopolymer can have the problems of low workability and 
rapid setting time owing to the high viscosity of sodium silicate solution. To improve 
its workability, additional water can be incorporated into the mixture, resulting in a 
geopolymer with a lower compressive strength. On the contrary, for some applica-
tions, a short setting time of geopolymer can be necessary and in those cases accel-
erators must be used. The widely used accelerator is calcium chloride, but its use 
controversial, because it can induce corrosion in concrete reinforcement. Rattanasak 
et al. (2011) showed that also calcium sulphate can be used for reactions accelera-
tion. Instead, Boonserm et al. (2012) used 5 % FGD FA as it is rich in calcium sul-
phate and they attributed the strength improvement of the geopolymer mortar to the 
sulphate ions by increasing the dissolution of Al ions, thus, enhancing the geopoly-
merisation process and strength of the geopolymer. Although large-scale applica-
tion of geopolymers is very complex, mainly due to the variability of the employed 
FA for synthesis, high performance geopolymer concretes are starting to become 
commercialised (van Deventer et al. 2012).

3.4.6  Other Applications

Irrespective of origin, FAs have a good potential for use in ceramic products and 
their employ in this field had been reported extensively: there are many studies 
(Barbieri and Lancellotti 2004; Yilmaz 2012; Andreola et al. 2008) about glass–
ceramics obtained from FA. The results indicated that FA, when mixed with tradi-
tional materials, had the necessary requirements to be used as a raw material for 
production of ceramic tiles. Ceramic processing route has several advantages for FA 
re-use: (1) ceramics can be processed at reasonably low temperatures, (2), a large 
number of ceramics product is tolerant to variations in FA composition, (3), ceram-
ics exhibit reasonable chemical durability, are radiation resistant, and can endure 
changes occurring at different environments, such as humidity, temperature, sun, 
salt, and wind. In addition, (4), ceramic heat treatment process is a valid technology 
for the inertisation of FA.
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Tiles

For tiles production, addition of 20 wt% MSWI FA had been shown to produce high 
compressive strength and low water absorption after sintering at T = 960 °C (Haiying 
et al. 2007). The amount of leachable toxic heavy metals reduced to one-tenth com-
pared with the FA itself. Acceptable durability was also found possible using 50 
wt% MSWI ash. (Also see roofing tiles under “Bricks”.)

Glass Materials

As FA is generally composed of oxides, such as SiO2, Al2O3, CaO, and Fe2O3, it had 
also received attention as a low cost material for the manufacture of glass–ceramics and 
glass materials (Chu et al. 2013). FA with a silica content of >50 wt% can be used as a 
substitute for silica in the manufacturing process of silicate glass, because the glass 
product can immobilize and stabilize the heavy metals in the matrix (Park et al. 2009). 
Several studies also reported on the recycling of MSWI FA as glass- based materials 
(Boccaccini et al. 1997; Romero et al. 1999). Physical and mechanical properties of 
these materials were found very promising compared with literature values for glasses 
and ceramics derived from other waste and non waste sources (Erol et al. 2007).

Bricks

Although FA is commonly used in cements, it has rarely been applied for bricks. 
Recently, Cicek and Tanriverdi (2007) showed that FA might improve the compres-
sive strength of bricks and make them more resistant to frost (Lingling et al. 2005). 
It was found that coal FA bricks are as durable as clay bricks and, in certain aggres-
sive environments, perform better than clay bricks. In the brick production, FA can 
be used in the range of 40–70 wt%. In the field of cultural heritage, there is almost 
no research about FA addition in the manufacture of replacement bricks for use in 
restoration work. A mandatory criterion for bricks employ in this field is that the 
bricks must have the same physical and mechanical parameters as the original 
bricks used in the building being restored and that is not easy when employing FA. 
In addition to brick products, Shulman (2007) included FA in the manufacture of 
lightweight roofing products, such as rigid roofing tiles. These roofing tiles have the 
advantage to be lighter than clay products and providing a good fire resistance, mak-
ing them an excellent replacement for cedar shake roofing in high fire danger areas.

Other Products

The manufacture of sintered lightweight aggregates from FA is a good way to utilize 
a large quantity of FA. FA had been employed for roadway construction, embank-
ment soil stabilisation, subgrade-based course material, aggregate filler, bituminous 
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pavement additive, and mineral filler for bituminous concrete (Kim et al. 2012). Use 
of coal FA as aggregates in road works was estimated to reduce construction costs 
by about 10–20 % (Ahmaruzzaman 2010). Very recently, waste paper sludge FA, 
which contains more than 20 % lime (CaO), was employed as clay soil stabilizer. It 
was shown that addition of 10 % of this FA increased the value of compressive 
strength from 0 to 28 days of curing periods compared with control (unstabilised) 
soil (Khalid et al. 2012). Regardless of composition, coal FA is a raw material suit-
able for use as lightweight aggregate in the production of concrete with good com-
pressive strength (Sarabèr et al. 2012).

Filling Material

Mine back filling was shown to be an attractive option for FA recycling for the 
plants located near the coal mine. Good potential for this application was demon-
strated for those areas where sand is scarce. FAs of all origin were employed also 
for mine void filling. During 1999–2000, India used about 60,000 tonnes of ash for 
backfilling underground mines (Mathur 2000).

Catalyst Constituent

The application of coal FA as heterogeneous catalyst material had received a 
great deal of attention (Wang 2008). Heterogeneous catalysis is appealing, 
because it is often easier to recover the catalyst after reaction completion than 
with homogeneous catalysis. With heterogeneous catalysis, catalytic materials 
(usually a metal) can be supported on other materials. The activity of the sup-
ported catalyst depends on both the active component and its interaction with 
the support matter. The most used catalyst support material covers a range of 
metal oxides, such as Al2O3, SiO2, TiO2, and MgO (Wang and Lu 2007). Thanks 
to its composition, coal FA can also be employed as support. For example, Wang 
and Lu (2007) used FA as support material for nickel in the application of CO2 
methane reforming and found them stable and capable of high conversion with 
activities close to those achieved by the well-known systems. However, coal FA 
had also been employed as the catalytically active component. Recently, the 
synthesis of a highly active, nano-crystalline, thermally stabilised, solid acid 
catalyst had been realised using a sol–gel technique for loading sulphated zirco-
nia onto coal FA. The catalyst demonstrated high conversions of benzene (87 %) 
and toluene (93 %) (Khatri et al. 2010). FA had also been used as the active 
component in the catalytic oxidation of volatile organic compounds (Born et al. 
1993). In addition, acid activation of coal FA was performed to produce a nano-
crystalline, solid acid catalyst for the esterification of salicylic acid with acetic 
anhydride and methanol to produce acetylsalicylic acid (aspirin) and methyl 
salicylate (oil of wintergreen) in a single step without the need for solvents 
(Khatri and Rani 2008).
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Mesoporous Silica

Coal FA and RHA had been investigated for their potential as silica source for the 
manufacture of mesoporous silica. Porous solids are materials that can be used in a 
variety of separation and catalytic processes. Due to high cost and toxicity of con-
ventional reagents, there is a great demand for new materials for the manufacture of 
mesoporous materials (Kumar et al. 2001). The methods of synthesis are very simi-
lar to those employed for zeolite manufacture. The main difference is that, during or 
prior to crystallisation, structure templates are added. Moreover, there are a few 
studies on the potential applications for such materials. In addition, nearly pure 
amorphous silica can be obtained from RHA (Kalapathy et al. 2000).

Polymer Composite Material

Different studies had been conducted to find suitable applications for FA with 
 various polymers (Yang et al. 2006; Chaowasakoo and Sombatsompop 2007) for 
various reasons: plastics production requires a remarkable consumption of oil-based 
resources, which are notoriously non-renewable. For polymers, many filler materi-
als had been developed in the past. The main fillers for polymers are carbon black, 
calcium carbonate, talc, kaolin, mica, and wollastonite, but the use of highly 
 dispersible silica could improve the mechanical performance of the composite fur-
ther. Rigid polyurethane foams are used in several industrial areas, such as thermal 
insulation and automotive sectors, due to their interesting properties, such as low 
thermal conductivity, low density, high abrasion resistance, and good shock absorp-
tion. However, these materials are very combustible; their flames spread fast, and 
they exhibit high heat release rates. Rubbers have immense potential to englobe FA 
materials compared with other rubber cheapeners. Clearly, developing a new class 
of environment-friendly structural materials by including an inert produced from 
waste also enhances the sustainability of the final composite.

FA-filled polymer composites are becoming attractive, because of their wide appli-
cations and low cost. In particular, Sreekanth et al. (2011) showed that coal FA increases 
mechanical and thermal performance of the final composite. For example, Bosio et al. 
(2012) showed that COSMOS material, which is inertised MSWI FA formed by silica, 
calcium carbonate, and sulphate, has an interesting composition for use as polymer 
filler. The inert inserted into polymer matrices integrated very well and it was found to 
disperse homogeneously with nylon. Deepthi et al. (2010) used FA as filler in high-
density polyethylene to develop lightweight, reinforced composites. Wood FA was 
used as reinforcing material for polymers. It gives rise to vastly improved mechanical 
properties over that of the base polymer (Ayswarya et al. 2012). Oil FA (produced from 
oil fuel power plants) showed interesting properties to be used as a polymer-filler com-
posite (Khan et al. 2011). FA can be added directly to polyurethane foams to increase 
its fire resistance. Usta (2012) showed that FA significantly enhanced fire resistance 
and thermal stability of polyurethane foams due to the inert nature of FA with fire. 
A similar effect was found with polycarbonate (Soyama et al. 2007).

3 Fly Ash Pollutants, Treatment and Recycling



188

Rubber Enforcement

Rubbers have immense potential to englobe FA materials compared with other 
 rubber cheapeners. FA behaves uniquely as it does not show any property deterio-
ration, even, at high loading where conventional cheapeners fail. It thus provides a 
novel route to its reutilisation in significant quantities. RHA was employed as a 
filler in rubbers (Arayapranee et al. 2005), especially in epoxidised natural rubber, 
to ameliorate the tensile strength, tear strength, hardiness, and cure characteristics, 
of the rubber. Generally, RHA is not as good as fumed silica and carbon black in 
improving some rubber properties, but it can replace them in some occasions (Zeng 
et al. 2012).

3.4.7  Closing Remarks

It is evident that FA has a great potential in the environmental applications. FA is an 
interesting alternative to replace activated carbon, building materials, zeolites and so 
on. However, despite the large number of published laboratory data, FA has not been 
applied at an industrial scale in Europe and mainly for two reasons. Firstly, because 
the variability in chemistry, mineralogy, and morphology, of different FA hinders its 
use directly. Secondly, because FA may create a problem of secondary environmental 
pollution in that the surface layer of FA particles may contain significant amounts of 
readily leachable materials. Europe is currently facing a social and economical crisis, 
which is partly also due to the cost of raw materials that is growing continuously due 
to their scarcity in the EU. On the other hand, environmental consideration and pub-
lic concern request the society to move toward sustainable development and cleaner 
technologies. In order to maximize productivity and to minimize waste, it is impor-
tant to recognize when secondary products can be recovered from a processing step. 
The potentialities to use FA as raw material must be given intensive attention abroad 
the nations. Resource preservation must be focused with priority on the recovery of 
input resources, also offering new economical opportunities.

3.5  Environmental Advantages in Fly Ash Reuse

The current use of new resources and the disposal of waste materials must be recon-
sidered in view of a sustainable development, because the manufacturing industries 
require enormous amounts of different natural resources, like raw materials (ores), 
energy, water, etc. In particular, the high amount of waste generated is still far from 
being used in its totality, neither as product nor as by-product, making technological 
alternatives needed to reduce its possible impact on the environment. Despite some-
times posing environmental pollution, FA can be considered an important raw mate-
rial for various applications. The utilisation of FA in building, removal of toxic 
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materials like organics or heavy metals, dyes, zeolite synthesis, and so on, can help a 
great deal in preserving natural resources and reduction of environmental pollution.

As depicted in Fig. 3.20, an environmentally and economically sustainable FA 
management includes all the reported processes, starting from FA generation to 
landfilling (Sabbas et al. 2003; Ludwig et al. 2003), i.e.:

 – FA generation: all combustion process generates FA
 – FA collection, including source separation into different material streams
 – Processing, either to prepare FA for reuse or to modify FA characteristics toward 

final land disposal
 – Recycling: production of secondary materials from FA
 – FA treatment, including several technologies (diffusely addressed in this review)
 – FA utilisation, covering all the utilisation options of FA after processing
 – Landfilling

The recycling and reuse of FA have a number of environmental benefits, includ-
ing reduced landfilling disposal, reduced utilisation of virgin resources, and reduced 
amounts of greenhouse gases. A few of the environmental benefits of FA employ are 
described below.

FLY ASH
GENERATION

COLLECTION

PROCESSING

FLY ASH TREATMENT

RECYCLING

LANDFILL UTILIZATION

SECONDARY
RAW

MATERIALS

WASTE

EMISSION

Fig. 3.20 Environmentally and economically sustainable fly ash management (Sabbas et al. 2003)
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3.5.1  Reduced Landfilling Disposal

Landfilling is the most common management option for FA. FA is typically placed 
in specialised FA landfills, for toxic waste, situated and built to prevent trace ele-
ments in the FA from leaching into drinking water supplies (Ludwig et al. 2000b; 
Baur et al. 2001). The construction of these specialised landfills requires additional 
material and energy, and thus results in greenhouse gas emission, which actually 
also should be taken into account. FA itself does not generate any utility emissions, 
because of landfill storage, and it does not biodegrade measurably in anaerobic 
conditions. On the contrary, transportation of FA to a landfill and operation of land-
fill equipment result in anthropogenic CO2 emissions, due to the combustion of 
fossil fuels in the vehicles used to haul the wastes. Consequently, the landfilling 
emissions connected with the FA disposal itself are significant. In the same way that 
households conserve space by recycling, the FA recycling is able to reduce the need 
for additional landfills. It was estimated that for each tonne of FA recycled, it saves 
a landfill space equivalent of solid waste accrued over 455 days.

3.5.2  Reduced Utilisation of Raw Materials

To give an alternative to landfilling, it is mandatory to re-employ the otherwise 
deposited wastes as secondary-hand raw materials. The use of FA in construction 
results in significant savings of the natural resources, due to savings in cost for aggre-
gates. FA ash has chemical and physical properties that make if suitable for use in 
building applications. It is mainly due to its composition that includes silica, alu-
mina, iron, and other oxides. These characteristics allow FA to replace Portland 
cement in concrete products, or, to be used in the production of bricks. Often, FA 
needs no processing and it can be delivered from the power plants directly to the ready-
mix producer. This means that the natural materials – like sand and fine aggregates – 
can be saved for other uses. This extends the service life of current virgin sources and 
delays the need to find new sources. This may be very important for Europe, where 
more than 20 % of the resources used are imported (Bruckner et al. 2012). Green 
building emphasizes the use of “recycled content” as a part of the  components needed 
with many different structures. The green building initiative encourages using FA in 
concrete and other products that contain recycled materials.

3.5.3  Reduction in Greenhouse Gases

Agricultural lime contributes a prime role in the global fluxes of the greenhouse 
gases, such as carbon dioxide, nitrous oxide, and methane. Its contribution through 
emission of CO2 to the atmosphere was estimated to be 9 Tg (1 Tg = 1012 g = 106 
metric tonnes) of CO2 from an approximate 20 Tg of applied agricultural lime in 
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2001 (West and McBride 2005). Many researchers discussed opportunities for 
reducing potential global warming by altering the agronomic practices (Robertson 
et al. 2000). One recommendation was to the utilisation of FA instead of agricultural 
lime for minimising global warming (Bernoux et al. 2003; West and McBride 2005). 
An experimental study revealed that 1 tonne of FA could sequester up to 26 kg of 
CO2, i.e., 38.18 tonnes of FA per tonne of CO2 sequestered (Montes-Hernandez 
et al. 2009). Therefore, the use of FA instead of lime as soil ameliorant can reduce 
the net CO2 emission and thereby lessen global warming.

In the building materials sector, the use of FA to replace cement can decrease 
cement in concrete mixture and results in decreasing CO2 from the cement produc-
tion. During the production of Portland cement, energy is consumed and carbon 
dioxide is being released. Decomposition of limestone into equimolar quantities of 
CaO and CO2 is an essential process in the production of cement clinker. Through 
stoichiometry, it can be shown that for every tonne of CaO produced, 0.44 tonnes of 
carbon dioxide are generated. This CO2 is thought to be a major contributor to the 
greenhouse effect and the global warming of the planet (Ferreira et al. 2003; 
Tietenberg 2003). In addition, the decomposition of limestone is an energy- 
consuming (endothermic) process and the high energy consumption of the kiln adds 
an emission load depending on the nature of the fuel and its location. However, 
using FA as a substitute for virgin materials reduces the emissions of greenhouse 
gases. By using recycled FA in cement production, carbon dioxide emissions are 
decreased, because FA doesn’t need to be “preheated,” since it was already heated 
during the combustion process. According to one estimate, use of 1 tonne of FA in 
concrete will avoid 2 tonnes of CO2 emitted from cement production and reduces 
green-house effect and global warming (Krishnamoorthy 2000; Naik and Tyson 
2000). It was calculated that by using a mix of 25 % coal FA, a reduction in overall 
concrete greenhouse gas emissions of 13–15 % is possible with typical concrete 
mixes (Flower and Sanjayan 2007). In addition, MSWI FA can be made to react 
with atmospheric CO2 to form materials with improved properties. Accelerated car-
bonation imparts chemical and mineralogical changes to the FA, which reduce their 
environmental impact through cementation by means of carbonate precipitation 
(Jiang et al. 2009). Thus, accelerated carbonation can be used not only for FA treat-
ment, but also for the capture of CO2.

3.5.4  Reduction in Water Consumption

Using FA as partial replacement for cement reduces the amount of water required in 
the concrete mixing process. It was calculated (Mehta 2001) that the concrete indus-
try uses one trillion liters of water every year in mixing alone. It was also estimated 
that concrete made with coal ash requires at least 10 % less water to produce a long 
lasting product. Moreover, the mixing water amount may be cut in half by using 
better aggregate grading practices and by expanding the use of mineral admixtures, 
including FA (Mehta 2001).
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3.5.5  Other Cost Saving Aspects

Coal and FGD FAs and RHA are generally available practically for free at power 
plant stations and hence only costs related with its transportation have to be 
 considered when using FA as fill material in construction works. For example, use 
of coal FA in road works results in reduction of construction cost by about 10–20 % 
(ACAA 2011).

Use of coal FA as by-product aggregate in the manufacture of lightweight 
 construction products presents its main advantage in economic saving when saving 
weight. This is especially noticeable when products, such as bricks, made from FA, 
because FA-based bricks weigh, on average, one-third less than conventional clay- 
fired bricks, thus, also lower shipping costs and raising profit margins.

For FA bricks manufacturing units, the main raw material can be FA that is gen-
erated by thermal power stations in large quantities as for example MSWI FA 
(Zhang and Qi 2012). Then, another economical advantage in the use of FA is the 
abundance of low-cost FA available to make the bricks, yielding an excellent prod-
uct. Only transportation charges for FA to the manufacturing unit and cost of the 
raw material must be considered.

3.5.6  Closing Remarks

FA can be considered a valuable resource. Possible applications need to be studied 
to facilitate its employ to all areas of economic interest. To increase the acceptance 
and use of FA in all available applications, more analysis of long-term economic 
and environmental impacts, possibly through employing life cycle assessments 
(LCAs), is needed. Indeed, there is a scarcity in the knowledge on the environmen-
tal impact of FA as a raw material (Blissett and Rowson 2012).

3.6  Conclusion

During past decades, several treatments have been developed to deal with 
FA-specific problems. With time, the conventional palette of FA treatments (sepa-
ration, solidification, stabilization, immobilization, heating) have been widened 
enormously by employing electrochemistry, mechanochemistry, chemical  reaction, 
chemical fixation, thermal plasma, microwave energy, up to, organic pollutants 
abatement using e.g. non-thermal plasma, UV, hydrothermal processing, or, super-
critical water oxidation. Nowadays, research also focuses on FA destinies other 
than landfill deposition, or, use as compensatory building material, or, upgrading 
towards secondary raw ores, by exploiting the chemical or physical potential of 
certain FA constituents (cf. aluminosilicate glass is a suitable material for zeolite 
synthesis, carbon in coal or rice husk absorbs well). Also worth pursuing is the 
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recovery of agriculture- relevant nutrients (N, P, S) from biomass- or coal-based 
FAs. The sophisticated reuse of FA promises more environmental advantages and 
furthers a sustainable utilization of raw material sources for future societies.
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Abstract Human activities are producing and transforming more than 140,000 
chemical compounds according to the European Union Regulation REACH 
(registration, evaluation, authorization and restriction of chemicals). Humans and 
wildlife can be exposed to chemicals at all stages of the chemical life cycle: raw 
material extraction, manufacturing and processing, use, recycling or disposal. Some 
chemicals can mimic or antagonize hormone action, affecting the normal function-
ing of organisms. These chemicals, defined as endocrine disruptors, include among 
many other organotin compounds.

Organotins are the most widely used organometallic compounds for agricultural, 
industrial and biomedical applications with an annual production of about 60,000 
tons. The most notorious organotin is tributyltin, a potent biocide used in antifoul-
ing paints. Tributyltin has adverse and even bizarre effects, such as imposex, on 
aquatic organisms. Tributyltin, derivatives and to a lesser extent other classes of 
organotins are found in all compartments of the aquatic environment due to the inten-
sive use of organotins for the protection of ships hulls and other immersed structures. 
The lowest concentrations are found in the water column, whereas the highest are 
detected in sediments and biota, particularly in top predators. Humans are highly 
exposed because they consume top predators and other fishes and shellfish. Tributyltin 
became thus a well-known example of how chemicals can have a global detrimental 
effect on the environment, even to the eyes of public opinion.

Organotins include also tributyltin derivatives (dibutyltin, monobutyltin), phen-
yltins (triphenyltin, diphenyltin and monophenyltin), octyltins (trioctyltin, dioctyl-
tin and monooctyltin) and methyltins: trimethyltin, dimethyltin and monomethyltin. 
They are employed as biocides, polyvinyl chloride (PVC) stabilizers and industrial 
catalysts for the manufacture of silicone and polyurethane foams. Such diverse 
industrial applications imply their presence on our everyday lives in clothes, pil-
lows, toys, wallpaper, plastic food containers, pipes including drinking water mains 
and household piping, medical devices and breast implants. Hence, humans are 
exposed to organotins not solely through ingestion of contaminated food but also by 
inhalation and ingestion of dust and through direct contact with treated products. As 
a consequence, organotins have already been detected in human samples and toxic-
ity data reveals that they are endocrine disruptors, imunotoxicants and carcinogens. 
Moreover, a link to obesity was recently established.

We review the levels, fate and effects of organotin compounds towards wildlife and 
humans, starting with a description of organotin applications, with particular inci-
dence in antifouling paints. The need to develop antifouling strategies is presented and 
the history on the use of tributyltin as the active biocide described. The global con-
tamination of the marine environment and the deleterious effects of tributyltin towards 
non-target organisms are addressed. Particular attention is drawn to the imposex 
 phenomenon, with an historical perspective and a brief explanation on the induction 
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mechanisms proposed. A case study of imposex in a sentinel species – Nassarius 
reticulatus – is also presented. The restrictions on tributyltin use in antifouling paints 
are also described alongside with the new regulations for other organotins used in 
consumer products. The sources and pathways of organotins in the environment are 
briefly addressed and an overview of marine environmental levels is provided alongside 
with references to regional and global monitoring surveys. At last, studies in human 
exposure to organotins are presented, a thorough review on human tissues burdens is 
performed and future research is proposed.

Keywords AFS Convention • Antifouling paints • Bioaccumulation • Body burden  
• Environmental levels • Exposure pathways • Gastropods • Human exposure 
• Imposex • Invasive/Noninvasive matrices • Mussels • Organotin compounds 
• Tributyltin (TBT)

List of Abbreviations

9CRA 9-cis-retinoic acid
AF Antifouling
AFS Convention International Convention on the Control of Harmful Antifouling 

Systems on Ships
AOS Average Oviduct Stage
ATSDR Agency for Toxic Substances and Disease Registry
BW Body Weight
BTs Butyltins
DBT Dibutyltin
DDT Dichlorodiphenyltrichloroethane
DL Detection Limit
DMT Dimethyltin
DOT Dioctyltin
DPT Diphenyltin
dw dry weight
EC European Commission
EFSA European Food Safety Authority
FPLI Female Penis Length Index
IMO International Maritime Organization
LOQ Limit of Quantification
MBT Monobutyltin
MeTs Methyltins
MMT Monomethyltin
MPT Monophenyltin
MOT Monooctyltin
OcTs Octyltins
OSPAR Convention for the Protection of the Marine Environment of the 

North-East Atlantic
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OTs Organotin Compounds
PPAR Peroxisome Proliferator-Activated Receptor
PTs Phenyltins
PVC Polyvinyl Chloride
REACH Registration, Evaluation, Authorization and Restriction of Chemicals
RPLI Relative Penis Length Index
RPSI Relative Penis Size Index
RXR Retinoic X Receptor
T Testosterone
TBT Tributyltin
TBT-SPC Tributyltin Self-Polishing Copolymer paint
TDI Tolerable Daily Intake
TeBT Tetrabutyltin
TMT Trimethyltin
TPT Triphenyltin
TOT Trioctyltin
VDSI vas deferens sequence index
WHO World Health Organization
ww wet weight

4.1  Introduction

Human activities are responsible for the production and transformation of thousands 
of chemical compounds. These chemicals, 143,835 according to the pre- register at the 
European Union Regulation on Chemicals, REACH (Registration, Evaluation, 
Authorization and Restriction of Chemicals), are fundamental in modern life, totally 
or partially constituting the materials, preparations and products inherent to our daily 
life. With the global output (produced and shipped) valued at $5 trillion as of 2011, 
they have a relevant role in the world economy (American Chemistry Council 2012). 
Release to the environment due to deficient management is widespread and the 
potential for accumulation by wildlife and humans is very high.

Some of those chemicals have the ability to mimic or antagonize the action of 
hormones, thus affecting the normal functioning of organisms leading to deleterious 
effects (Diamanti-Kandarakis et al. 2009). These chemicals, defined as endocrine 
disrupting chemicals became ubiquitous in the environment and include, among 
many others, organotin compounds.

Organotin compounds are used in marine activities and agriculture, as pesticides 
and fungicides; and in industry, for the manufacture of polyvinyl chloride (PVC) 
and silicone amongst other products where they act as catalysts (Sect. 4.2). Despite 
numerous applications in consumer products and household items (e.g. textiles, 
footwear, medical implants, childcare articles, pillows, etc.), their notoriety is due 
to tributyltin, a potent biocide used until 2008 in antifouling paints formulations, 
which caused well known negative effects on aquatic organisms, as for example 
imposex in gastropods (Sects. 4.3 and 4.4). This phenomenon is considered the best 
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example of endocrine disruption in wildlife and has received tremendous attention 
from the scientific community over the past several years. The extensive contamination 
of the marine environment by tributyltin and its metabolites, alongside with the 
deleterious effects towards non target organisms lead to the introduction of restric-
tions on their use that culminated with a global ban in 2008 (Sect. 4.5). Despite their 
ban, organotins are still of concern in the marine environment mainly due to the 
sequestration by sediments that occurred during the pre-ban period, which leads 
them to act nowadays as a secondary source.

Due to its widespread use, organotins can be found almost everywhere, from 
soils and sediments to water, biota and the atmosphere (Sect. 4.6). In general terms, 
the lowest concentrations are detected in the water column, whereas the highest are 
detected in sediments and biota, particularly in top predators. Since organisms 
provide a better integration of contaminant exposure over long periods of time, 
several monitoring programs were developed using different taxonomic groups in 
order to assess contamination. Several of those monitoring surveys reveal that fish 
and shellfish frequently consumed by humans have high levels of butyltin 
compounds. Such evidences demonstrated that tributyltin used in antifouling paints 
(and its metabolites) are reaching humans trough the consumption of contaminated 
seafood.

The hugely diverse industrial application grants organotins a ubiquitous presence 
in every aspect of human life through clothes, pillows, toys, wallpaper, plastic food 
containers, pipes (including drinking water mains and household piping), medical 
devices and breast implants (Sect. 4.7). This scenario creates frequent exposure 
opportunities by dermal contact with treated products or through ingestion of con-
taminated dust, which are cumulative with the ingestion of contaminated food 
(particularly seafood). Organotins have already been detected in human samples 
and toxicity data reveals that they are endocrine disruptors, imunotoxicants, and 
carcinogens and they were recently linked to obesity.

The review here presented was based in a digest made from peer reviewed litera-
ture available through specialized search engines, e.g. SCOPUS. Simultaneously, an 
attempt was made to obtain and integrate as much grey literature as possible, as the 
authors recognize its importance in the particular case of organotins and its environ-
mental, societal and economic impacts. Given the intrinsic nature of this literature, 
no claim of comprehensiveness is made by the authors.

4.2  Organotin Compounds: Chemical Profile,  
Production and Applications

4.2.1  Chemical Structure

Organotin compounds (OTs) are organometals characterized by a tin (Sn) atom 
covalently bound to one or more organic substituents (e.g. methyl, ethyl, butyl, 
propyl, phenyl, octyl) (Hoch 2001; WHO 1990). Chemically these compounds are 

4 Organotin Compounds from Snails to Humans



220

represented by the general formula RSnX, in which R is an organic alkyl or aryl 
group and X is an inorganic or organic ligand as, for instance, chloride, fluoride, 
oxide, hydroxide, carboxylate or thiolate (Hoch 2001; Sekizawa et al. 2003; WHO 
1990). According to the number of organic groups, organotins can be classified in 
four distinct classes: monoorganotins (RSnX3), diorganotins (R2SnX2), triorganotins 
(R3SnX), and tetraorganotins (R4Sn) (Table 4.1).

The chemical and physical properties of organotin compounds vary significantly, 
depending mainly upon the number and nature of the R groups, but also upon the 
type of ligand (X). Organotins solubility in water, for instance, tends to decrease 
with both the increase in the number and length of the organic substituents; however 
the nature of the ligand can also play an important role (Hoch 2001; WHO 1990). 
The toxicity of organotins also varies greatly, being strongly influenced by the 
number and nature of the organic groups. In general, inorganic tin is non-toxic 
whereas tri-substituted compounds have maximum toxicological activity (Hoch 
2001; Sekizawa et al. 2003).

4.2.2  Production and Industrial Applications

Organotins belong to the most important anthropogenic organometallic compounds.

(Fent 2006)

With an estimated annual production of about 60,000 tons, organotins belong to the 
most widely used organometallic compounds family (Mala 2008). Excluding 
methyltins that can be produced naturally by bacteria (Guard et al. 1981; Hallas 
et al. 1982), all organic forms of tin are of anthropogenic origin.

The first organic tin compounds were synthesized in the mid nineteenth century 
firstly by Löwig, in 1852, closely followed by Frakland, in 1853 (de Carvalho 
Oliveira and Santelli 2010; Omae 2003). However, their industrial production 
started only a century later, during the 1940s, when the plastic industry, especially 
the one involved in the production of polyvinyl chloride (PVC), began to expand. 
Organotin compounds are used as additives in PVC manufacturing process to prevent 
its discoloration and embrittlement under the influence of light and heat (Hoch 
2001). Besides PVC stabilization, organotins are also used as catalysts in the 
production of polyurethane foams and silicones.

The finding of the biocidal properties of tri-substituted organotins in the late 
1950s broadened their applications to become the active ingredient in antifouling 
paint (AF) formulations (Sekizawa et al. 2003; WHO 1990) which led to its 
ubiquitous presence in the marine environment.

Less significant (in terms of production volume) applications comprise: agricul-
tural pesticides and fungicides; biocides in construction materials and household 
items; surface disinfectants (including those used in hospitals and veterinary  practice); 
laundry sanitizers; rodent-repellents; scintillation detectors for γ- and X-rays; ballistic 
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additives for solid-rocket engine fuels; ionophores in liquid membrane ion- selective 
electrodes and pharmaceuticals (e.g. anti-inflammatory and cancer treatments drugs) 
(Allsopp et al. 2001; Mala 2008; Valla and Bakola-Christianopoulou 2007; WHO 
1990) (Table 4.2).

Despite the incredible amount of applications (a reflex of the high number of 
organotin compounds available – more than 800, according to Hoch (2001)), the 
majority of organotins production goes to the PVC (polyvinyl chloride) industry 
(mainly dibutyltins, dioctyltins and mono substituted organotins), and to the manu-
facture of polyurethane foams, and silicones (Fig. 4.1). Less than 20 % of the organ-
otins annual production is used as biocides and pesticides (EVISA 2009).

4.3  Antifouling Paints: The Organotin Family Flag Ship

4.3.1  The Need to Develop Antifouling Strategies

Biofouling can be described as the settlement and growth of marine organisms on 
immersed structures. It begins with a complex community of bacteria, diatoms, pro-
tozoa and algal spores; and evolves to an even more complex community that 
includes algae, hydrozoans, crustaceans, tubeworms and mollusks (Omae 2003). 
The development of such community on ships poses serious problems to the 
shipping industry (Figs. 4.2 and 4.3).

According to the International Maritime Organization, six months is the neces-
sary time for an unprotected ship hull at sea to gather 150 kg m2 of fouling organ-
isms. Considering for example a supertanker with 40,000 m2, the amount of 
biofouling organisms may reach 6,000 tones. The consequent increase in the hull 
roughness and weight leads to a decrease in the ship performance due to enhanced 
drag. In order to maintain the same range of average speed an increase of 40–50 % 
in the fuel consumption is expected (IMO 1999). Alongside an increase in fuel con-
sumption, costs associated with cleaning, repainting and dry docking services have 
also to be considered (Hoch 2001). Furthermore, biofouling also facilitates the 
transport of non-indigenous species (Dafforn et al. 2011). The use of antifouling 
technologies becomes, thus, unavoidable.

4.3.2  The Use of Tributyltin as Biocide in Antifouling Paints

Diverse antifouling strategies were developed throughout naval history. However, it 
was only after the 1950s when the outstanding biocidal properties of trialkyltins 
were discovered that the antifouling industry gained a new balance, reaching today 
the overall annual value of €3 billion (Dafforn et al. 2011).

The discovery of the biocidal activity of triorganotins was attained by a team of 
Dutch scientists led by van der Kerk (see Omae 2003 and references therein). 
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Table 4.2 Summary of organotin compounds applications

Organotin classes
General 
formula Applications Selected references

Monosubstituted RSnX3 Stabilizers in PVC films WHO (1990) and 
ATSDR (2005)Glass treatment (Limited applications  

when compared to other OTs)
Disubstituted R2SnX2 Stabilizers in plastics industry  

(particularly PVC)
WHO (1990), Hoch 

(2001), de Carvalho 
Oliveira and Santelli 
(2010) and 
Antizar- Ladislao 
(2008)

Catalysts in the production  
of polyurethane foams  
and in room-temperature  
vulcanization of silicones

Glass treatment processes  
as precursors for SnO2 film

Dewormers in poultry farming
Water-proofing agents for cellulosic  

materials (e.g. cotton textiles, paper  
and wood)

Flame retardants for wool fabrics
Binder in water-based varnishes

Trisubstituted R3SnX Biocides in antifouling paint  
formulations

WHO (1990), Hoch 
(2001) and RPA 
(2005)Fungicides, insecticides, miticides,  

and antifeedants in agrochemical  
industry

Pesticides for ornamental plants
Miticides in citrus fruits
Acaricides in vineyards
Insecticide and fungicide in wood  

preservation
Biocide in construction materials
Disinfectants and biocides for cooling  

systems in power stations, pulp and  
paper mills, textile mills, breweries,  
tanneries

Insecticides and antifeedants in textiles
Biocides in allergic pillows
Biocides in insoles for shoes
Biocides in cycling shorts padding
Biocides in sprays for athlete’s foot  

treatment
Tetrasubstituted R4Sn Intermediates in the preparation  

of other organotin compounds
WHO (1990) and de 

Carvalho Oliveira 
and Santelli (2010)Oil stabilizers

OTs organotin compounds, PVC polyvinyl chloride, SnO2 tin dioxide

A.C.A. Sousa et al.



Fig. 4.2 Biofouling. When submerged into water, a community of algae and invertebrates develops 
in the ship’s hull (a). Such community enhances corrosion in ships’ essential structures (b) and 
increases roughness which in turn leads to an increase in hydrodynamic drag and fuel consump-
tion. In order to overcome such problem the naval industry developed antifouling systems that 
prevent the attachment and growth of organisms in the submerged surfaces. The more effective the 
system, the larger periods a ship can spend at sea without need for dry-docking (c, d)

Fig. 4.1 Major industrial applications of organotins as relative percentage of total production. 
PVC polyvinyl chloride (Data cited from EVISA 2009)
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Following this discovery, tributyltin was tested as molluscicide in African countries, 
in order to prevent the spread of schistosomiasis, a disease caused by a trematod 
parasite that has several freshwater snails as intermediate hosts (WHO 1990). After 
this first success, the antifouling properties of tributyltin were recognized and this 
compound was registered as wood preservative and afterwards it was also used as 
biocide in antifouling paints (WHO 1990).

The first tributyltin based antifouling paints (Fig. 4.4) had the biocide dis-
persed in a resinous matrix, causing the release to be highly uneven, with very 
fast leaching in the first months becoming much slower afterwards, until the 
complete removal of the biocide from the matrix 18–24 months after application 
(IMO 1999). The late 1960s saw the development of a new technology: instead 
of being dispersed in the paint matrix, tributyltin was chemically bonded to the 
polymer base (Fig. 4.5). With these self-polishing paints the leaching rate was 
controlled and constant throughout the life of the paint, which could reach up to 
60 months (IMO 1999).

As a consequence of these enhanced properties, by the 1970s most seagoing 
vessels used tributyltin based antifouling paints (IMO 1999). At that time, tributyltin 

Fig. 4.4 Simplified schematic representation of biocide release in traditional antifouling 
paints. (a) Insoluble matrix; (b) Soluble matrix (Adapted from Chambers et al. 2006). AF 
paint: Antifouling paint

Fig. 4.3 Vessel hull severely affected by biofouling (a); Close up of the hull surface (b) (Printed 
with the kind permission of Vitorino Madaleno. Copyright: Vitorino Madaleno, 2012)

A.C.A. Sousa et al.
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was considered as the ideal antifouling agent, firstly due to their effectiveness and 
long duration, which prevented costly dry dock operations; secondly because it was 
thought that tributyltin was easily degraded by UV light and microorganisms in the 
aquatic environment, making them more environmental friendly than the antifouling 
compounds used up until then: arsenic and dichlorodiphenyltrichloroethane (DDT) 
(IMO 1999; Omae 2003). In fact, most of the experimental data available at that 
time supported the belief that “organotin compounds were ideal compounds because 
they change to nontoxic inorganic tin compounds after use”, as a scientist of the 
time would explain to his co-workers (Matsuda cited from Omae 2006).

However, this belief was rapidly and dramatically denied by hard facts. Several 
reports demonstrated that tributyltin was persistent in the marine environment being 
responsible for several deleterious effects on non-target organisms (see Sect. 4.4). 
Due to its ubiquitous application for decades, tributyltin was released into the 
aquatic environment in an unprecedented scale for a man-made chemical. The mag-
nitude of this phenomenon can be appreciated if one considers the data reviewed by 
Hoch (2001): a commercial ship during a 3-day stay in a harbor can release as much 
as 600 ng L−1 (in terms of Sn). Once in the water column, and due to its strong affin-
ity to suspended particles, tributyltin will accumulate in sediments that act primarily 
as sinks and reservoirs, and secondarily as sources of the compound (Hoch and 
Schwesig 2004).

Fig. 4.5 Schematic representation of a tributyltin self-polishing copolymer paint (TBT-SPC) (a) 
The ester linkage bonding tributyltin onto the polymer backbone suffers “hydrolysis” by sea water 
ions and water molecules; (b) as a consequence tributyltin moieties are released; (c) the loss of 
tributyltin moieties causes fundamental changes in the copolymer, leading to its erosion by the 
moving sea water (the self-polishing effect). AF paint Antifouling paint, aq aqueous, s solid 
(Adapted from Yebra et al. 2004)
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4.4  Tributyltin – Or the Story of Boats, Ships  
and Superimposed Sex

4.4.1  Tributyltin Adverse Biological Effects

Tributyltin is the most toxic xenobiotic ever produced and deliberately introduced into the 
marine environment

(Goldberg 1986)

The harmful effects of tributyltin were first recorded in Arcachon Bay, an enclosed bay 
located in the French Atlantic coast with abundant oyster farming facilities. Oyster 
production was severely affected in the 1970s and early 1980s due to severe growth 
problems that were followed by a complete lack of reproduction and the emergence of 
shell calcification anomalies (see review by Alzieu 2000). Such problems were associ-
ated with the existence of numerous marinas on the bay. The high numbers of vessels 
docked there were releasing high amounts of tributyltin into the aquatic environment.

In the beginning of the 1980s, tributyltin was linked to a sexual disorder recorded 
in some gastropod species in the United States and England (Blaber 1970; Bryan 
et al. 1987; Smith 1971, 1981a, b). Females of Nassarius obsoletus (Say), in the 
USA; and Nucella lapillus (L.), in England; were affected by imposex – a phenomenon 
characterized by the superimposition of male characters (penis and vas deferens) into 
functionally normal prosobranch females (Smith 1971). In advanced stages, the 
development of the vas deferens can block the vulva leading to female sterilization. 
Such was the case of N. lapillus females that experienced dramatic population 
declines that ultimately led to its extinction at heavily tributyltin polluted locations 
(Bryan et al. 1986). Thus, imposex is regarded as an example of endocrine disruption 
whose effects are notorious at the individual and also at the community levels. It has 
been reported to occur in more than 200 gastropod species worldwide (Shi et al. 
2005) and it has been used as a fairly specific biomarker of tributyltin pollution. 
A more detailed description of imposex and its relevancy as a tributyltin pollution 
monitor is provided in the next section.

Despite the particular sensitivity patented by molluscs (with the most notorious 
examples mentioned above) tributyltin is extremely toxic towards a wider range of 
organisms, from bacteria to mammals, including humans (Table 4.3). Publications 
regarding the toxicity of tributyltin towards different taxa vary widely in its focus 
and extension. As an example of the discrepancy in the number of published works 
between the different taxa, a survey in Scopus database in October 2012, retrieves 
28 results when searching for “tributyltin” and “phytoplankton” in “Title, abstract 
and keywords” field, whereas for “tributyltin” and “fish” it retrieves 430 results. 
Moreover, for certain taxa most of the publications available are not directly related 
to toxic effects. As an example, for bacteria, most of the current research focus on 
tributyltin resistance and the possibility of using these organisms in bioremediation 
strategies (see Cruz (2012) from a complete review on the subject). The objective is 
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Table 4.3 Overview of tributyltin effects, by taxonomic group

Group Effects Selected references

Bacteria Toxic (particularly to Gram 
positive)

WHO (1990), Wuertz et al. (1991), 
Gadd (2000), Mendo et al. (2003), 
Martins et al. (2005) and Cruz et al. 
(2012)

Inhibits growth and metabolism
Affects respiration
Decreases productivity
Inhibits solute transport
Inhibits macromolecules biosyn-

thesis and transhydrogenase
Phytoplankton Reduces marine and freshwater 

microalgae growth at low 
concentrations

WHO (1990), Beaumont and Newman 
(1986), Bryan and Gibbs (1991), 
Fargašová (1996, 1997), Fargašová 
and Kizlink (1996), Nudelman 
et al. (1998), Petersen and 
Gustavson (1998), White et al. 
(1999), Gadd (2000) and 
Sidharthan et al. (2002)

Reduces respiration and photosyn-
thetic activity

Alters photosynthetic pigment 
content

Induces drastic changes in 
biochemical composition

Reduces primary productivity
Induces changes in the community 

structure
Plants Impairs the development of motile 

spores of some macroalgae
WHO (1990), Trapp et al. (2004), 

Jensen et al. (2004), Caratozzolo 
et al. (2007), Lespes et al. (2009) 
and Carvalho et al. (2010)

Reduces growth in several marine 
angiosperms

Decreases growth and transpiration 
rates

Reduces photosynthetic activity
Bioaccumulates and induces stress 

in plants used for human 
consumption

Crustaceans Reduces reproductive performance WHO (1990), Kusk and Petersen 
(1997), Waldock et al. (1999), 
Dahllof et al. (2001), Takeuchi 
et al. (2001) and Aono and 
Takeuchi 2008

Reduces neonate survival
Inhibits larvae developmental ratio
Decreases juvenile growth rates
Induces changes in the community 

structure
Molluscs Shell thickening Langston (1990), WHO (1990), Bryan 

and Gibbs (1991), Leung et al. 
(2007), Horiguchi (2009b), Sousa 
et al. (2005a, 2009b), Barroso et al. 
(2002), Hagger et al. (2006) and 
Park et al. 2012

Larval mortality
Inhibits egg development
Reduces survival ship of 

hatchlings
Decreases growth
Alters sex ratio
Induces heat-shock proteins
Induces DNA damage
Imposexa

Sterility

(continued)
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being pursued with vascular plants, particularly in saltmarshes (for further information 
see Carvalho 2010).

4.4.2  Imposex as a Biomarker of Tributyltin Pollution

Imposex is the best documented example of endocrine disruption in wildlife.

(Matthiessen and Gibbs 1998)

In 1970, Blaber recorded for the first time the appearance of a penis in females of 
the gastropod Nucella lapillus collected in Plymouth Sound, United Kingdom. The 
severity of this condition was higher inside harbors and lower farther away, but the 
causative agent was unidentified. One year later, Smith (1971) also noticed the 
appearance of a penis and vas deferens in Nassarius obsoletus females in the United 
States. He coined the phenomenon as imposex but at that time the cause was still 

Group Effects Selected references

Fish Inhibits growth  WHO (1990), Fent (1996a), 
McAllister and Kime (2003), 
Shimasaki et al. (2003), Zheng 
et al. (2005), Zhang et al. (2007, 
2009, 2008, 2011, 2013) and Zuo 
et al. (2009, 2012)

Masculinization
Induces sperm abnormalities
Reduces fecundity
Inhibits ovarian development
Embryo abnormalities
Larval malformations
Liver vacuolation
Inhibits Cytochrome P450
Hematopoietic tissue hyperplasia
Neurotoxic (modulation of the 

glutamate signalling pathway)
Induces DNA damage
Induces severe damage in the 

thyroid gland
Lipotoxic

Mammals Reproductive anomalies, including 
reduced spermatogenesis and 
embryo malformations

WHO (1990), Grün and Blumberg 
(2006), Ohtaki et al. (2007), 
Yonezawa et al. (2007), Antizar- 
Ladislao (2008), Chen et al. (2008) 
and Mala (2008)

Induces adipose tissue  
differentiation and obesity

Neurobehavioral alterations
Immunological disorders
Cardiovascular toxicity
Suppression of osteoclastogenesis

aFor a complete description on imposex see Sect. 4.4.2

Table 4.3 (continued)
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unknown. In order to unveil what was causing this bizarre phenomenon, Smith con-
ducted an extensive field survey in which over 3,000 N. obsoletus specimens were 
examined (Smith 1981a). He studied nine pairs of marinas and control sites and 
concluded that the imposex levels were significantly higher inside marinas (Smith 
1981a). Such results suggested that this phenomenon was caused by a chemical 
compound present in marinas. To test this hypothesis, Smith performed a series of 
experiments in which he transferred snails between a yacht basin and a distant 
‘clean’ locality and vice-versa (Smith 1981b). He also exposed in the laboratory, 
snails not affected by imposex to seawater containing organotin based antifouling 
paints (Smith 1981b). The results clearly demonstrated that snails exposed both in 
situ and in the laboratory developed imposex and that imposex was suppressed (but 
not lost) when affected females were transferred to clean seawater (Smith 1981b). 
With Smith’s work, the causal relationship between imposex and tributyltin was 
finally established (Smith 1981a, b). Later, this relationship was confirmed by Bryan 
and co-workers through a series of laboratory and field experiments using N. lapil-
lus (Bryan et al. 1987). The same team proposed the use of imposex in N. lapillus to 
monitor tributyltin pollution (Gibbs et al. 1987). At that time, several indices were 
proposed to evaluate the degree of imposex within a population: percentage of 
affected females (%I); relative penis size index (RPSI) defined as the ratio between 
female penis size (FPS) and male penis size (MPS): RPSI = (FPS*100/MPS) and the 
vas deferens sequence index (VDSI). For N. lapillus, Gibbs and co-workers (1987) 
proposed a VDSI scheme with 6 stages with stage 0 corresponding to unaffected 
females and stage 6 corresponding to sterile ones.

Besides these two species (N. obsoletus and N. lapillus), imposex is now known 
to affect more than 200 gastropod species (Shi et al. 2005). It is currently a world-
wide phenomenon, being reported in Europe; North and South America; Asia; 
Africa; Australia and even in such remote locations as the Arctic and Antarctic (see 
e.g. Gibson and Wilson 2003; Horiguchi 2012; Negri and Marshall 2009; OSPAR 
2010; Shi et al. 2005; Strand et al. 2006; Tallmon 2012), where it is used as a bio-
marker of tributyltin pollution. The robustness of imposex as a specific biomarker 
led the OSPAR Commission to recommend the use of imposex to monitor tributyl-
tin pollution levels across Europe (OSPAR 2003).

 Taking a Closer Look into Penis Bearing Females – N. Reticulatus  
Case Study

The marine netted whelk Nassarius reticulatus is a ubiquitous nassarid gastropod 
in European coastal areas from the Canaries and Azores to Norway and through-
out the Mediterranean and Black Seas (Fretter and Graham 1994). It has been 
successfully used in several tributyltin biomonitoring programs along European 
coastline (Table 4.4). This species is commonly found at sheltered and shallow 
(including intertidal) sites, being particularly abundant in estuaries and inside harbors 
(Barroso et al. 2002). It is also widespread in offshore waters (Barroso et al. 2011; 
Rato et al. 2006, 2008).
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The use of N. reticulatus to monitor tributyltin pollution was proposed by 
Stroben and co-workers in the early 1990s (Stroben et al. 1992b). This species 
was latter recommended by the OSPAR Commission to monitor the effects of 
tributyltin in coastal areas where N. lapillus is absent (OSPAR 2003). The 
imposex development in N. reticulatus occurs at tributyltin seawater concentra-
tions of 1 ng Sn L−1 being thus less sensitive than N. lapillus for which imposex 
development starts at seawater levels as low as 0.4 ng Sn L−1 (Bryan et al. 1993; 
Stroben et al. 1992a).

The following indices are used to evaluate imposex in N. reticulatus:

(%I) Percentage of affected females, i.e., number of affected females*100/total 
females. This index is useful at low polluted locations; at highly polluted 
sites its usefulness is dubious since usually all females are affected by 
imposex and no distinction can be attained.

FPL Female Penis Length (mm). Important parameter in low, medium and 
highly polluted locations as it enables the distinction between sites with 
similar pollution levels.

RPLI Relative Penis Length Index; RPLI = (FPL*100)/MPL.1 As for FPL this 
parameter is very useful in the entire pollution spectrum.

AOS Average Oviduct Stage. This index proposed by Barreiro et al. (2001) 
assesses the degree of oviduct masculinization. In normal females the 
oviduct is a straight line (AOS = 0) whereas in highly affected specimens 
it gets convoluted resembling the male vesicula seminalis (AOS = 2). 
Useful at moderate/highly polluted locations since at low polluted sites 
AOS value is usually zero.

1 MPL: male penis length (mm).

Table 4.4 List of studies reporting the occurrence of imposex in N. reticulatus throughout Europe

Country Study area References

England Coastal areas in 
south- west England

Bryan et al. (1993)

Germany Coastal areas Martina et al. (2007) and references therein
France Coastal areas in Brittany Stroben et al. (1992a, b), Oehlmann et al. (1993), 

Huet et al. (1995) and Wirzinger et al. (2007)
Spain Coastal areas North 

Atlantic: Galician  
and Basque coast

Barreiro et al. (2001, 2004); Ruiz et al. (2005), 
Quintela et al. (2006), Couceiro et al. (2009)  
and Rodríguez et al. (2009, 2010)

Portugal Coastal areas along the 
continental 
Portuguese coast

Gibbs et al. (1997); Barroso et al. (2000, 2001, 2002, 
2005); Pessoa et al. (2001); Sousa et al. (2005b, 
2007b, 2009b), Rato et al. (2009) and Laranjeiro 
et al. (2010)

Portugal Offshore areas, Portugal Santos et al. (2004), Rato et al. (2006, 2008) and 
Barroso et al. (2011)
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VDSI Vas deferens sequence index. Classifies the degree of females’ masculin-
ization and is considered as the most valid index to assess tributyltin pollu-
tion as, in extreme cases, it can express the reproductive capacity of the 
population (Stroben et al. 1992b) (Fig. 4.6).

Table 4.5 summarizes the four different VDS stages proposed by Stroben et al. 
(1992b) for N. reticulatus. Stage 4+ was considered as the end of imposex develop-
ment in the nassarid in the initial scheme proposed by Stroben et al. (1992b), however 
some authors proposed the computation of stage 4+ to 4.5 (Barreiro et al. 2001) or 
to 5 (Barroso et al. 2002) in order to better discriminate between highly polluted 
locations. The majority of recent reports use the latter (Barroso et al. 2005; 
Laranjeiro et al. 2010; Rato et al. 2008, 2009; Rodríguez et al. 2009; Ruiz et al. 
2005; Sousa et al. 2005b, 2007a, 2009b).

Fig. 4.6 Nassarius reticulatus. (a) Adult specimens collected at Ria de Aveiro, Portugal and (b–d) 
Shell stripped individuals: (b) Male specimen; (c) Imposex affected female; (d) Close up of the 
female penis area. Op operculum, p penis, ft foot, y eye, Cg capsule gland, vd: vas deferens (Printed 
with the kind permission of Filipe Laranjeiro. Copyright: Filipe Laranjeiro, 2008)
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4.4.3  Mechanisms Underlying Imposex Induction

Several hypotheses have been postulated in order to explain imposex induction 
mechanism and three possible pathways have been identified: (A) steroid; (B) neu-
roendocrine, and (C) retinoic.

The steroid pathway postulates that tributyltin causes an imbalance in steroid 
hormones characterized by higher testosterone levels in females which leads to 
the imposex development; this disruption in steroid homeostasis can be promoted 
either through interferences with the steroid biosynthesis (see Bettin et al. 1996; 
Spooner et al. 1991) or with steroid excretion (see Gooding et al. 2003; Ronis and 
Mason 1996).

The neuroendocrine pathway suggests that the homeostasis of certain neuroen-
docrine factors can be disrupted by tributyltin, leading to the formation of accessory 
sex organs in females (Féral and Le Gall 1983; Oberdörster and McClellan-Green 
2000, 2002).

The retinoic pathway proposes that tributyltin and triphenyltin mimic the endog-
enous ligand of retinoid X receptor (RXR) and thus activate the signaling cascades 
which are retinoic acid dependent (Castro et al. 2007; Coelho et al. 2012; Horiguchi 
et al. 2007a, b, 2010; Lima et al. 2011; Nishikawa et al. 2004; Sousa et al. 2010).

So far, both neuroendocrine and steroidal theories could not provide unequivocal 
experimental results as they were unable to promote the increase in female penis 
length to the same extent as tributyltin whilst in the RXR theory a single injection 
of 9-cis-retinoic acid (9CRA), the natural ligand for human RXRs, induced the 
development of imposex (percentage of affected females) as well as the substantial 
growth in female penises to the same extent as tributyltin or triphenyltin, when 
administrated at similar concentrations (Horiguchi 2006).

A complete and more detailed description of imposex induction mechanisms can 
be found in the following reviews: Castro et al. (2007), Horiguchi (2009a), (2012), 
Nishikawa (2006).

Table 4.5 Vas deferens sequence (VDS) stages in N. reticulatus according to Stroben et al. 
(1992b)

VDS stage Description

0 Unaffected female with no apparent male characters.
1a Tiny penis without duct behind the right ocular tentacle.
1b No penis, but a short, distal vas deferens tract behind the right ocular tentacle.
2 Penis with a closing or closed duct behind the right ocular tentacle.
3a Penis with duct continuing in an incomplete distal tract of the vas deferens that 

is growing out successively towards the vaginal opening.
3b Penis lacking; vas deferens running continuously from the right ocular tentacle 

over the bottom of the mantle cavity up to the vulva (vaginal opening).
4 Penis with duct and a continuous vas deferens from the penis up to the vulva.
4+ The vas deferens passes the vulva and runs into the ventral channel of the 

capsule gland.
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Recently, Pascoal and co-workers (2013), suggested the involvement of a novel 
pathway. Those authors studied the gene expression profile of N. lapillus when 
exposed to tributyltin, and their results support the involvement of the three previ-
ously suggested imposex induction mechanisms (steroid, neuroendocrine and reti-
noid). Furthermore, they reported the involvement of putative peroxisome 
proliferator- receptor (PPAR) pathway. In a series of laboratory experiments, they 
demonstrated that, when injected with rosiglitazone, a well-known PPARγ ligand, 
Nucella lapillus females’ developed a penis over a two month period. In face of such 
results, the authors proposed an alternative mechanism in which tributyltin acts in 
the PPARγ signaling pathway, probably via the RXR/PPAR heterodimer that in turn 
triggers imposex development. The activation of this heterodimer could be via RXR 
or PPAR, which explains the imposex induction with 9CRA and also with rosigli-
tazone. This was the first time that the PPAR signaling cascade was implicated in 
endocrine disruption in invertebrates. Considering that, in vertebrates the PPAR sig-
naling pathway is implicated in endocrine disruption (e.g. Grün and Blumberg 
2006), Pascoal et al. (2013) pioneer study highlighted once again the existence of a 
common signaling pathway between invertebrates and vertebrates species (Castro 
et al. 2005; Santos et al. 2012).

Despite the recent advances in the field (e.g. Coelho et al. 2012; le Maire et al. 
2009; Lima et al. 2011; Pascoal et al. 2013; Sternberg et al. 2010), many questions 
remain unsolved, particularly the ones concerning the interplay between all path-
ways. It remains therefore a challenge for the future the identification of all the 
intervenients in this bizarre and complex phenomenon, which arguably became the 
best biomarker ever used to monitor a specific type of pollution.

4.5  Regulating Organotin Compounds

4.5.1  Antifouling Paints International Regulations

The first regulations were adopted by those countries that experienced negative 
outcomes due to tributyltin pollution. Therefore, the first restrictive initiative was 
adopted by France in 1982, motivated by the collapse of the oyster farming indus-
try due to tributyltin pollution in Arcachon Bay, with the prohibition to use tribu-
tyltin on small boats (<25 m). Four years later, the United Kingdom banned the 
sale of tributyltin based antifouling paints for small boats and aquaculture struc-
tures due to the severe ecological impact of this pollutant on mollusk populations 
(see review by Alzieu 1998). Similar restrictions were adopted by other countries, 
namely USA and New Zealand in 1988; Australia, Norway and Canada in 1989 
and Japan in 1990.

The European Union introduced in 1989 the Directive 89/677/EEC banning 
the use of tributyltin and triphenyltin on small boats (<25 m). This directive was 
afterwards implemented by each member state. In Portugal, for example, the 
Directive was transposed to the internal law in 1993. However, the first initiative 
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was adopted 1 year before, when tributyltin and triphenyltin based antifouling 
paints were banned from the Navy fleet.

Following the introduction of the tributyltin partial ban, some recovery of 
severely affected gastropod and oyster populations, as well as other marine 
communities was visible (Alzieu 1998; Blanck and Dahl 1998; Evans et al. 
1995, 1996; Harding et al. 1997; Miller et al. 1999; Minchin et al. 1995; Rees 
et al. 2001) however this recovery was not generalized. Several reports described 
that imposex and tributyltin levels around ports were not decreasing and that 
those locations were hotspots of tributyltin pollution (Bailey and Davies 1989; 
Davies and Bailey 1991; Gibson and Wilson 2003; Minchin et al. 1995, 1996; 
Morgan et al. 1998; Smith 1996). In Portugal, for example, an increase on 
Nucella lapillus imposex levels was reported between 1995 and 2000 (Barroso 
and Moreira 2002; Santos et al. 2002), indicating that the partial ban was 
ineffective in Portuguese coastal waters.

Simultaneously, other studies demonstrated that tributyltin pollution was not 
restricted to harbor areas, and populations from the open ocean as well as the ones 
from offshore areas were also affected (Barreiro et al. 2001; Mensink et al. 1996; 
Michel et al. 2001; Ten Hallers-Tjabbes et al. 1994). Tributyltin was even detected 
in remote and supposedly undisturbed ecosystems such as Antarctica (Negri et al. 
2004) and the Great Barrier Reef in Australia (Haynes et al. 2002; Haynes and 
Loong 2002; Marshall et al. 2002).

Given all the scientific evidences that a partial ban was not effective on reducing 
tributyltin environmental levels and recognizing the need to protect the marine envi-
ronment, the International Maritime organization (IMO) adopted, in 2001, a total 
ban on the use of tributyltin based antifouling paints through the ‘International 
Convention on the Control of Harmful Antifouling Systems on Ships’ (AFS 
Convention) from 2003 onwards. This convention, however, could only enter into 
force one year after 25 states, representing 25 % of the world’s merchant shipping 
tonnage, ratified it.

Due to the slow ratification process and to promote the implementation of the 
AFS Convention in the member states, the European Union moved to the adoption 
of Directive 2002/62/EC and Regulation 782/2003 and the for the total interdiction 
of organotins antifouling paints application on European Union ships after 1st of 
July 2003 and the prohibition of organotins antifouling paints on ships’ hulls from 
1st of January 2008. From this date onwards the prohibition was extended to all 
ships entering European Union ports.

In September 2007, Panama became the 25th state ratifying the Convention 
and therefore the necessary conditions to the implementation of the Convention 
were achieved (Gipperth 2009). One year after, on the 1st September 2008, the 
AFS convention entered into force and from that date onwards organotins were 
banned from antifouling paints formulations (Fig. 4.7). However, the production 
and application of organotins based antifouling paints is still possible in some 
developing countries which are not members of the International Maritime 
Organization (Yi et al. 2012).
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Fig. 4.7 Tributyltin-based antifouling paints timeline, with the indication of major developments 
in the antifouling (AF) industry; the negative environmental impacts and the summary of interna-
tional regulations adopted by country. For detailed descriptions on worldwide regulations see 
reviews by Champ (2000) and Sonak et al. (2009) (Adapted from IMO 2002). AF paints Antifouling 
paints, AFS Convention: International Convention on the Control of Harmful Antifouling Systems 
on Ships; IMO International Maritime Organization, TBT Tributyltin

4.5.2  European Legislation for Organotin Compounds

As previously mentioned, in 1989, the European Union adopted the Directive 
89/677/EEC that banned the use of tributyltin and triphenyltin as biocides in anti-
fouling paints formulations applied to small boats (<25 m). The use of tri- substituted 
organotins was further restricted in 1998, under the Directive 98/8/EC of the 
European Parliament and of the Council of 16 February 1998, concerning the plac-
ing of biocidal products on the market (cited from Decision 2009/425/EC). 
Organotin compounds are also included as priority hazardous substances in the 
European Water Framework Directive (Directive 2000/60/EC). The use of triphen-
yltin as pesticide in agriculture was, in 2002, banned in Europe through Decision 
2002/478/EC and Decision 2002/479/EC.

Since 2003 the use of organotin compounds in antifouling paints was completely 
banned in the European Union through the Directive 2002/62/EC and Regulation 
782/20036 (see previous section for more details).
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The use of organotin compounds is further regulated in the European Union by 
the EC Regulation 1907/2006 on the Registration, Evaluation, Authorization and 
Restriction of Chemicals (REACH). Organotin compounds are included in Annex 
XVII of this regulation that restricts the manufacture, placing on the market and use 
of certain dangerous substances, preparations and articles. According to this direc-
tive organotin compounds (1) Shall not be placed on the market for use as sub-
stances and constituents of preparations when acting as biocides in free association 
paint; (2) Shall not be placed on the market or used as substances and constituents 
of preparations which act as biocides to prevent the fouling by micro-organisms, 
plants or animals of: (a) all craft irrespective of their length intended for use in 
marine, coastal, estuarine and inland waterways and lakes; (b) cages, floats, nets and 
any other appliances or equipment used for fish or shellfish farming; (c) any totally 
or partly submerged appliance or equipment; (3) Shall not be used as substances and 
constituents of preparations intended for use in the treatment of industrial waters 
(cited from p. 411 of Annex XVII).

Triorganotins are also included in the Regulation No 689/2008 (later amended by 
Regulation No 196/2010) that regulates the export and import of dangerous chemi-
cals in the European Union.

The most recent European Commission (EC) initiatives concerning organotins 
deals with the restriction of these substances in consumer products. In May 2009, 
the EC adopted Decision 2009/425/EC. In 2010, this Decision was incorporated 
into Annex XVII of REACH Regulation (EC Regulation No 1907/2006) via 
Regulation No 276/2010 (Table 4.6).

4.6  The Widespread Occurrence of Organotin Compounds

4.6.1  Sources and Pathways of Organotins in the Environment

The extensive usage of organotin compounds over the last decades is responsible for 
an extraordinary input of these contaminants into the environment. Regardless of 
the innumerous applications of organotins, it was the use of tributyltin, and to a 
lesser extent triphenyltin, as biocides in antifouling paints the main responsible 
for the introduction of these substances in the aquatic environment. Tributyltin 
(or triphenyltin) leaches directly from the antifouling paints into the water column 
where it is degraded into less toxic compounds by light or microorganisms through a 
series of progressive removal or organic groups according to the following scheme 
(de Carvalho Oliveira and Santelli 2010; Omae 2003):

 
R R3 2

2 3Sn SnX RSnX Sn IV+ ® ® ®+ + ( )  

This stepwise dealkyllation or dearylation ultimately forms inorganic tin, a 
non- toxic element. Several factors can influence the degradation rate of organic tin 

A.C.A. Sousa et al.



239

Table 4.6 Summary of organotin restrictions in consumer products according to Decision 
2009/425/EC and Regulation No 276/2010. The restrictions are for mixtures, articles or part 
thereof when the concentration is greater than the equivalent of 0.1 % by weight of tin

Compound Products Effective from

Tri-substituted 
OTs, including 
TBT and TPT

All articles or part of articles 1st July 2010

Dibutyltin (DBT) 
compounds

Mixtures 1st January 2012
Articles or part of articles (except food contact 

materials)a

One-component and two-component room  
temperature vulcanisation sealants  
(RTV-1 and RTV-2 sealants) and adhesives

1st January 2015

Paints and coatings containing DBT compounds as 
catalysts when applied on articles

Soft polyvinyl chloride (PVC) profiles whether by 
themselves or coextruded with hard PVC

Fabrics coated with PVC containing DBT compounds  
as stabilizers when intended for outdoor 
applications

Outdoor rainwater pipes, gutters and fittings, as well 
as covering material for roofing and facades

Dioctyltin (DOT) 
compounds

Textile articles intended to come into contact with the 
skin

1st January 2012

Gloves
Footwear or part of footwear intended to come into 

contact with the skin
Wall and floor coverings
Childcare articles
Female hygiene products
Nappies
Two-component room temperature vulcanization 

moulding kits (RTV-2 moulding kits)

OTs organotins, PVC polyvinyl chloride, TBT Tributyltin, TPT Triphenyltin
aFood containing materials are regulated by Regulation No 1935/2004

compounds into inorganic tin, namely: temperature, light intensity, pH, salinity, and 
the nature and density of microbial communities (de Carvalho Oliveira and Santelli 
2010; Hoch 2001). This last factor is probably the most important one as abiotic 
transformation is of minor importance when compared to biological mediated deg-
radation (Fent 2006).

However, and despite the fact that tributyltin can be degraded into less toxic 
forms (dibutyltin, monobutyltin and inorganic tin) in the water column under aero-
bic conditions, its low aqueous solubility and strong affinity to particulate matter 
and suspended particles, favors its deposition in sediments. Once in sediments, and 
under anaerobic conditions, the degradation of tributyltin is very slow with reported 
half-lives of several decades (see Fent 2006 and references therein). For those 
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reasons, sediments are considered tributyltin ultimate sink (Hoch 2001; Omae 
2006). However, tributyltin might be bioavailable again as a consequence of  
its re- suspension, diffusion into the water column and/or decomposition (Fig. 4.8) 
(Burton et al. 2005; Díez et al. 2002; Hoch 2001).

As previously mentioned, organotins have several applications besides its usage 
as biocides in antifouling paints and therefore they are released into the environ-
ment through other routes. Those routes include, for example, the runoff from 
agricultural fields where organotins (mainly triphenyltin), are used as pesticides 
(Fent 1996a; Yi et al. 2012). They also include the leaching from consumer products 
that enters the environment through the discharge of effluents and sewage sludge 
from wastewater treatment plants (Fent 1996a, 2006). The disposal of products that 
contain organotins in landfills can also lead to the contamination of soils and ground 
waters, although at a small scale (Fent 1996a, b). Recently, Krupp et al. (2010) 
demonstrated that organotins can be released from landfill sites and that in the atmo-
sphere they are stable enough to travel over long distances.

Fig. 4.8 Schematic representation of the main sources and pathways of organotin compounds in 
the environment. The use of tributyltin as biocide in antifouling paints is still considered the main 
source of organotins into the aquatic environment; tributyltin can be directly released from the 
vessel’s surface, or it can be introduced into the aquatic environment through dry docking opera-
tions or even during the manufacturing processes via industrial effluents. Other important routes 
include the runoff from agriculture fields; the discharge of contaminated effluents, the deposition 
of sewage sludge and the leachates from landfills (for references see text)
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4.6.2  Organotins Levels in the Environment

Due to its widespread usage, organotins can be found almost everywhere, from soils 
and sediments to water, biota and the atmosphere. The distribution of organotins in 
the environment has been extensively addressed over the last decades and several 
comprehensive reviews on the subject have been published (Table 4.7), therefore 
only a general overview on the topic is provided here.

Table 4.7 Summary of recent reviews addressing environmental levels of organotin compounds

Reference
Geographical 
location Compounds

Compartments

Water Biota Sediments

ATSDR (2005) Several regions 
around the 
world

MBT Lake sediments
DBT River sediments
TBT Marine/coastal 

sediments
Fent (2006) Several regions 

around the 
world

MBT Freshwater Mussels Marine/coastal 
sedimentsDBT Other bivalves

TBT Gastropods
∑BTs Amphipods
MPT Seawater Fish Sediment cores
DPT Marine 

mammalsTPT
∑PTs

Omae (2006) USA MeTs Rain water Algae Marine/coastal 
sedimentsCanada Freshwater Seaweed

Germany Estuarine 
water

Invertebrates

Seawater Fish
Antizar- Ladislao 

(2008)
Several regions 

around the 
world

MBT Seawater Mussels Marine/coastal 
sedimentsDBT Other bivalves

TBT Echinoderms
Fishes

Harino et al. 
(2008)

Japan MBT Seawater Plankton
Mussels
Fishes

Marine/coastal 
sediments

Sediment cores
DBT

TBT
∑BTs
MPT
DPT
TPT
∑PTs

Cao et al. (2009) China MBT Seawater
Freshwater

Gastropods Lake sediments
DBT River sediments
TBT Marine/coastal 

sediments∑BTs

(continued)
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In general terms, the lowest concentrations are detected in the water column 
whereas the highest ones are detected in sediments and biota (Fig. 4.9), particularly 
in top predators (Fent 2006; Kannan and Tanabe 2009). From a geographical 
perspective, levels tend to be higher close to point sources and therefore coastal 
areas where main ports, dockyards and marinas are located exhibit the highest levels 
(see e.g. Fent 2006). Even after the introduction of the tributyltin global ban, levels 
inside harbors remained extremely high, probably due to the paint removal opera-
tions in dry docks and the remobilization from sediments, that are now acting as 
secondary emission sources (Kotrikla 2009; Ruiz et al. 2008; Sousa et al. 2009b).

Although the highest levels of organotins have been reported for cosmopolitan 
coastal areas, reports on the occurrence of organotins in remote locations such as the 
Arctic and Antarctic are also available (e.g. Negri and Marshall 2009; Strand and 
Asmund 2003). Organotins, particularly butyltins were detected even in deep sea 
organisms and sediments at depths as high as 4 km (see review by Harino et al. 
(2009b) and Fig. 4.10).

While relatively low when compared to the organotins concentrations found in 
coastal sediments, the levels detected in deep sea areas are high enough to pose risk for 

Reference
Geographical 
location Compounds

Compartments

Water Biota Sediments

Kannan and 
Tanabe (2009)

Polar regions MBT Mussels
Coastal areas 

(mainly 
Asia- 
Pacific)

DBT
TBT
∑BTs

Squids
Inshore and 

offshore 
areas

Coastal and 
pelagic 
fishes

Global marine 
environ-
ment

Coastal and 
oceanic 
birds

Marine 
mammals

Yi et al. (2012) Several regions 
around the 
world

MPT
DPT
TPT
∑PTs

Seawater Plankton Coastal 
sedimentsMussels

Other bivalves
Gastropods
Echinoderms
Arthropods
Crustaceans
Fishes
Birds
Mammals

MBT Monobutyltin, DBT Dibutyltin, TBT Tributyltin, TeBT Tetrabutyltin, ∑BTs Sum of butyltins 
(∑BTs = MBT + DBT + TBT), ∑PTs, Sum of phenyltins (∑PTs = MPT + DPT + TPT), MPT 
Monophenyltin, DPT Diphenyltin, TPT Triphenyltin, MeTs Methyltins, Sn: Inorganic tin

Table 4.7 (continued)
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Fig. 4.9 Tributyltin (TBT) concentrations in sediments (ng Sn g−1 dw), water (ng Sn L−1) and 
biota (ng Sn g−1 dw). Since tributyltin levels exhibits huge variations amongst different geo-
graphical locations, only reports concerning the levels in the same country (Portugal) are 
depicted. Cited from: [1] Sousa et al. (2009a); [2] Galante-Oliveira et al. (2011); [3] Díez 
et al. (2005); [4] Sousa et al. (2007b); [5] Sousa et al. (2012). Seawater (*) concentrations 
represents hexane extractable tin

those ecosystems (see Antizar-Ladislao 2008; Garg et al. 2011; Sousa et al. 2012 and 
references therein). In Nazaré Canyon (one of the largest submarine canyons of the 
world), for example, organotins levels are generally lower than the ones reported for 
other offshore and deep sea areas (Fig. 4.10). Even so, tributyltin concentrations at some 
sampling sites are higher than the Environmental Assessment Criteria (EAC) set by the 
OSPAR Commission for tributyltin in sediments (0.004 ng Sn g−1 dw) (OSPAR 2008), 
implying that at those locations negative impacts on ecosystems are likely to occur.

4.6.3  Regional and Global Biomonitoring Surveys

Since organisms provide a better indication of contamination than water samples, 
by integrating contaminant exposure over long periods of time (Fent 2006), several 
monitoring programs were developed using organisms from different taxonomic 
groups in order to assess contamination in the world’s oceans.

Those programs report in great measure the use of invertebrates, such as crusta-
ceans as in the “Caprella watch program” (Takeuchi et al. 2001, 2004). Yet, mussels’ 
unique characteristics (e.g. sessile lifestyle, wide geographical distribution, tolerance 
to a considerable range of salinity, resistance to stress and high accumulation of a 
wide range of contaminants) together with the easy sampling, make this bivalve a 
favorite bioindicator for the marine environment (Goldberg 1975; Tanabe and 
Subramanian 2006). The “Mussel watch program” was first implemented in the 
United States (Goldberg 1975) and was subsequently used in several geographical 
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locations including Asia and Europe. In the Asia-Pacific region, for example, a mus-
sel watch program was undertaken in the late 1990s by Tanabe and co-workers 
(Tanabe 2000). In their work, butyltin levels in mussels collected from coastal areas 
of Cambodia, China (Hong Kong and southern China), Malaysia, India, Indonesia, 
the Philippines, and Vietnam were quantified and the results obtained demonstrated 
that butyltin contamination is widespread in those areas (Sudaryanto et al. 2000, 
2002). Several other surveys were undertaken in the Asia-Pacific coastal areas (e.g. 
Harino et al. 2009a; Hong et al. 2002; Hwang et al. 1999; Kan-Atireklap et al. 1998; 
Prudente et al. 1999; Sudaryanto et al. 2004, 2005) and results suggest that the con-
centrations of butyltins in mussels are significantly correlated with the per capita 
gross national product (GNP) of the respective countries (Kannan and Tanabe 2009).

In Europe, no extensive project like the one undertaken by Tanabe and co- workers 
exists however several regional surveys were undertaken by different researchers. 
Figure 4.11 illustrates the wide range of butyltin concentrations detected in soft tis-
sues of the Mediterranean mussel, Mytillus galloprovincialis, across several European 
Countries. Furthermore, the OSPAR and the Helsinki Commissions in their regular 
monitoring programs assesses the levels of several pollutants, including organotins, 
in mussel’s soft tissues (e.g. HELCON 2010; OSPAR 2010).

Concentrations of organotins in mussels’ tissues are dependent on several factors 
such as water temperature, salinity, oxygen content, biological activity, and distance 
from point sources (Díez et al. 2005; Sousa et al. 2009a). For those reasons mussels 
are particularly suitable in regional monitoring programs, particularly the ones that 
integrate temporal pollution trends. The efficacy of the tributyltin ban, for example, 
has been monitored in several countries using mussels as bioindicators (e.g. Choi 
et al. 2010; Harino et al. 1999; Nemanič et al. 2009; Zanon et al. 2008). Generally, 
pre-tributyltin ban levels are higher than the ones after ban implementation (see 
Sousa et al. 2009a and references therein).

Regardless of their appropriateness for regional monitoring surveys, mussels are 
not the ideal organisms to understand global contamination of the marine environ-
ment. Being sessile, they solely reflect local contamination levels. Global contami-
nation is generally evaluated using long lived top predators species, as for instance, 
skipjack tuna or marine mammals (Kannan and Tanabe 2009; Tanabe 1999; Ueno 
et al. 2004). Several reports described the use of squids, fishes, birds and marine 
mammals to monitor global organotins pollution patterns (e.g. Guruge et al. 1996; 
Harino et al. 2007; Kannan et al. 1998; Yamada et al. 1997). Recently, all the data 
from those reports was compiled and reviewed by Kannan and Tanabe (2009). For 
this reason no further discussion on this subject will be held here. Readers are 
encouraged to follow the thorough digest therein.

4.7  On the Way to Humans

Humans are exposed to organotin compounds in multiple ways. Figure 4.12 depicts 
the most common exposure pathways. Generally, ingestion of contaminated food is 
considered to be the main source (Guérin et al. 2007). Among food items, shellfish 
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Fig. 4.12 Schematic representation of possible sources and exposure pathways of organotin 
compounds towards humans. The main exposure pathway is considered to be the ingestion of 
contaminated seafood. Other dietary sources include vegetables, crops, fruits and alcoholic 
beverages. PVC (polyvinyl chloride) piping is responsible for the intake of organotins via 
drinking water. The generalized presence of organotins in many consumer products also consti-
tutes an important source through decay to the indoor environment and consequently to humans 
(via dust ingestion, for instance). Biomedical applications such as breast implants may also 
contribute to the total organotins burden. See text for details. TBT Tributyltin, TPT, Triphenyltin, 
DBT Dibutyltin, DOT Dioctyltin

and fish products tend to present the highest levels, due to the global contamina-
tion of the marine environment by tributyltin. Several studies described the levels of 
organotins in seafood and addressed the risk of its consumption towards humans 
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(Airaksinen et al. 2010; Cardwell et al. 1999; Choi et al. 2012; Guérin et al. 2007; 
Keithly et al. 1999; Rantakokko et al. 2006; Santos et al. 2009; Ueno et al. 1999). 
Generally, those surveys demonstrate that dietary exposure corresponds to a limited 
fraction of the Tolerable Daily Intake (TDI)2 proposed by the European Food Safety 
Authority (EFSA 2004), and thus the risk for average consumers is relatively low. 
Nevertheless, some specific groups, e.g. regular consumers of bivalves, might be at 
risk due to the high levels of organotins in those species (Santos et al. 2009). Besides 
seafood, organotins are also present in other common food items such as potatoes, 
vegetables, fruits, milk and meat (Qunfang et al. 2004; Rantakokko et al. 2006; 
SCHER 2006).

Organotin compounds can also be ingested at relatively high levels (in the 
order of several μg L−1) through juices and a wide variety of alcoholic beverages, 
including beer, wine and distilled spirits (Azenha and Vasconcelos 2002; Campillo 
et al. 2012; Forsyth et al. 1992, 1994; Heroult et al. 2008; Liu and Jiang 2002; 
Zhao et al. 2008).

Exposure also occurs through drinking water transported by PVC (polyvinyl 
chloride) piping. Several reports have clearly demonstrated that organotins, used 
as thermal and light stabilizers in PVC plastics, can leach into the water trans-
ported by these pipes (Adams et al. 2011; Forsyth and Jay 1997; Fristachi et al. 
2009; Jones- Lepp et al. 2001; Quevauviller et al. 1991; Sadiki and Williams 1999; 
Sadiki et al. 1996). Furthermore, the use of PVC and silicone food packing mate-
rials may also constitute a source of organotins in foodstuffs (Takahashi et al. 
1999). It is estimated that exposure to dibutyltin from domestic use of silicone 
molds commonly used to bake cookies, for example, can reach the tolerable daily 
intake (SCHER 2006).

Besides diet, the innumerous applications of PVCs, plastics, polyurethane foams 
and silicones in consumer products also constitute potential sources. The exposures 
can occur directly through contact with the product, as for example in clothes or 
medical applications (SCHER 2006) or indirectly through contaminated dust 
(Fromme et al. 2005; Kannan et al. 2010; Santillo et al. 2001, 2003). The list of 
products with organotin compounds in their composition is tremendous, including 
such diverse items as childrens’ toys, clothes, sanitary items (e.g. diapers and sani-
tary pads), wallpaper, carpets, and pillows (SCHER 2006). Upon degradation, the 
majority of these articles will contribute to the total load of organotins in the indoor 
environment. Levels of organotin compounds, including octyltins, were recently 
analyzed in house dust samples revealing that this is an important exposure pathway 
that cannot be neglected when addressing human exposure issues (Kannan et al. 
2010 and references therein).

2 The Scientific Panel on Contaminants in the Food Chain (EFSA 2004) established a group 
Tolerable Daily Intake (TDI) for tributyltin, dibutyltin, triphenyltin and dioctyltin of 0.25 μg kg−1 
body weight.
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4.7.1  What Goes Around, Comes Around: Unraveling 
Organotins in Humans

The occurrence of organotin compounds in humans was first registered by Kannan 
and Falandysz (1997) during a monitoring survey conducted in the Polish Coast of 
the Baltic Sea. Those authors analyzed butyltin levels in sediments and in liver 
samples from fish, birds, marine mammals and humans (collected by autopsy from 
nine male corpses) (Table 4.8). The results (2.4–11.0 ng ∑BTs g−1 wet weight 
(ww)) demonstrated, for the first time, that humans were, in fact, exposed to butyl-
tins. Motivated by these findings, this team decided to further investigate human 
exposure to organotins in a series of studies where blood analysis had a central role 
(Kannan et al. 1999; Whalen et al. 1999). Levels of monobutyltin, dibutyltin and 
tributyltin were quantified in whole blood samples collected from 32 adults in 
Central Michigan, USA (Kannan et al. 1999). Monobutyltin was detected in 53 % 
of the samples, with the highest value of 27 ng mL−1; dibutyltin was detected in 
81 % of the samples with the highest value of 16 ng mL−1, while the highest tribu-
tyltin concentration registered was of 85 ng mL−1, with the compound being 
detected in 70 % of the samples. Kannan’s team also detected butyltin levels in 
blood samples from six healthy volunteers at unexpectedly high concentrations 
(64–155 ng ∑BTs mL−1) (Whalen et al. 1999). Such findings pointed towards fre-
quent human exposure to butyltins. Two possible exposure scenarios were then 
suggested: (i) direct exposure through the ingestion of contaminated food (mainly 
seafood); and (ii) indirect exposure from household products containing butyltins 
(Kannan et al. 1999, 2000).

In order to unravel the potential exposure pathways, Takahashi et al. (1999) 
quantified the levels of monobutyltin, dibutyltin and tributyltin in several plastic 
products alongside with liver samples from terrestrial mammals and humans. 
Results demonstrated that butyltins were present at extremely high concentrations 
in several household items and that concentrations found in human livers (n = 4) 
were higher than those previously reported by Kannan and Falandysz (1997) in the 
Baltic study (59–96 ng ∑BTs g−1 ww versus 2.4–11.0 ng ∑BTs g−1 ww, respec-
tively). The higher levels found in Japanese individuals might be a consequence of 
the higher fish consumption by the Japanese population, however any conclusions 
are limited by the reduced number of samples analyzed.

The levels of organotins in human liver were later investigated by Nielsen and 
Strand (2002) by quantification of monobutyltin, dibutyltin, tributyltin and also tri-
phenyltin in 18 Danish men that “died unexpectedly”. Tributyltin and triphenyltin 
were below detection limit (0.3 ng g−1 ww and 3 ng g−1 ww, respectively) in all 
samples, whereas monobutyltin and dibutyltin levels varied between 0.3 and 
4.7 ng g−1 ww and 0.8 and 28.3 ng g−1 ww, respectively. A significant association 
between age and dibutyltin/monobutyltin ratios was observed and the authors sug-
gested that it could be a consequence either of a more recent exposure in younger 
men or a lower capacity to debutylate dibutyltin (Nielsen and Strand 2002).

The occurrence of dibutyltin, the main tributyltin metabolite, in the human liver 
(Nielsen and Strand 2002; Takahashi et al. 1999) indicates that organotins are 
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bioavailable after exposure (Appel 2004). Furthermore, the fact that dibutyltin is the 
main butyltin species detected, suggests that the tributyltin hepatic debutylation is a 
fast process in humans (Nielsen and Strand 2002; Takahashi et al. 1999).

Studies on organotins’ published after 2000 disclose relatively low levels of 
butyltins (Lo et al. 2003; Peters 2004; Rantakokko et al. 2008; Rudel 2003) when 
compared to those reported in previously cited publications (Kannan et al. 1999; 
Whalen et al. 1999). A survey conducted with 30 students from two German cities, 
for example, revealed that monobutyltin and dibutyltin were quantifiable only in 3.3 
and 17 % of the samples, respectively; whereas the remaining compounds were 
always below detection limit (see Table 4.8 for details) (Rüdel and Steinhanses 
(2001) in Rudel 2003).

In another study, Lo et al. (2003) quantified the levels of organotins in human 
plasma from eight healthy adults and demonstrated that monobutyltin, dibutyltin, 
tetrabutyltin, monooctyltin and dioctyltin were always below detection (Detection 
Limit = 0.02 ng mL−1). However, tributyltin was detected in four samples (with val-
ues up to 0.5 ng mL−1) and triphenyltin in all, revealing for the first time triphenyltin 
accumulation in humans. Low concentrations of organotins were also detected by 
Peters (2004) when analyzing the blood of 91 Dutch individuals. In fact, dibutyltin, 
monophenyltin, diphenyltin and triphenyltin, were always below detection limit 
whereas octyltins compounds – monooctyltin and dioctyltin – were detected in 13 
and 14 % of the samples analyzed, respectively. Monobutyltin was quantified only 
in 3 % of the samples.

The occurrence of organotin compounds in human blood was further investigated 
in a Finnish population of fishermen and their families (Rantakokko et al. 2008). 
Monobutyltin, dibutyltin, tributyltin, monophenyltin, diphenyltin, triphenyltin and 
dioctyltin were quantified in 300 whole blood samples collected between 2004 and 
2005, in order to understand the health benefits and risks of high fish consumption. 
The results disclosed relatively low levels for most of the organotins analyzed 
(Table 4.8). In fact, monobutyltin, tributyltin, monophenyltin, diphenyltin and dioctyl-
tin were always below the limit of quantification (LOQ). Dibutyltin was detected in 
two of the samples, whereas triphenyltin was detected in 37. Of these samples, triphe-
nyltin median concentrations were only 1.5*LOQ (LOQ = 0.04 ng mL−1). For these 
reasons, the authors couldn’t establish associations between triphenyltin levels and 
possible health outcomes. However, by dividing triphenyltin data in two different cat-
egories (<LOQ and >LOQ), a statistically significant association between age, fish 
consumption and triphenyltin levels in whole blood could be established. The results 
confirmed that fish consumption was associated with triphenyltin levels in whole 
human blood.

Overall, the levels of organotins detected in blood samples are relatively low; 
particularly in surveys conducted after the implementation of restrictions on the use 
of tributyltin based antifouling paints. Furthermore, in recent surveys tributyltin and 
its metabolites are less important than triphenyltin (Lo et al. 2003; Rantakokko et al. 
2008) or octyltin compounds (Peters 2004). Such evidences suggest that organotins 
sources have changed over the last years. Most probably, in the late 1990s organotins 
were incorporated through food ingestion, particularly fish and shellfish highly 
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contaminated with butyltins due to tributyltin widespread usage in antifouling 
paints. Recently, tributyltin levels in seafood have decreased and therefore the expo-
sure to organotins from other sources became more important. Such sources include, 
for example, the ingestion of food contaminated with triphenyltin (used as agriculture 
pesticide) and widespread exposure to certain groups of organotins, particularly 
octyltins, derived from the leaching of many consumer products (Kannan et al. 
2010).

The global ban on tributyltin represented a tremendous change in the marine 
ecosystems. That change inevitably reflected in the human exposure pathways. 
Since the amount of studies focused on the evaluation of body burdens of each com-
pound is, as we demonstrated, so scarce, it becomes impossible to establish the real 
dimensions of such a paradigmatic event in the human population.

4.7.2  In Search for the “Ideal” Matrix to Estimate  
Organotin Body Burdens

Organotins exhibit both lipophilic and ionic properties; therefore they can accumulate 
in lipids and they can also bind to proteins such as glutathione and α-keratins (Appel 
2004; Kannan and Falandysz 1997). Due to this dual behavior, organotins detection 
is expected in such distinct matrices such as liver, kidney, blood, hair and nails, 
urine, or breast milk.

The selection of the matrices to be analyzed is dependent on the target chemical 
itself, the amount necessary and the analytical technique to be used, particularly 
its detection limit (Esteban and Castaño 2009). It is also largely conditioned by 
practical and ethical reasons. The use of invasive matrices such as internal organs 
or blood, for example, requires highly trained personnel for drawing blood or 
perform a biopsy (NRC 2006). On the other hand the use of noninvasive matrices, 
such as urine tends to increase participation in a study, because people are more 
likely to provide urine or hair samples than undergo blood draw (NRC 2006). 
Besides, the use of noninvasive matrices usually allows the collection of a larger 
sample volume, many times critical for the quantification (due to detection limit 
issues) of the target chemical.

 Invasive Matrices

Liver and kidneys are rich in glutathione (Kannan and Falandysz 1997). 
Considering that butyltins tend to bind to this tripeptide, these two organs are 
good candidates to assess organotins burdens in humans. In fact, liver and kidney 
proved to be good matrices both in wildlife and human studies (Sect. 4.7.1). 
However, due to the above noted reasons kidney and liver samples are difficult 
to obtain and this is the likely reason why most of the available literature focus 
on other organs/tissues.
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 Hair and Nails

The use of hair and nails exhibits a series of advantages such as low costs and easiness 
of collection, transport and storage (Esteban and Castaño 2009). Furthermore, hair 
samples may provide information on temporal exposure patterns by segmental anal-
ysis (Esteban and Castaño 2009). The main disadvantage on the use of hair, and to 
a lesser extent nails, is related with the difficulty to differentiate internal and external 
exposures. These difficulties are further exacerbated by the use of perms, hair dyes 
and nail polish (ATSDR 2001; Schramm 2008). The use of hair and nails has already 
been validated to biomonitor organometals like methylmercury (ATSDR 2001; 
Esteban and Castaño 2009).

α-keratins are major structural components of hair, nails and feathers. It is, 
thus, expectable that organotins might be deposited in those matrices. Previous 
reports described that in birds, for example, butyltins levels tend to be higher in 
feathers than in the rest of the analyzed tissues (Guruge et al. 1996, 1997; 
Senthilkumar et al. 1998, 1999). In fact, feathers are considered to be an impor-
tant excretion route for butyltins in birds and they have been proposed as good 
bioindicators to monitor butyltins in avian species (Guruge et al. 1997). In marine 
mammals, levels of butyltins in hair are also very high when compared with other 
tissues; and therefore the use of hair as an indicator of butyltins contamination 
for these animals has been proposed (Kim et al. 1996; Takahashi et al. 2000). In humans, 
hair has been routinely used to monitor a wide variety of chemicals, such as 
mercury (ATSDR 2001; Schramm 2008). Similarly to what happens with meth-
ylmercury, that has a high affinity for reduced sulfhydryl groups, organotins 
accumulation occurs through their binding to the –SH and ═NH groups of 
selected proteins (Kannan and Falandysz 1997). Despite such lines of evidence, 
no hard data corroborating the usefulness of organotins levels analysis in human 
hair exists. To our best knowledge, no surveys were conducted using human hair 
and only one study, dealing solely with the analytical intricacies of organotins 
extraction and quantification, revealed the levels of tributyltin and triphenyltin in 
human hair (Nagase et al. 1995). However information concerning the analyzed 
samples’ characteristics, e.g. target population or number of samples, were not 
disclosed by the authors (Nagase et al. 1995) (see Table 4.8 for details). Without 
further studies on human hair, its suitability as a non- invasive matrix for organo-
tins monitoring remains merely speculative.

Similarly, nails are also potential bioindicators of organotins exposure, as they 
are rich in α-keratins. Yet, to our best knowledge organotin levels in human nails 
was never examined.

 Urine

Urine is one of the most commonly used matrix for human biomonitoring, particu-
larly for water soluble chemicals such as metals (Esteban and Castaño 2009). Urine 
samples are easy to collect; furthermore large sample volumes can be easily obtained 
(Dirtu et al. 2012; Esteban and Castaño 2009).
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One of the first reports of organotins in human urine arose from a controversial 
experiment conducted in the 1980s: one volunteer ingested a mixture of 3 mL of 
cherry brandy and 7 mL of ethanol, in which tributyltin oxide had been dissolved. 
The results revealed that only 5 % of the dose was found in the urine collected after-
wards (mainly as dibutyltin) and that the tributyltin metabolites decreased rapidly 
on the first days after exposure (Uhl 1986 cited from Appel 2004).

Recently, Zachariadis and co-workers developed and validated speciation meth-
ods to quantify organotins in urine (Zachariadis and Rosenberg 2009a, b, 2012). 
Initially, the extraction method was validated and checked through the quantifica-
tion of a suite of organotins in four samples collected from male donors (Zachariadis 
and Rosenberg 2009a). Levels of dibutyltin, tetrabutyltin, monophenyltin and 
diphenyltin were always below detection limit. Monobutyltin and tributyltin were 
detected in 25 and 50 % of the analyzed samples, respectively whereas triphenyltin 
couldn’t be quantified with the proposed technique (Zachariadis and Rosenberg 
2009a). In their subsequent work, new methods were described and validated in 
order to quantify additional organic tin compounds, including less water soluble 
ones, such as tributyltin and triphenyltin (Zachariadis and Rosenberg 2009b; 
Zachariadis and Rosenberg 2012). Despite such analytical advances, no comprehen-
sive survey on the levels of butyltins and phenyltins in human urine is available.

Methylated organotins are more water soluble and have lower boiling points than 
other organotins due to their smaller organic functional groups being thus excreted 
through urine (Cui et al. 2011). Consequently, urine samples constitute an ideal 
matrix to characterize methyltin exposure in humans. Recently, Cui et al. (2011) 
investigated methyltins levels, including monomethyltin, dimethyltin and trimethyltin 
in urine samples from the employees of an organotin production plant. Dimethyltin 
was the major compound detected. Furthermore, relatively high levels of trimethyl-
tin were detected in 92 % of the workers (Cui et al. 2011). According to those 
authors, and considering that dimethyltins were the gross majority of the organotins 
produced on the plant, the fact that trimethyltin was detected may imply that meth-
ylation occurs in the organism, and therefore more research on the levels and associated 
risks with methyltins should be performed. To the best of our knowledge, this is the 
only epidemiological study that addressed the levels of methyltins in human urine. 
The few remaining studies refer to acute poisoning events (Gui-bin et al. 2000a, b; 
Suzuki et al. 2008; Yoo et al. 2007).

 Breast Milk

Breast milk is a commonly used matrix to biomonitor lipophilic chemicals due to its 
high fat content (Esteban and Castaño 2009; Tanabe and Kunisue 2007). Lipophilic 
chemicals such as Persistent Organic Pollutants (POPs) are stored and equilibrated 
in the body in fat rich tissues and can pass into the breast milk to be excreted 
(Esteban and Castaño 2009). Therefore, breast milk may contain chemicals from 
exposure events that occurred earlier in a woman’s life, thus reflecting cumulative 
exposures (NRC 2006). Breast milk can simultaneously be used to estimate the 
infant’s intake of selected chemicals (NRC 2006).
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To the best of our knowledge, only one study addressed the presence of organotins 
in human breast milk samples. Mino et al. (2008) quantified the levels of monobutyltin, 
dibutyltin, tributyltin and triphenyltin in breast milk from 62 Japanese lactating 
women living in Okayama and Kagawa prefectures. The results revealed that only 
dibutyltin had detectable levels, and solely in a small percentage (16 %) of the 
surveyed women (see Table 4.8 for details). Such results prompted the research-
ers to conclude that human breast milk was largely uncontaminated by organotins 
(Mino et al. 2008). Nevertheless, the fact that milk organotin levels are quite low 
doesn’t imply that the same is true for other matrices.

 Some Remarks Regarding Ideal Matrices

The limited information on total human body burdens and the distribution of the 
different organotin classes in the different compartments renders the interpreta-
tion of levels in a single matrix incomplete. The use of internal organs such as 
liver and kidney in conjunction with blood in representative target groups would 
constitute the ideal framework to cover these knowledge lacune. However, the 
already pointed ethical, technical and social constraints turn this approach into a 
difficult task.

In realistic terms, an integrated study in which organotins levels are simultaneously 
quantified in several matrices including urine, blood, breast milk and hair from the 
same individual is thus necessary in order to better understand the distribution of 
organotins in the human body, but especially to form a correct perception on which 
is the best noninvasive matrix to use in future monitoring surveys. Without such 
type of information the estimation of organotins burdens in humans will keep on 
being an elusive goal.

4.8  Conclusion

Organotins are the most widely used organometallic compounds for agricultural, 
industrial and biomedical applications with an annual production of about 60,000 
tons. Despite an overwhelming presence in society and the environment, and of 
some well-studied cases, (e.g. tributyltin and its derivatives in the marine environ-
ment), to this day there is a huge gap of knowledge concerning the importance of 
each exposure pathway, the internal distribution of each class inside organisms and 
joint effects of organotins, being this particularly true for humans. The use of internal 
organs in conjunction with blood in representative target groups would constitute 
the ideal framework to tackle this issue. However, ethical, technical and social 
constraints render this approach unfeasible, with special incidence in the human 
case. We propose integrated studies where organotins levels are quantified simulta-
neously in several matrices, e.g. urine, blood, and hair to understand tissue distribution 
and to select the most suitable noninvasive matrix to use with respect to the target 
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population, organotin compound of interest and selected analytical technique. Only 
this approach will allow accurate estimates of total organotin burdens.
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    Abstract     Surfactant toxicity has aroused a worldwide alert leading to various 
 regulations on its usage and disposal. In this context much concern arises regarding 
the biodegradability and eco-friendliness of surfactants. Various reviews on surfac-
tant and its toxicity are available; however there is a lack of a concise review cover-
ing surfactant types, primary and secondary toxicity of surfactants, evaluating the 
level of surfactant pollution worldwide. This chapter describes the safety concerns 
of surfactants on the aquatic system, terrestrial ecosystem and particularly on 
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humans. We present remediation methods to solve surfactant contamination, such 
as ozonation, UV radiation, catalyst coupled autooxidation. Biological degradation 
of surfactants is highlighted with reference to the most commonly used anionic 
detergents sodium dodecyl sulfate (SDS) and linear alkyl benzene sulfonate (LAS). 
Biodegradation pathways and mechanism are discussed. Green surfactants are pre-
sented. Finally the relevance and role of biosurfactants as alternatives to synthetic 
detergents is described.  

  Keywords     Bioremediation   •   Biosurfactants   •   Sodium Dodecyl Sulfate   •   Linear 
Alkyl Benzene Sulfonate   •   Pollution   •   Anionic   •   Methylene Blue active agents   • 
  Synthetic   •   Toxicity   •   Sewage treatment   •   Green surfactants   •   Alkylsulfatase  

5.1         Introduction 

    “Cleanliness is next to Godliness” the English proverb reveals the relevance of 
cleanliness for human beings from the time immemorial. Traced back from the 
ancestral Babylonian ash- oil soap formula to the currently available soaps, 
cleansers and detergents, surfactants appear in various forms. Of these detergents 
indeed have become indispensable elements of man’s life all along his steps aim-
ing cleanliness and tidiness. Apart from serving as cleansing agents, surfactants 
fi nd many industrial applications as additives in paints, as textile softeners, as 
antistatic agents, in metal processing and in oil drilling operations. Some surfac-
tants have antimicrobial properties which provide the basis for their utility as 
biocides (Ginkel  1989 ). The signifi cance of surfactants in pharmaceuticals (Sebag 
and Vanlerberghe  1990 ; Zhong  1999 ; Hari et al.  2005 ; Ghodrat  2006 ; Florence 
and Attwood  2011 ), agrochemicals (Beigel et al.  1998 ; Chen et al.  2008 ; Li et al. 
 2009 ; Shu-de  2009 ; Huang et al.  2010 ), food industry (Kralova and Sjoblom 
 2009 ), textile industry (Jing-xin  2004 ), petroleum industry (Bhardwaj and 
Hartland  1993 ; Frazier Jr et al.  1993 ; Schramm  2000 ; Torres et al.  2003 ), soil 
remediation (Medha and Lee  1996 ; Volkering et al.  1997 ; Chu and Kwan  2003 ; 
Lopez et al.  2005 ; Vreysen and Maes  2005 ; Yuan et al.  2006 ; Zhang and Lo  2006 ; 
Giannis et al.  2007 ; Khalladi et al.  2009 ), contaminated aquifer remediation 
(Fountain et al.  1991 ,  1996 ), gas and coal recovery (Chistyakov  2001 ), microelec-
tronics (Ilardi et al.  1995 ; Carswell et al.  2003 ; Schroeder et al.  2007 ), and many 
other industries (Karsa  1990 ), give an idea on the prospects of surfactant utility 
and disposal. Applications of chemical surfactants and biosurfactants in various 
industries along with its microbiological and biotechnological implications are 
critically reviewed (Singh et al.  2007 ). 

 Basically, surfactants are any organic substance, intentionally added to achieve 
cleaning, rinsing and/or fabric softening due to its surface active properties. A 
single molecule of surfactant contains a strong hydrophobic group linked to a 
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hydrophilic one. Such molecules tend to congregate at the interfaces between the 
aqueous medium and the other phases of the system such as air, oily liquids, and 
particles, thus imparting properties such as foaming, emulsifi cation, and particle 
suspension (Eaton et al.  1995 ). Surfactants are especially noted for their wetting 
qualities and their effectiveness as emulsifi ers. More over some surfactants readily 
adsorb into surfaces which lead to surface modifi cation. These properties account 
for the exploitation of the surfactants in many product areas as shown in Fig.  5.1 .

   Industries worldwide discharge a wide range of surfactants, or surface-active 
agents, to their wastewater treatment facilities. Once used, surfactants enter the 
water bodies, where they can cause problems if they persist long, leading to the 
accumulation of potentially toxic or otherwise harmful substances (Deschenes et al. 
 1996 ) and cause serious environmental problems (Takada et al.  1992 ; Abd-Allah 
 1995 ). Water pollution caused by synthetic surfactants has been increasing during 
the past few years due to their extensive use in household, agriculture and other 
cleaning operations. Surfactants are ubiquitous and in untreated effl uents, certain 
classes of surfactants can be present in suffi cient concentrations to constitute toxic-
ity problems to aquatic organisms (Ankley and Burkhard  1992 ), even between 0.4 
and 40 mg/L (Abel  1974 ). 

 Extensive research on the surfactant toxicity do exist (Woltering  1984 ; Lewis 
 1991 ; Schweigert et al.  2000 ; Chaturvedi and Kumar  2010a ), however, assessment 
of contemporary pollution profi le of surfactants is relevant. The toxicity and biodeg-
radation of the most commonly used anionic surfactants SDS and LAS is detailed 
in this review, with special reference to its biodegradability and safe disposal. 
Information available on the metabolic pathway and molecular mechanism of 
surfactant degradation, methods and alternatives to combat the problem of surfactant 
contamination are also discussed. The relevance and utility of biosurfactants as an 
alternative to current synthetic detergents are also reviewed.  

  Fig. 5.1    ( a ) Crude oil utilization in the year 2011 for surfactant synthesis, 90 % for fuel energy, 
2 % others, 8 % for chemistry (of which only 2.5 % used for surfactant synthesis). ( b ) Multiple 
roles of surfactants forming micelles in various industries       
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5.2     Chemistry of Surfactants 

 Surfactants are chemicals capable of reducing surface tension of liquids or inter-
faces of liquids, endowed by its hydrophobic tail and hydrophilic head (Rosen  1989 ; 
Fainerman et al.  2001 ; Pletnev et al.  2001 ; Salager  2002 ). Based on the charge of the 
hydrophilic group of surfactants, they are classifi ed as anionic (negatively charged), 
cationic (positively charged), non-ionic (without any charge) and ampholytic/zwit-
ter ionic (both charges) (Myers and Wiley  1988 ) as shown in Table  5.1 . In the pres-
ence of oils, fats, and other water insoluble organic materials, the “tail” of the 
surfactant tends to dissolve in the organic matter, whereas the carboxyl “head” 
remains in aqueous solution. Thus the detergent emulsifi es organic matter in water.

   Surfactants do occur as simple monomers, but sometimes exist as more complex 
polymers (   Holland and Rubingh  1992 ; Lindman and Thalberg  1992 ). Commonly 
used detergents appear as a mixture of surfactants, abrasives, enzymes, preservatives, 

   Table 5.1    Classifi cation of surfactants based on the charge of their hydrophobic and hydrophilic 
groups, their prospective uses and examples   

 Category  Used in  Examples 

 Anionic  Sulfates 
(ROSO 3  − M + ) 

 Shampoo, cleanser, liquid hand 
soap, acne treatment, hair 
color, bleaching, relaxer, 
exfoliant/scrub, dandruff/
scalp treatment, bubble 
bath, foot treatment, 
shaving cream, anti-aging 

 Ammonium lauryl sulfate, Sodium 
Dodecyl sulfate, sodium lauryl 
ether sulfate 

 Sulfonates 
(RSO 3  − M + ) 

 Fabric protectors, stain 
repellents, metal plating 
and fi re-fi ghting foams 

 Perfl uorooctanesulfonic acid, linear 
alkylbenzene sulfonates (LAS), 
perfl uorobutanesulfonate 

 Phosphates 
(ROPO 3  − M + ) 

 Detergents  sodium tripolyphosphate 

 Carboxylates 
(RCOO − M + ) 

 Soaps, fl uorocarboxylates (in 
tefl on, wire insulators, fi re 
fi ghting foam, wax papers, 
water and oil repellent 
fabrics) 

 Sodium stearate, perfl uorooctanoate 
(PFO), perfl uorononanoate 
(PFOA), 

 Cationic (R 4 N + X − )  Mouthwashes, toothpastes, 
hair conditioners, lozenges, 
throat sprays, breath 
sprays, cosmetics, nasal 
sprays, corrosion inhibi-
tors, antiseptics 

 Cetyl trimethyl ammonium 
bromide (CTAB), benzalkonium 
chloride, cetylpyridinium 
chloride 

 Zwitter ionic or 
Amphoteric 

 Increases amplifi cation of 
DNA in PCR 

 Betaines 
  RN  + ( CH   3  )  2   CH   2   CH   2   SO   3   −  

 In non-stick cooking spray  Lecithin 
 Protein purifi cation  CHAPS 

 Non ionic  Shampoos, creams, lotions  Cetyl alcohol, stearyl alcohol, 
alkylpolyglucosides, tween 80, 
triton X 100 
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corrosion inhibitors, foaming agents, optical brighteners, fabric softeners, colours, 
perfumes etc. 

 Surfactants are industrially synthesised either using non-renewable petroleum 
based substrates or renewable oleo chemical based substrates followed by various 
chemical modifi cations (Behler et al.  2001 ). The anionic surfactant SDS is synthe-
sised by sulfonation of petrochemical or oleo chemical based lauryl alcohols, 
whereas, LAS, is exclusively synthesised from petrochemical by-products as 
depicted in Fig.  5.2 . SDS is linear molecule with an alkyl tail of 12 carbon atoms, 
attached to a sulfate group giving the molecule the amphiphilic properties required 
of a surfactant. LAS have a hydrophobic alkyl chain and a hydrophilic head with a 
benzene ring and a sulfonate group. It’s not a single compound, but ideally, a mix-
ture of 20 compounds, of closely related homologues and isomers.

5.3        Surfactant Pollution – Worldwide 
and the Indian Scenario 

 The detergent consumption in India is less in comparison to other Asian countries. 
The per capita detergent consumption in India is around 2.7 kg/year, whereas in 
places like Philippines and Malaysia, it is 3.7 kg and in USA it is around 10 kg. The 

  Fig. 5.2    Chemical synthesis of anionic surfactants ( a ) sodium dodecyl sulfate (SDS) synthesis 
involving sulfonation and subsequent neutralisation ( b ) linear alkyl benzene sulfonate (LAS) synthesis 
by alkylation, sulfonation and subsequent neutralisation (Constructed based on Behler et al.  2001 )       
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high consumption rates of detergents also develop a high detergent concentration in 
our water bodies as depicted in Fig.  5.3 . According to European Union wastewater 
quality criteria, reference level of methylene blue active agents is ≤0.3 g/m -3  and 
according to the World Health Organization, anionic detergent limit of drinking 
water is under 0.2 g/m -3  (Minareci et al.  2009 ).

   There have been some detailed research papers and review articles on the occur-
rence of various surfactants and their degradation products in the environment 
(Cosovic et al.  1985 ; Holt et al.  1989 ; Jensen  1999 ; Matthijs et al.  1999 ; Carlsen 
et al.  2002 ; Gonzalez-Mazo et al.  2002 ; Sanderson et al.  2006 ; Gonzalez et al. 
 2012 ). According to broadly accepted risk assessment schemes for chemical sub-
stances, environmental compatibility requires proof that the use of the chemical will 
not result in environmental concentration levels higher than the ecotoxicological no 
effect concentration. The accumulation of surfactants in river sediments (Rico-Rico 
et al.  2009 ), marine water and sediments (Petrovic et al.  2002 ), infi ltrated ground 
water (Field et al.  1992 ) and sewage effl uents with concentrations up to 1,090 μg/L 
(Holt et al.  1989 ) also has been observed. 

 The presence of LAS in sewage works varies depending on the type of sewage 
treatment and their use in industrial processing in addition to domestic activities. 
An average LAS concentration of 1–10 mg/L can be found in municipal wastewa-
ter treatment dealing with only domestic wastewater (Field et al.  1992 ) but this 
range is visibly increased when industrial wastes from washing processes are also 

  Fig. 5.3    Flow chart depicting course of surfactant pollution       
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treated (Beltran et al.  2000a ). LAS was found in treated sludge at high concentrations 
of up to 30,200 mg/kg dry weight (Berna et al.  1989 ) and in surface waters at 
concentrations of up to 416 μg/L (Fox et al.  2000 ), which is quite above its pre-
dicted no effect concentration of 250 μg/L (van de Plassche et al.  1999 ). Incomplete 
degradation of LAS surfactants was observed in Brazilian surface waters and their 
polar metabolites persisted in drinking waters, which questions its portability 
(Eichhorn et al.  2002 ). The raw discharge of drainage into the rivers, increase the 
level of surfactants and other contaminants in these water bodies (Eichhorn et al. 
 2002 ; Cirelli and Ojeda  2008 ), posing a threat to residing macro and micro 
populations. 

 The extensive use of phosphate based surfactants in 1980s and subsequent prob-
lem of eutrophication in water bodies (Hoffman and Bishop  1994 ; Stow et al. 
 2001 ) was resolved by a ban of phosphate detergents in various states of US, 
Europe and many western countries giving noteworthy results. However, in various 
developing countries the usage of phosphate based detergents continue at alarm-
ingly high rates (Khurana  2002 ), leading to excessive growth of algae. According 
to Chris Knud Hansen one pound of phosphorus can grow 700 lb of algae (Knud-
Hansen  1994 ). In India, phosphorus is recognised as a pollutant chemical as per 
norms of the Law of Environment Protection (1989), yet its usage is on the rise 
(Khurana  2002 ). Most laundry detergents in India are phosphate-based, but there is 
no control or regulation for phosphate use in detergents. The Bureau of Indian 
Standards has laid down the standards for eco-labelling of detergents in India, 
which could help to develop a phosphate free environment. But such ecomarking 
still remain ineffective. In such a scenario studies based on detergent toxicity and 
degradation gains much relevance. 

 Most of the ponds in Varanasi city have become eutrophic and are highly con-
taminated especially with high amount of detergents (Chaturvedi and Kumar 
 2010b ). A Study on chemical contamination of water due to household laundry 
detergents at Ludhiana revealed that with the use of powder detergents, there was a 
signifi cant increase in the level of pH, TDS, chlorides, sulfate, carbonate and bicar-
bonate in wash water, whereas very negligible change was found in all the above 
chemical parameters with the use of liquid detergents (Goel and Kaur  2012 ). 
Detergent pollution resulting from textile industry of Tirupur of Tamil Nadu also 
contributes to environmental pollution (De Neve  2009 ). The extent of detergent 
contamination of Sasthamkotta lake of Kerala during a period of 10 years has drasti-
cally decreased the portability of the water (Prakasam and Joseph  2000 ; 
Krishnakumar  2010 ). Surfactants were detected in water samples collected from 
surface and ground (2–62 μg/L), bore wells and open wells (22–427 μg/L) in 
Tirupati of Andhra Pradesh, and open municipal drainage waste waters (50–
720 μg/L) (Kanchi et al.  2012 ). 

 The dumping of sewage – domestic and industrial as well as various human 
activities like bathing and washing of cloths aggravates the surfactant pollution in 
many artifi cial lakes like Fateh sagar, Pichhola lake of Udaipur (Rajasthan) 
(Chaudhury and Meena  2007 ).  
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5.4     Safety Concerns on Surfactants 

 The magnitude of disposal of surfactants and its subsequent toxic effects, quite 
often, are left unnoticed or remain masked, unless drastic effects are observed. The 
surfactant pollution of Yarkon river of Israel in 2008 as a result of chemical factory 
fi re, gained so much attention only with the massive death of fi sh. Surfactants 
caused pooled in toxicity affecting the ecosystem and its inhabitants, the toxicity 
increasing down the trophic levels. The extent of surfactant toxicity is concentration 
dependant and it varies with season (Marcomini et al.  2000 ), prevalence of anaero-
bic environment (Mungray and Kumar  2009 ), predominance of urban and industrial 
sewage outlets (Lara-Martin et al.  2008 ), distance of sampling points from port of 
discharge (Gonzalez-Mazo et al.  2002 ), occurrence of offshore oil spill or gas 
exploration, diurnal discharge of sewage (Kantin et al.  1981 ), salinity (Lewis  1992 ), 
hardness of water (Oya et al.  2008 ) and presence of adsorbents (Casellato and 
Negrisolo  1989 ; Marin et al.  1994 ). The extend and mode of toxicity is also infl u-
enced by the chemistry of the pollutant surfactant, its alkyl chain length (Lewis 
 1991 ) and ethylene oxide (EO) molar ratio (Hall et al.  1989 ). Most toxic surfactants 
have EO ratio ≤15, while EO ratio 30–50 is found to be less toxic. A surfactant is 
considered toxic if the EC 50 /LC 50  is below 1 mg/L after 96 h testing on fi sh and algae 
and 48 h on Daphnia. Environmentally benign surfactants should preferably be 
above 10 mg/L (Myers and Wiley  2005 ; Warson and Finch  1998 ). 

 The cycle of surfactant toxicity starts from its very synthesis, disposal and sub-
sequent exposure to the environment. Surfactant synthesis critically affects the envi-
ronment aggravating the problems related to global warming, climate change, ozone 
layer depletion and greenhouse gas emission which cannot be totally avoided. Both 
petrochemical or oleo chemical based surfactant production result in atmospheric 
emission (NOx, CO 2 , SO 2 , hydrocarbons), water borne wastes and solid wastes 
capable of causing eutrophication and acidifi cation of rivers and lakes (Pittinger 
et al.  1993 ; Stalmans et al.  1995 ). Comprehensive evidence has shown that sur-
factants can injure several vital functions in the body of an organism including 
inactivation of important enzymes such as esterase and phosphatase (Allen et al. 
 1965 ), disruption of normal cell function by alteration of membrane permeability 
(Braaten et al.  1972 ), interruption of cellular respiration (Abel and Skidmore  1975 ) 
or membrane lysis (Partearroyo et al.  1990 ). 

 Different classes of surfactants or mixtures impart toxicity to different extend, 
with cationic the most toxic, followed by anionic, zwitterionic and non-ionic in 
decreasing order of toxicity. The impact of anionic surfactants, the predominantly 
used class, on the environment and its inhabitants are assessed. 

5.4.1     Toxicity on Microbial World 

 The impacts of surfactants on the microbial world vary with each species and extend 
of pollution. The counts of the micro-fl oral populations (bacteria, fungi, algae) of 
the river Nile were inhibited by detergent treatments, while some varieties of algae 
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were promoted (Issa and Ismail  1994 ). Bacterial degradation of surfactants is well 
established (which will be discussed in biodegradation of surfactants). However 
surfactants are also found to have deleterious effects on various other bacteria such 
as phosphate solubilising  Acinetobacter junii  (Ivankovic et al.  2009 ), autotrophic 
ammonia oxidizing  Nitrosomonas  and  Nitrosospira  Strains (Brandt et al.  2001 ) and 
bioluminescent  Vibrio fi scheri  (Lima et al.  2011 ). SDS and Triton X 100 (nonionic) 
affected the growth and nitrogen fi xing ability of cyanobacteria  Gloeocapsa  even at 
concentrations of 50 and 500 ppm respectively (Tozum-Calgan and Atay-Guneyman 
 1994 ). Surfactant based membrane lysis, DNA damage and starvation is found as 
counterparts even in bacteria capable of utilizing SDS as sole carbon source 
(Klebensberger et al.  2006 ). Effect of LAS on inherent populations of bacteria, 
fungi and actinomycetes in soil gave statistically signifi cant results for bacteria and 
fungi as depicted in Fig.  5.4  (Asok and Jisha  2012b ). It was found that LAS apart 
from its known capacity for destabilizing proteases (Russell and Britton  2002 ), was 
also capable of signifi cantly decreasing α-amylase activity of  Bacillus lichenifor-
mis , even at concentrations lower than its CMC. This noteworthy loss in enzymatic 
activity is most likely due to the electrostatic interactions inherent to the anionic 
character of LAS (Bravo Rodriquez et al.  2006 ).

   The effect of surfactants on microorganisms can be due to simple reduction of 
surface tension or by germicidal action (Parr and Norman  1965 ). Toxic action of 
surfactants may also be due to reactions at the cell surface like depolarisation of cell 
membrane, resultant decrease in absorption of essential nutrients and oxygen con-
sumption. Another effect may be delayed release of toxic metabolic products from 
the cell leading to a build up, both effects ultimately resulting in the death of the 
organism. Microarray analysis of SDS and LAS treated  Sacharomyces cerevisiae  
cells revealed that these detergents caused damage to membranes, alterations in 
carbon metabolism and induced an oxidative stress response (Sirisattha et al.  2004 ). 
Exposure of  Saccharomyces cerevisiae  to critical concentration (0.5 g/L) of SDS 
caused 10 % increase in the extra cellular GSH concentration (Wei et al.  2003 ); an 
enzyme involved in various physiological processes including detoxifi cation. The 
fungicidal effect of several anionic surfactants could be due to leakage of 

  Fig. 5.4    Infl uence of linear alkyl benzene sulfonate (LAS) on counts of bacteria, fungi and acti-
nomycetes of soil statistically analysed by Tukey’s method (Asok and Jisha  2012b )       
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aminoacids (Forsyth  1964 ). It is also reported that morphology, pigmentation, 
 exudates production, and rigidity of sporangiophores in microfungi are critically 
affected by anionic surfactants (Lee  1970 ). 

 Surfactants primarily affect the growth, motility and photosynthetic ability of 
algae, the extent of toxicity dependant on the surfactants (type, concentration) and 
algal type (Lewis  1990 ). SDS even at 0.1 mg/mL causes inhibition of asexual and 
sexual reproduction of  Closterium ehrenbergii  resulting in no zygospore formation 
or defective/abnormal spores (Matsui and Park  2000 ). Higher concentrations of 
SDS (1 mg/mL) as well as several household detergents hindered the growth and 
motility of alga  Plagioselmis prolonga  (Aizdaicher and Markina  2006 ) and diato-
maceous alga  Thalassiosira pseudonana  (Aizdaicher and Reunova  2002 ). Growth 
inhibition and self accumulating effects were observed in duck weeds exposed to 
SDS (Diriligen and Ince  1995 ). Long-term (7-days) exposure to the detergent Ariel 
caused signifi cant toxicity to  Euglena gracilis  affecting its cell density, motility, 
swimming velocity and chlorophyll a content at a concentrations above 1 mg/L 
(Azizullah et al.  2012 ). The photosynthetic ability of algae decreased exponentially 
with increasing surfactant concentration and decrease in algal biomass (Maksimov 
and Parshikova  2006 ), with cationic surfactants causing the most potent inhibition. 
The resistance to surfactants and unapparent photosynthetic inhibition in some 
algae like  Chlorella emersonii  was associated to the presence of a trilaminar outer 
wall composed of nonhydrolyzable macromolecules (Corre et al.  1996 ), while 
 Chlorella vulgaris  lacking trilaminar outer wall showed sensitiveness to LAS. A 
study of the infl uence of Ca 2+  to the toxicity of LAS on algae ( Daphnia magna ) 
showed that the toxicity of LAS increased with alkyl chain length and water hard-
ness (Verge et al.  2001 ). Comparison of the environmental response of surfactants 
on photosynthetic response of lake plankton with that of laboratory showed that the 
laboratory effect concentrations were typically either similar to or lower than those 
in the fi eld (Lewis and Hamm  1986 ). 

 Generally reports on mutagenic or genotoxic activity of anionic surfactants are 
not available, except for one stating that saponifi ed coconut oil based anionic sur-
factant (used in cosmetic and hygienic products) was found to have cytotoxic, muta-
genic or genotoxic activity on prokaryotes depending on its aggregation state (Petta 
et al.  2004 ). However, such genotoxic effect of saponifi ed coconut oil was not found 
to effect humans as per a recent study (Burnett et al.  2011 ).  

5.4.2     Toxicity on Soil and Plants 

 Water bodies such as lakes and rivers the common source of water for irrigating 
agricultural purposes, sometimes are also contaminated with surfactants. Irrigation 
of agricultural land with surfactant polluted water and use of sewage sludge as 
modes of fertilization, leaves behind surfactant residues in the terrestrial soil and 
cultivated food products. Even at low concentrations, surfactants seem to alter soil 
physics, soil chemistry and soil biology signifi cantly, whereby sorption processes 
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play a dominant role (Kuhnt  1993 ). Surfactants primarily affect the roots of plants 
suppressing or killing the roots, with comparatively less inhibition in the shoots of 
wheat seedlings (Rinallo et al.  1988 ). However, the damage to roots were found to 
reverse in time in the case of lettuce (Bubenheim et al.  1997 ), which was due to the 
microbial degradation of surfactants associated with the roots. Figure  5.5  illustrates 
the effect of LAS on germination of rice seedlings.

   Use of detergent contaminated water for cultivation reduces the photosynthetic 
rate and chlorophyll content in bean plants (Jovanic et al.  2010 ) and sunfl ower 
leaves (Gadallah  1996 ). SDS under various concentrations affected the activity of 
invertase and SOD of soybean leaf in vivo and in vitro, indicating the oxidative 
stress imparted in plants on surfactant exposure (Xiaoli et al.  2000 ). The short-term 
effects of aqueous LAS on soil microbiology were modifi ed by the dosage of LAS 
with sewage sludge and by a prolonged incubation time, which may allow for 
microbial recovery (Elsgaard et al.  2001 ). However, the functional diversity of the 
aerobic, heterotrophic bacterial community was rather insensitive to LAS (Vinther 
et al.  2003 ). 

 A 14 day series of toxicity tests with LAS on oat ( Avena sativa ), turnip 
( Brassica rapa ) and mustard ( Sinapis alba ) in a sandy loam at different concentra-
tions showed that estimated EC 5  value was in the range 50–200 mg kg–1 and EC 50  
value was in the range 200–300 mg kg-1 (Gunther and Pestemer  1992 ). During 
the study the lowest EC 5  value was recorded for oat (5 mg kg–1) and highest EC 5  
value was for mustard (200 mg kg–1), whereas the EC 50  value of both oat and mus-
tard was noted as 300 mg kg–1)   . Considerable short-term acute physiological 
damage was observed on ryegrass in a fi eld experiment using an application rate 

  Fig. 5.5    Effect of the surfactant linear alkyl benzene sulfonate (LAS) on germination of rice 
seedlings ( a ) germination inhibition:  a  (control – 0 mg/L LAS),  b  (10 mg/L),  c  (1 mg/L), 
 d  (1,000 mg/L),  e  (100 mg/L); ( b ) plant growth of surfactant untreated and treated rice plant 
respectively (Unpublished data from our laboratory)       
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of 500 kg/ha LAS, but no reduction in yield was found after harvest (Litz et al. 
 1987 ). As reviewed by Jensen the 14th day EC 50  of LAS on six wild plant species 
as well as on the cultivated plant  Brassica rapa - turnip ranged between 90.1 and 
204 mg/kg (Jensen  1999 ). In soils, LAS also impede microbial processes, such as 
bacterial iron reduction (Kristiansen et al.  2003 ). The continuous application of 
the anionic surfactant LAS to the soil increased the acid and alkaline phosphatase 
activity and arylsulfatase activity, whereas the soil dehydrogenase activity was 
decreased on continuous LAS exposure (Sanchez- Peinado et al.  2009 ). The appli-
cation of high concentrations of LAS also exerted a selective pressure on the 
heterotrophic bacterial diversity.  

5.4.3     Toxicity to Aquatic System 

 Surfactant toxicity has been reported since late 1960s, during which it was observed 
that the exposure of fi sh  Ictalurus natalis  to detergent levels (0.5 ppm) even much 
lower than its sublethal concentrations caused disruption of chemoreceptors 
(Bardach et al.  1965 ), generating various interesting reviews to date (Lewis  1991 ; 
Cserhati et al.  2002 ; Ying  2006 ; Chaturvedi and Kumar  2010c ; Konnecker et al. 
 2011 ). Chronic and sublethal toxicities of anionic and nonionic surfactants to 
aquatic animals occur at concentrations usually greater than 0.1 mg/L (Lewis 
 1991 ). Adverse biological effects on aquatic organisms occur especially when sur-
factants occur at relatively high concentrations (Romanelli et al.  2004 ). As per a 
more detailed evaluation of toxic surfactant concentrations, anionic surfactants are 
harmful (LC 50  between 10 and 100 mg/L-1), whereas nonionic ones are toxic (LC 50  
between 1 and 10 mg/L-1) or even highly toxic (LC 50  below 1 mg/L-1) (Liwarska-
Bizukojc et al.  2005 ). 

 Pollutants are taken up by aquatic organisms via the general body surface, across 
the gills and through the gut lining following ingestion of food. The surfactant tox-
icity is primarily a function of the ability of the surfactant to adsorb and penetrate 
the cell membrane of aquatic organisms (Rosen et al.  2001 ). The ability of surfac-
tants to bind to various bioactive macromolecules, including starch (Merta and 
Stenius  1999 ) and proteins (Nielsen et al.  2000 ), peptides and DNA (Bhattacharya 
and Mandal  1997 ), further augments its toxic potential. 

 The aftermath of surfactant exposure can be clearly visualized in various organs 
like gills (Mallatt  1985 ), liver, kidney (Rosety-Rodríguez et al.  2002 ), spleen and 
intestines (Ribelles et al.  1995 ) of fi shes. Exposure to high surfactant concentration 
results in gill epithelial disruption causing subsequent asphyxiation or osmoregula-
tory failure (Abel  1976 ; Mallatt  1985 ), while exposure to sublethal concentrations 
of surfactants causes gill epithelial hyperplasia (Mallatt  1985 ; Susmi et al.  2010 ) as 
depicted in Fig.  5.6  and subsequent respiratory stress by increasing the diffusion 
distance of oxygen. High concentrations of SDS cause death of fi shes primarily due 
to three modes: decrease in surface tension, destruction of tissue and alteration of 
biomacromolecules (Ribelles et al.  1995 ).
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   Studies on the effect of SDS on the fi sh  Cyprinus carpio  revealed that its swimming 
capacity was reduced 5 times and oxygen consumption was increased 2.8 times in 
relation to the control at a concentration of 10 ppm. In general, toxic effects of SDS 
on swimming activity are more pronounced in smaller fi sh whereas the effects on 
oxygen consumption is more pronounced in larger ones (Barbieri et al.  1998 ). 

 Exposure to SDS and LAS concentrations of 0.3, 0.6, 1.5, 3 and 6 mg/L for 
60 min caused a signifi cant inhibitory effect on fertilization success in gilthead 
 Sparus aurata  L sperm (Rosety et al.  2001 ) and LAS exposure affected the sperm 
motility (Rosety et al.  2003 ). SDS exposure cause acute infl ammatory reactions, 
oxidative stress and damage to mucus layer of fi shes, which predispose them to 
microbial attack (Susmi et al.  2010 ). 

 Surfactant exposure on coastal vegetation indirectly result in uptake of marine 
chloride – sodium and subsequent reduction of water surface tension, primarily 
caused by erosion of the epicuticular wax of plants (Badot et al.  1995 ). Inherent 

  Fig. 5.6    Histopathologic    analysis of grass carp gills exposed to sodium dodecyl sulfate (SDS) 
( a ) Control 30 days. ( b ) 2 mg/1 SDS 30 days. ( c ) 2.5 mg/1 SDS 30 days. ( d ) 3 mg/1 SDS 30 days 
(Susmi et al.  2010 )       
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salinity tolerance of water hyacinth was also found to be reduced by surfactant 
exposure (Muramoto and Oki  1988 ). 

 The detrimental effects of SDS on crustaceans are found to be less pronounced, 
yet reports on detrimental effects of this surfactant on fi lter feeding habits of bivalves 
(Ostroumov  2003 ) and mussel suspension feeding (Ostroumov and Widdows  2006 ) 
do exist. The toxicity of surfactants on survival, oxidative stress, and cholinester-
ase activity of planarian  Dugesia japonica  was evaluated and according to esti-
mated 48-h LC 50  they were ranked as SDS > 4-nonylphenol > LAS > Hyamine 
1622 > CTAB > Triton X-100 > PFOS > PFOA (Li  2008 ). Presence of surfactants in 
fungicide, insecticide and pesticide sprays could possibly cause toxicity to insects, 
as per reports on toxic effects of surfactants on bollworm, tobacco budworm and 
pink bollworm (Wolfenbarger et al.  1967 ), honey bees (Goodwin and McBrydie 
 2000 ), green peach aphid (Imai et al.  1994 ). Surfactants in above stated sprays aid 
the penetration of the active compound through the waxy layer on plant surfaces and 
insect exoskeletons by reducing the surface tension.  

5.4.4     Effect on Higher Vertebrates 

 In humans anionic surfactants target mainly the stratum corneum of membrane 
bilayer of sensitive skin resulting in dermatitis (Marrakchi and Maibach  2006 ), 
 aphthous ulcers (Chahine et al.  1997 ). In spite of its use in various fi elds safety 
concerns on its usage do exist based on resultant and carcinogenic nitrosamines 
formed during SDS synthesis or by its interactions with other nitrogen bearing 
ingredients within a formulation utilizing this ingredient (CIRSL  1983 ). The 
American Cancer Society denied that SDS is carcinogenic, and points out that 
the substance, while undoubtedly a skin irritant, a strong detergent intended to 
remove oil and soil, but there is no link between use of this product and cancer risk 
(Doyle  2010 ). The toxicological study for LAS indicates no severe phenotypic or 
genotypic toxic effects after repeated exposure in experimental animals (IPCS 
 1996 ). Thus, it is likely that the toxicity of these anionic surfactants are relatively 
low in human and wild animals as the molecular weight increases, probably due to 
lower adsorption in the intestine. An acute toxic effect by anionic surfactants is 
therefore not to be likely but a chronic effect, can however, be more possible since 
a regular dosage of a human is about 5 mg/person from drinking waters, detergents, 
toothpaste and food (IPCS  1996 ). 

 A quantitative structure – activity relationship (QSAR) study revealed that the 
hydration capacity of n-alkyl sulfates was closely correlated with the irritating 
potential; the maximum was found at C 12  analogue (Wilhelm et al.  1993 ). C 18  com-
pounds caused cell injury whereas C 10  and C 16  compounds caused more severe 
membrane destruction and protein denaturation (Kotani et al.  1994 ). SDS causes 
more severe skin dehydration than dodecyl trimethyl ammonium bromide; com-
plete repair of the irritant reaction was achieved 17 days after surfactant exposure 
(Wilhelm et al.  1994 ). The cutaneous toxicity of surfactants in normal human 
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keratinocytes assessed by cytotoxicity, arachidonic acid release and regulation of 
interleukin- 1a mRNA revealed that the effect of SDS was higher than that of the 
nonionic surfactants Triton-X-100 and Tween 20 (Shivji et al.  1994 ). 

 The bio-concentration potential of anionic surfactants was higher than other 
 surfactants (Tolls et al.  1994 ) that could result in modifi cation or inactivation of 
proteins and destabilising lipoprotein membranes of various cells. Surfactants 
induced DNA damage and membrane damage to human lymphocytes was also 
observed, with cationics causing intense damage as opposed by anionics and non-
ionics (Hrabak et al.  1982 ). A similar singular effect of cationics (but not by anionic 
and amphoterics), to induce apoptosis in normal and cancer cells of mammals is 
also reported (Enomoto et al.  2007 ). Intraperitoneal incorporation of synthetic sur-
factants SDS, LAS and Emulgen 913 depressed the content of microsomal cyto-
chrome P450, while enhanced the activity of heme oxygenase and metallothionein 
in liver of rats (Ariyoshi et al.  1990 ; Ariyoshi et al.  1991 ). The exposure to clinical 
concentrations (1 μg/mL) of LAS decreased the viability of rat thymocytes exposed 
to H 2 O 2 , an oxidative stress increasing the [Ca 2+ ] levels (Yamaguchi et al.  2006 ). 
Anionic surfactants are also found to modify the IgE production in mice (Clausen 
et al.  2000 ). 

 The probable exposure of eyes to surfactants present in shampoos, ocular lens 
cleaners and other hair cleaning products, instigated studies assessing the toxicity 
of surfactants to eyes using mouse/rabbit models (Furrer et al.  2000 ), corneal cell 
cultures (Vian et al.  1995 ; Xu et al.  2000 ; Cooper et al.  2001 ; Cater and Harbell 
 2006 ) and various other animal alternative approaches (Kapoor et al.  2009 ; 
McNamee et al.  2009 ). Several cytotoxicity tests reveal that nonionics have the 
least toxicity in the order as cationic > anionic > amphoteric > non-ionic (Grant 
et al.  1992 ). Some non-ionic surfactants are found to anaesthetise the eye ball and 
thus combinations of non-ionic surfactants with anionics would make many 
shampoos gentle to eye (Conry  1980 ). Interestingly, nonionic surfactants were 
able to reduce the damaging effect of anionic surfactants; however, the molecular 
basis of the phenomenon has not been elucidated (Eagle et al.  1992 ). Loss of eye 
lens transparency, signifi cant increase in lens wet weight and axial length was 
seen at 24 h post exposure in cultured bovine lens cells treated with 0.1–0.025 % 
SDS (Bantseev et al.  2003 ).  

5.4.5     Secondary Toxicity of Surfactants 

 Generally the presence of surfactants helps in the degradation of polycyclic hydro-
carbons, but the degradation of PAH was inhibited by SDS because this surfactant 
was preferred as a growth substrate (Tiehm  1994 ). This suggests that the presence 
of this detergent in the water bodies would indirectly lead to bioaccumulation of 
other hydrocarbons. Reports are also available that adding SDS and  Pseudomonas 
aeruginosa  UG2 biosurfactants inhibit polycyclic aromatic hydrocarbon biodegra-
dation in a weathered creosote-contaminated soil (Deschenes et al.  1996 ). 
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 The presence of surfactants may be important for the fate of pesticides at effl uent- 
irrigated sites because they may increase the apparent solubility of hydrophobic 
pesticides (Vigon and Rubin  1989 ). Concentrations of LAS in untreated municipal 
effl uents have been reported to range between 1 and 10 mgL–1 (IPCS  1996 ). The 
surfactants are able to form micelles by incorporating hydrophobic compounds 
within it at the individual critical micelle concentration (CMC) of a surfactant 
(Rosen et al.  2001 ), thereby increasing the solubility of hydrophobic pesticides 
(Vigon and Rubin  1989 ). 

 Another study revealed that LAS exposure caused more than double cadmium 
transfer through the gills from Rainbow trout when tested in concentrations expected 
to be found in a polluted recipient (0.9 μg/L Cd + 0.05 mg/L LAS) (Part et al.  1985 ). 
Thus presence of detergents in water bodies could lead to secondary accumulation 
of other pollutants.   

5.5     Tackling Surfactant Pollution 

 Surfactant toxicity has aroused worldwide attempts to reduce after effects of these 
silent toxicants. The strict regulations on usage of phosphate free surfactants, reme-
diation of waste water before disposal and promotion of green surfactants are mani-
festations of these attempts. The usage of liquid detergents than powder forms 
results in less surfactants toxicity according to a case study at Ludhiana (Goel and 
Kaur  2012 ). Interesting suggestions for hands on preparation of laundry and liquid 
detergents for hard and soft water could also add to our attempts to reduce surfactant 
toxicity (Khurana  2002 ). The use of non-toxic-biodegradable natural soaps and 
soapnuts is yet another promising approach (Ghai  2011 ). 

5.5.1     Remediation Before Disposal 

 The infl uence and relevance of surfactants in mans life is too immense, that totally 
avoiding them from our day to day life seems to be impossible and unpractical. 
Better management of surfactant use and disposal has become the need of the hour, 
both at industrial and domestic level. Strict regulations in the effective remediation 
of surfactants before disposal should be done. This section describes the various 
methods of surfactant remediation and various steps that could reduce surfactant 
pollution at domestic level. 

    Physical and Chemical Methods 

 Various physical, chemical and biological methods of surfactant detoxifi cation are 
reported. Physical treatment of surfactants by ozonation and advanced oxidation 
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using various combinations of ozone, hydrogen peroxide, ultraviolet light irradiation, 
and iron salts were found effective in degrading recalcitrant surfactants, including 
LAS, alkylphenol ethoxylates and quaternary ammonium surfactants (Ikehata and 
El-Din  2004 ). Various other techniques like electrocoagulation (Yuksel et al.  2009 ), 
nanofi ltration (Korzenowski et al.  2012 ), sonochemical degradation, foam fraction-
ation and wet air oxidation are also used. 

   Oxidation Based Methodologies 

 Detoxifi cation of micro pollutants such as surfactants, pesticides, herbicides and 
microtoxins from drinking water mainly relies on high oxidizing capacity of ozone 
(Beltran et al.  2000a ). LAS ozonation in surface waters intended for human con-
sumption demonstrated that combinatorial use of O 3  and powdered activated carbon 
approach is the most effi cacious than traditional O 3  or H 2 O 2  based oxidation sys-
tems, considerably increasing the LAS removal rate and also reducing the concen-
tration of dissolved organic carbon (Rivera-Utrilla et al.  2006 ). As per a comparative 
study on various oxidative LAS remediation strategies based on ClO − , ClO 2 , 
KMnO 4 , O 3 , O 3 /H 2 O 2 , O 3 /activated carbon, the latter was the only technique that 
brought about substantial LAS removal and reduction of dissolved organic carbon 
(Mendez-Diaz et al.  2009 ). The chloride based oxidant (ClO − ) of the above study 
gave no LAS removal but also formed trihalomethanes increasing the toxicity of the 
water. The oxidative auto-degradation of SDS catalyzed by alumina-supported 
Co-Zn composite has also been described (Usman et al.  2001 ). Wet air oxidation of 
organic pollutants in high temperatures (174–320 °C) and pressures (2.17–20.7 MPa) 
(Dietrich et al.  1985 ), using compressed air or pure oxygen is also attempted, but 
such treatment of LAS resulted in non-biodegradable compounds (Mantzavinos 
et al.  2001 ).  

   Photocatalytic Degradation 

 The photocatalytic degradation of surfactants in water by solar fenton like oxidation 
reaction and the infl uence of various chemical parameters on degradation is criti-
cally studied (Bhatkhande et al.  2002 ; Amat et al.  2004 ; Venhuis and Mehrvar  2004 ; 
Bandala et al.  2008a ; Bandala et al.  2008b ). Comparison of photo-fenton reaction 
and cobalt/peroxymonosulfate/ultraviolet (Co/PMS/UV) process showed that the 
use of solar radiation increased the degradation rate in one magnitude order when 
compared with dark experiments and further increase of Co/PMS reagent concen-
tration increased reaction rate twice to achieve almost complete surfactant degrada-
tion in 5 min (Bandala et al.  2008a ). The photo degradation of SDS and LAS in 
reactors in presence of TiO 2  catalyst and UV light is also well studied (Hidaka 
 1998 ). According to this study the surfactant competitively binds to TiO 2  and on 
exposure to UV light, radical attack on the aromatic ring and alkyl chain brings 
about degradation.  
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   Foam Fractionation 

 Foam fractionation is a chemical process in which hydrophobic molecules are pref-
erentially separated from a liquid solution using rising columns of foam. It has been 
shown to be an effective method of removing anionic or cationic surfactants from 
effl uent streams. Cationic surfactants were easily removed from water by foam frac-
tionation than the anionic surfactants studied (Tharapiwattananon et al.  1996 ). 
Foam fractionation process is controlled by many process and material parameters 
such as: airfl ow rate, foam column geometry, feed concentration and added salt 
(Sonc and Grilc  2004 ; Boonyasuwat et al.  2005 ). The surfactant concentration in the 
collapsed foam is 21.5 times the feed concentration.  

   Sonochemical Degradation 

 The utility of sonochemical reactors for anionic surfactant degradation from waste 
waters is well studied the rate of degradation proportionally increasing with sonica-
tion time, but decreasing with surfactant increase (Dehghani et al.  2010 ). The poten-
tial of using ultrasonic irradiation for the removal of LAS revealed that it increases 
with the frequency of radiation, the addition of NaCl or H 2 O 2  to this system had 
adverse effect on LAS conversion, while addition of Fe 2+  either alone or in conjunc-
tion with H 2 O 2  (fenton reagent) had a positive effect on degradation of LAS 
(Manousaki et al.  2004 ). Usage of 20 kHz ultrasound at 40 °C, pH at 2.5 throughout 
and addition of extra amounts of zero valent iron and H 2 O 2  during the degradation 
resulted in 93 % reduction of LAS (Naldoni et al.  2011 ). In another study, the use of 
low frequency ultrasonic irradiation caused 80 % LAS conversion after 120 min of 
sonication at 125 W and 30 °C; nonetheless, LAS and its degradation intermediates 
proved diffi cult to oxidise as only about 20–25 % of the initial carbon content was 
transformed to carbon dioxide (Abu-Hassan et al.  2006 ).  

   Electrochemical Degradation 

 Electrocoagulation can be addressed as a method of wastewater treatment when elec-
tric current goes through an electrolysis cell supplied with soluble electrodes (Sequeira 
 1994 ). This technique is also effective in the treatment of the strongly acidic effl uents 
arising from electrokinetic surfactant-aided soil-fl ushing of polluted soils using alu-
minium electrodes (anodes and cathodes) (Lopez-Vizcaino et al.  2012 ).   

    Biological Methods 

 Biotransformation of organic contaminants in the natural environment has been 
extensively studied to understand microbial ecology, physiology and evolution 
for their potential in bioremediation (Mishra and Lal  2001 ; van Hylckama Vlieg 
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and Janssen  2001 ; Watanabe  2001 ). Microbial biodegradation provides a safer, 
environmentally benign and cost effective alternative to physico-chemical meth-
ods for surfactant remediation (Oya and Hisano  2010 ). Biodegradation of surfac-
tants is most often performed by diverse soil or aquatic microorganisms leading 
to generation of water and carbon dioxide gas (Schleheck et al.  2000 ). Surfactant 
degradation is predominantly carried out by various species of  Pseudomonas , yet 
many other bacterial species are also reported to participate in surfactant reme-
diation as listed in Table  5.2 .

   Biodegradation of anionic surfactants was initiated in early 1960s (Payne and 
Feisal  1963 ), with the isolation of two unknown bacterial soil isolates capable of 
degrading short- or long-chained organic acids and alcohols of SDS and three of 
fi ve phenyl-placement isomers of dodecyl benzene sulfonate. But isomers with phe-
nyl placement at carbon 4 or 5 were toxic and killed the bacteria. The primary SDS 
splitting enzyme was reported soon (Hsu  1963 ) and identifi ed as a primary alcohol 
sulfatase. Anionic surfactant degradation is initiated by alkylsulfatases which con-
vert them to corresponding alcohol by removing the sulfate/sulfonate moiety. 
Growth of the bacteria on SDS as the sole carbon source induced glyoxylate bypass 
enzymes, isocitrate lyase and malate synthetase, in addition to alkylsulfatases 
(Williams and Payne  1964 ). The degradation studies of SDS, LAS and three 
 commercial laundry detergents in Chesapeake Lake revealed that they were biode-
gradable only with initial concentrations below 25 ppm (Cook and Goldman  1974 ). 
However, continuous research and optimisation of surfactant degradation has 
resulted in the isolation of  Pseudomonas  capable of removing almost up to 4 % 
level of SDS in 48 h (Jovcic et al.  2010 ). Bacteria capable of degrading aromatic 
sulfonates have been isolated from industrial sewage treatment plants (Zimmermann 
et al.  1982 ; Thurnheer et al.  1990 ) or obtained through continuous adaptation (Kuhm 
et al.  1991 ). 

 Metabolism of sodium dodecyl sulfate (SDS) by the detergent-degrading bac-
terium  Pseudomonas  C12B using a  14 C radiotracer which showed that 70 % of the 
radiolabel was released as  14 CO 2  at completion, where as the remaining isotope 
was incorporated cells (Thomas and White  1989 ). As depicted in Fig.  5.7 , SDS 
was degraded yielding with the sequential production from [ 1–14 C] SDS of 
1-dodecanol, dodecanal, and dodecanoic acid. At this point the pathway diverged 
leading either to formation of  14 CO 2  via beta-oxidation or to elongation to C 14 , C 16 , 
and C 18  fatty acyl residues with rapid incorporation into lipid fractions such as 
phospholipids. Biodegradation of LAS begins at the terminus of the alkyl chain 
with an omega- oxidation and is followed by successive cleavage of C 2  fragments 
(ß-oxidation) (Huddleston and Allred  1963 ; Swisher  1963 ). These intermediates 
are further biodegraded by oxidative removal of the aromatic ring and cleavage of 
the sulfonate group (Setzkorn and Huddleston  1965 ; Swisher  1967 ). Core research 
aiming optimized surfactant degradation has been carried out in the case of 
anionic surfactants SDS and LAS (Abboud et al.  2007 ; Asok and Jisha  2012a ). 
SDS is found be highly degradable both in aerobic and anaerobic conditions. LAS 
biodegradation in turn is found to be inhibited by anaerobic conditions (Mungray 
and Kumar  2009 ).
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   Table 5.2    Microorganisms involved in bioremediation of anionic surfactants SDS and LAS   

 Sl. No.  Organism  Surfactant  References 

 1.   Pseudomonas  C12B  SDS, LAS  Payne ( 1963 ) and Payne 
and Feisal ( 1963 ) 

 2.   Hansenula and Candida   LAS  Standard and Ahearn 
( 1970 ) 

 3.   Vibrio  sp.  LAS  Bird and Cain ( 1972 ) 
 4.   Pseudomonas aeruginosa strain W51D   LAS  Soberon-Chavez et al. 

( 1996 ) 
 5.   Nocardia amarae MB-11   LAS  Bhatia and Singh ( 1996 ) 
 6.   Bacillus cereus   SDS  Singh and Kumar ( 1998 ) 
 7.   Spongia offi cinalis   LAS  Perez et al. ( 2002 ) 
 8.   Phanerochaete chrysosporium   LAS  Yadav et al. ( 2001 ) 
 9.   Parvibaculum lavamentivorans DS-1   t   and 

Comamonas Testosteroni  sp.  B-2 and KF-1  
 LAS  Schleheck et al. ( 2004 ) 

 10.   Pseudomonas aeruginosa   LAS  Lijun et al. ( 2005 ) 
 11.   Parvibaculum lavamentivorans   T    LAS  Schleheck and Cook ( 2005 ) 
 12.   Pseudomonas  sp.  LAS  Prats et al. ( 2006 ) 
 13.   Parvibaculum lavamentivorans strain DS-1   LAS  Schleheck and Cook ( 2005 ) 

and Schleheck et al. 
( 2007 ) 

 14.   Acinetobacter calcoaceticus, Pantoea 
agglomerans  

 SDS, LAS  Abboud et al. ( 2007 ) 

 15.   Pseudomonas beteli, Acinetobacter johnsoni   SDS  Hosseini et al. ( 2007 ) 
 16.   Klebsiella oxytoca   SDS  Shukor et al. ( 2009 ) 
 17.   Stenotrophomonas maltophilia   LAS  Farzaneh et al. ( 2010 ) 
 18.   Parvibaculum lavamentivorans DS-1   T    and 

Comamonas testosteroni  sp.  KF-I  
 LAS  Schleheck et al. ( 2010 ) 

 19.   P. alcaligenes and P. mendocina   SDS  Chaturvedi and Kumar 
( 2010b ) 

 20.   Pseudomonas putida   SDS  Chaturvedi and Kumar 
( 2011b ) 

 21.   Pseudomonas aeruginosa  S7  SDS  Yeldho et al. ( 2011 ) 
 22.   P. aeruginosa ,  P. mendocina ,  P. stutzeri ,  

P. alcaligenes ,  P. pseudoalcaligenes , 
 P. putida  and  P. otitidis  

 SDS  Chaturvedi and Kumar 
( 2011a ) 

 23.   P. aeruginosa  MTCC 10311  SDS  Ambily and Jisha ( 2011 ) 
and Ambily and Jisha 
( 2012 ) 

 24.   P. nitroreducens  (MTCC 10463) 
and  P. aeruginosa  (MTCC 10462) 

 LAS  Asok and Jisha ( 2012a ) 

 25.   Alcaligenes odorans, Citrobacter diversus, 
Micrococcus luteus  and  P. putida  
consortium 

 LAS  Eniola ( 2012 ) 

   The studies on detergent degradation took a new phase by characterisation of the 
enzymes involved in degradation. Multiple alkylsulfatases are produced by each 
surfactant degrading bacteria. For example  Pseudomonas  C12B can produce fi ve such 
enzymes (Bateman et al.  1986 ) and  Pseudomonas putida  FLA six (Lillis et al.  1983 ). 
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Of the fi ve alkyl sulfatases produced by  Pseudomonas  C12B, two (designated P1 and 
P2) are active towards primary alkyl sulfates, whereas the other three (SI, S2 and 
S3) act on secondary alkyl sulfates (Cloves et al.  1980 ).  Pseudomonas  sp. is capable 
of producing a multiplicity of alkyl sulfatases, in contrast  C. terrigena  produced 
only two secondary alkylsulfatases irrespective of the culture conditions employed 
(Fitzgerald  1975 ). Alkyl sulfatases also have use in white biotechnology as they can 
be employed for the enantio-convergent transformation of racemic sulfate esters 
into a single stereo – isomeric secondary alcohol, with a theoretical yield of 100 %. 
This is a major improvement over traditional kinetic resolution processes, which 
yield both enantiomers, each at 50 % (Gadler and Faber  2007 ). 

 Analysis of alkyl sulfatase in parent and cured strains of  Pseudomonas  confi rmed 
that both enzymes are encoded by the chromosome. The nucleotide sequence of two 
chromosomally located genes sdsA and sdsB, coding for alkylsulfatase and its tran-
scriptional regulator respectively, were identifi ed to play signifi cant role in SDS 
degradation (Davison et al.  1992 ). Evidence to the transcriptional regulation of 
sdsA gene by sdsB protein was further proved (Jovcic et al.  2010 ). The ability of 
 Pseudomonas  C12 B to utilize alkyl benzene sulfonate also appears to be coded by 
the chromosome (Kostal et al.  1998 ). A novel alkylsulfatase gene, sdsAP, was 
cloned from a newly isolated bacterium  Pseudomonas  sp. S9 and expressed in het-
erologous host of  E. coli  (Long et al.  2011 ). Plasmid encoded character often plays 

  Fig. 5.7    Pathway of sodium dodecyl sulfate (SDS) and linear alkyl benzene sulfonate (LAS) 
biodegradation as per Thomas and White ( 1989 ) and constructed as per Huddleston and Allred 
( 1963 ), Swisher ( 1963 ), and Asok ( 2011 ) respectively       
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signifi cant role in bacterial adaptation to xenobiotics in the environment (Kado and 
Liu  1981 ). Reports on plasmid encoded surfactant degradation also do support this 
(Yeldho et al.  2011 ).   

5.5.2     Sewage Treatment Plants 

 A sewage treatment plant represents the practical manifestations of biological sur-
factants degradation. The presence of surfactants (alcohol sulfates) in industrial 
effl uents inhibited the anaerobic digestion of even readily biodegradable compounds 
like starch and other carbohydrates (Feitkenhauer and Meyer  2002 ), substantiating 
the need for remediation. The incorporation of surfactant degrading bacterial cul-
tures in household and industrial sewage could be a cost effective method of anionic 
surfactants elimination reducing the BOD, COD and methylene blue active levels 
(Hashim and Kulandai  1988 ; Hosseini et al.  2007 ) in the water bodies. The presence 
of properly functioning sewage treatment plants in several places has resulted in low 
surfactant concentrations in the environment (Trehy et al.  1996 ; van de Plassche 
et al.  1999 ; Marcomini et al.  2000 ). Activated sludge systems (ASP) are found to be 
superior to other surfactant treatment processes like oxidation pond (OP) and upfl ow 
anaerobic sludge blanket reactor (UASBR), yielding 99 % anionic surfactant 
removal and detoxifying the surfactants (Mungray and Kumar  2008 ). As per this 
comparative study treated effl uents from upfl ow anaerobic sludge blanket reactor 
and oxidation pond based sewage treatment plants when discharged to aquatic eco-
systems are likely to cause substantial risk to aquatic environment due to the pres-
ence of anionic surfactants while effl uents from activated sludge process are not 
supposed to pose risk. 

 The immobilisation of surfactant degrading bacteria in bioreactors gave promis-
ing results in various attempts to combat surfactant pollution. Effective use of 
immobilized cells of  Pseudomonas  C12 B on porous glass beads with either unmod-
ifi ed or silanized surface in a bioreactor showed 85 % SDS removal effi ciency (Roig 
et al.  1998 ). The removal of SDS from synthetic wastewater in an Intermittent Cycle 
Extended Aeration System (ICEAS) resulted in more than 98 % removal of SDS 
(Mortazavi et al.  2008 ). The use fl uidized bed reactors enabled the anaerobic degra-
dation of LAS by microbial consortia ( Bacteroidetes, Firmicutes, Actinobacteria  
and  Proteobacteria ) in different support material giving 99 ± 2 % removal rates (de 
Oliveira et al.  2010 ). 

 The combinatorial use of ozonation along with activated sludge system could 
further reduce the foam ability, residual surfactant concentration and COD in the 
treated effl uents (Beltran et al.  2000b ). Acclimation of a mixed culture to ozonated 
products was benefi cial to highly improve biodegradation rates after preozonation. 
However, photo-degradation along with biodegradation of LAS, didn’t promote the 
biodegradability of the surfactant, whereas presence of some intermediates of photo 
degradation reduced LAS biodegradability (Mehrvar and Tabrizi  2006 ).  
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5.5.3     Green Surfactants 

 The idea of going green has launched the use of renewable materials for surfactant 
synthesis resulting in so called green surfactants. This new class of biodegradable 
and biocompatible products is a response to the increasing consumer demand for 
products that are both “greener”, milder and more effi cient (Benvegnu and Sassi 
 2010 ). The use of renewable resources for surfactant synthesis rather than petro-
chemicals would reduce the liberated CO 2  levels by 37 % in EU (Patel et al.  1999 ). 
A critical review on synthesis of renewable surfactants explains clearly the various 
strategies involved in green surfactant synthesis (Foley et al.  2012 ). Green surfac-
tants are defi ned as biobased amphiphilic molecules obtained from nature or 
 synthesized from renewable raw materials. Various renewable raw materials 
 particularly triglycerides, carbohydrate sources and organic acids (produced by 
fermentation) serve as starting materials in surfactant synthesis, of which, triglyc-
erides/sterols contribute to the hydrophobic part while sugars/amino acids con-
tribute to the hydrophilic part of green surfactants. Occurrence of multiple 
renewable raw materials including triglycerides such as palm kernel oil, coconut 
oil (Hill  2000 ), cashew nut shell liquid (Tyman  1979 ), algal oils (Foley et al. 
 2011 ), vegetable oil (Guo et al.  2000 ; Infante et al.  2004 ), carbohydrates such as 
sugar beet, molasses, hemicelluloses and inulin (Hill and Rhode  1999 ) help to 
generate diverse biobased surfactants. Green surfactants can be synthesized from 
renewable raw materials either by chemical modifi cation or utilizing the biosyn-
thetic machinery of biotic community (plants, microbes, yeast etc.) yielding bio-
surfactants as depicted in Fig.  5.8 .

  Fig. 5.8    Surfactant synthesis based on their raw material and subsequent modifi cation. ( a ) Strategies 
possible ( b ) some examples adapted from Hill ( 2000 )       
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      Chemically Derived Green Surfactants 

 Triglycerides, regardless of their source, utilizes a variety of standard oleochemical 
transformations-hydrogenation, hydrolysis, trans-esterifi cation as well as cer-
tain specifi c modifi cations to yield various surfactants and surfactant precursors 
including fatty acid methyl ester, methyl ester sulfonate, fatty alcohols, fatty 
amines, fatty acid anhydrides, fatty chlorides, fatty acids, fatty acid carboxyl-
ates, alkylpolyglucosides etc. (Foley et al.  2012 ). In recent years, due to the 
large increase in petroleum cost, there has been a re-emergence of interest in 
large-volume production of fermentation chemicals. Biotechnology is providing 
new, low-cost and highly effi cient fermentation processes for the production of 
chemicals from biomass resources. Moreover, with a wide range of microorgan-
isms available and many more recently discovered, fermentation of sugars rep-
resents an important route for the production of new bioproducts. Fermentation 
of glucose by various microorganisms yields diverse organic acids such as lactic 
acid, citric acid, ascorbic acid, itaconic acid, glutamic acid and lysine deriva-
tives (Corma et al.  2007 ). Table  5.3  summarizes the various classes of green 
surfactants  available and their uses. Among these alkylpolyglucoside is readily 
biodegradable and it shows very good skin compatibility in dermatological 
investigations causing less skin irritability than SDS. On account of the perfor-
mance and the high quality, regarding the light colour and the good odour, this 
self-emulsifying compound is particularly appropriate to cosmetic lotions and 
creams (Weuthen et al.  1995 ). Alkylpolyglucosides are found to be superior to 
various carbohydrate based surfactants and are extensively produced on account 
of its good performance, mildness and completely renewable based nature. 
Methyl ester sulfonate offers an environmentally friendly and viable alternative 
to the currently used workhorse surfactant LAS due to its high biodegradability 
(Ghazali  2002 ).

   As noted in Fig.  5.8  surfactants could be synthesized either from petrochemi-
cals or natural oleochemicals, but the use of green surfactants does not always 
bring a solution to ecotoxicity as the surfactants chemically remains the same 
irrespective of the mode of its synthesis. For, example while surfactants like lin-
ear alkyl sulfate and secondary alkyl sulfonates are purely petrochemical based, 
surfactants like alcohol sulfates, alcohol ether sulfates and alkyl ethoxylates are 
partly fossil fuel based or partly oleo chemical based as depicted in Fig.  5.8b . 
The European life cycle inventory of selected surfactants (Stalmans et al.  1995 ), 
described in detail the resource requirements over the environmental release dur-
ing petrochemical and oleo chemical based surfactant synthesis. A close analysis 
of this data revealed that no technical or scientifi c basis exists to support a gen-
eral environmental superiority claim, either for an individual surfactant or for 
various based on sourcing from petrochemical, oleochemical, or agricultural 
feedstocks and minerals thereby suggesting that environmental acceptability is 
not associated with raw material source, at least in the LCI context (Saouter et al. 
 1998 ; Salimon et al.  2012 ).  
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   Table 5.3    Green surfactants chemically synthesized from renewable raw materials summarized as 
per (Foley et al.  2012 )   

 Surfactant  Raw material  Mode of synthesis  Use 

 Fatty acid methyl 
ester (FAME) 

 Triglycerides (TG) 
or fatty acids 

 TG hydrogenation and 
transesterifi cation 

 Manufacture of 
biodiesel 

 Methyl ester 
sulfonate (MES) 

 Triglycerides  Sulfonation of FAME  Detergent industry, 
enhanced oil 
recovery 

 Fatty alcohols (FOH)  Triglycerides  FAME reduction  Intermediates in 
surfactant synthesis 

 Alkylpolyglucosides  Triglycerides and 
starch/glucose 

 FOH glycosidation  Laundry, dishwashing, 
agrochemicals, hard 
surface cleaning, 
cosmetics, 
micro-emulsions 

 Fatty acid sulfates  Triglycerides  FOH sulfonation  Personal care products, 
detergents 

 Fatty acids  Triglycerides  TG acid catalysis  Soaps 
 Mono and 

diglycerides 
 TG  Trans-esterifi cation of TG 

or glycosylation of 
FAME 

 Emulsifi ers in food, 
cosmetics, 
pharmaceuticals, 
textiles plastics 

 Sucrose esters  TG, sugar  Esterifi cation of sucrose 
with either FAME/TG 

 Food, pharmaceuticals, 
detergents, personal 
care products 

 Methyl glucoside 
esters 

 TG, sugar  Esterifi cation of methyl 
glucosides with FAME 

 Cosmetics, personal 
care products 

 Sorbitan esters  Glucose  Esterifi cation of sorbitol 
(chemically derived or 
biotechnologically 
derived) 

 Food, pharmaceuticals, 
cosmetics, paints 
under trade name 
span and tween 

 Citrate esters  Sucrose, molasses, 
wood pulp 

 Esterifi cation of 
biotechnologically 
derived citric acid 

 Agrochemicals, food 
industry, household 
products 

 Lactate esters  Carbohydrates or 
petrochemical 

 Esterifi cation of lactic 
acid (chemically or 
biotechnologically 
produced) 

 Food 

 Gluconic acid, 
gluconolactones 
and gluconamides 

 Carbohydrate 
based 

 Biotechnologically 
derived by  Aspergillus 
niger  

 – 

 Ascorbates  Carbohydrate 
based 

 Chemical modifi cation or 
by fermentation 

 Antioxidants in drug 
formulations 

 Itaconic acid  Starch, molasses, 
lignocellulose, 
glycerol, citric 
acid, corn syrup 

 Biotechnologically 
produced by various 
fungi 

 Not used commercially 

 N-acetyl glutamate 
surfactants 

 Cane molasses, 
beet molasses, 
corn syrup, 
acetic acid 

 Thermal condensation of 
fatty amine or by 
fermentation 

 Detergents 

 Lysine based 
surfactants 

 Molasses, corn 
syrup 

 Chemical derivatisation of 
fermented lysine 

 Cosmetic care products, 
preservatives etc. 

 Betaines  Molasses, brown 
algae, tertiary 
amines 

 Chromatographic 
separation 

 Hair conditioners 
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    Biosurfactants as Alternate to Synthetic Surfactants 

 Most bio-based surfactants are manufactured by chemical means; their preparation 
via bioprocessing is very attractive for future employment due to further enhance-
ment of sustainability and potential savings in energy, downstream purifi cation and 
disposal costs (Hayes  2012 ). Biosurfactants are biological compounds with high 
surface active properties (Georgia and Poe  1931 ), produced by microorganisms, 
plants, animals and humans (Christofi  and Ivshina  2002 ). Biosurfactants are pro-
duced on microbial cells surfaces or excreted extracellularly and contain both 
hydrophilic and hydrophobic moieties. They have several advantages over the 
chemical surfactants, such as lower toxicity higher biodegradability (Zajic et al. 
 1977 ), better environmental compatibility (Georgiou et al.  1992 ), higher foaming 
ability (Razafi ndralambo et al.  1996 ), high selectivity and specifi c activity at 
extreme temperatures, pH and salinity (Velikonja and Kosaric  1993 ) and the ability 
to be synthesized from renewable feed stock (Desai and Banat  1997 ). In general, 
biosurfactants are more effective and effi cient and their CMC is about 10–40 times 
lower than that of chemical surfactants, i.e., less surfactant is necessary to get a 
maximum decrease in surface tension (Desai and Banat  1997 ) and have higher EC 50  
than synthetic surfactants (Poremba et al.  1991 ). Biosurfactants constitutes an inter-
esting alternative to the commercial chemical surfactants with potential use in sev-
eral industries (Vaz et al.  2012 ). 

 Biosurfactants are of different types including glycolipids, lipopeptides, phos-
pholipids, surface-active antibiotics, fatty acids/neutral lipids, polymeric surfac-
tants and particulate (Muthusamy et al.  2008 ). These compounds are produced 
during the growth of microorganisms on water-soluble and water immiscible sub-
strates. Diverse ranges of prokaryotic and eukaryotic microorganisms are capable 
of producing surfactants (Lang  2002 ). Bacterial surfactant – producing organisms 
include  Pseudomonas aeruginosa  (mono and di-rhamnolipid biosurfactants), 
 Corynebacterium ,  Nocardia  and  Rhodococcus  spp. (phospholipids, trehalose 
dimycolates/dicorynomycolates, glycolipids etc.),  Bacillus subtilis  (surfactin), 
 Bacillus licheniformis  (lipopeptide similar to surfactin),  Arthrobacter paraffi neus  
(trehalose and sucrose lipids) and others. Fungi involved in surfactant production 
include the yeasts  Torulopsis  spp. (sophorolipids) and  Candida  spp. (liposan, 
phospholipids) (Christofi  and Ivshina  2002 ). The potential application of biosur-
factants in Table  5.4  depicts the various fi elds in which the use of synthetic detergents 
can be replaced by biosurfactants.

   Biosurfactant yield varies with organism, carbon source, nutrient level, aeration, 
agitation, dissolved oxygen, pH, temperature and fermentation protocol (batch/fed-
batch, growing/resting cells). The large-scale production of these molecules was 
hindered because of low yields in production processes and high recovery and puri-
fi cation costs. Some practical approaches have been adopted to make biosurfactant 
production process economically attractive including use of cheaper raw materials, 
optimized and effi cient bioprocesses and overproducing mutant and recombinant 
strains for obtaining maximum productivity (Muthusamy et al.  2008 ). Agro- 
industrial wastes such as olive oil mill effl uent (Mercade et al.  1993 ), soap stock 
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   Table 5.4    Potential applications of biosurfactants   

 Biosurfactant  Organism  Potential use  References 

 Rhamnolipid   P. aeruginosa, 
P. chlororaphis 
strain NRRLB-
30761, 
Burkholderia 
thailandensis, 
Burkholderia 
pseudomallei  

 Wound healing  Stipcevic et al. ( 2006 ) 
 Stabilization of nanoparticles  Kumar and 

Mamidyala 
( 2011 ) 

 Preparation of microemulsion  Nguyen and Sabatini 
( 2009 ) and Xie 
et al. ( 2007 ) 

 Antiagglomeration agent  York and Firoozabadi 
( 2008 ) 

 In cleaning soap mixtures 
 Cosmetic additives  Ishigami and Suzuki 

( 1997 ) 
 Biofungicide named Zonix  USEPA ( 2008 ) 
 Pyrene degradation  Das and Mukherjee 

( 2007 ) 
 Degradation of hydrophobic 

compounds 
 Noordman and 

Janssen ( 2002 ) 
 Sophorolipid   Candida bombicola, 

Candida apicola, 
Rhodotorula 
bogoriensis  

 In cosmetics, food, cleaning 
and petroleum industry 

 Van Bogaert et al. 
( 2007 ) 

 Anticancer activity  Chen et al. ( 2006 ) 
 Decrease pulmonary infl amma-

tion by decreasing IgE 
 Vakil et al. ( 2010 ) 

 Antiviral activity against HIV, 
Herpes virus 

 Shah et al. ( 2005 ) 

 Antibacterial activity of 
sophorolipid coated silver 
nanoparticles against both 
Gram-positive and G–negative 
bacteria. 

 Singh et al. ( 2009 ) 

 Surfactin   Bacillus subtilis   Inhibits fi brin clot formation that 
indicates its potential use 
in the pharmaceutical sector 

 Rodrigues et al. 
( 2006 ) 

 Antiadhesive in surgicals  Mireles et al. ( 2001 ) 
 Cyclic 

lipopeptides 
  Bacillus subtilis   In laundry detergent 

formulations 
 Mukherjee ( 2007 ) 

 Fengycin   Bacillus subtilis   Antifungal agents of crop 
pathogens 

 Ramarathnam et al. 
( 2007 ) 

 Iturin   Bacillus subtilis   Antifungal agents of crop 
pathogens 

 Mizumoto et al. 
( 2007 ) 

(Shabtai  1990 ; Benincasa et al.  2002 ); molasses (Patel and Desai  1997 ), starch rich 
wastes (Nitschke and Pastore  2004 ) and vegetable oils (Makkar et al.  2011 ) are used 
for surfactant production. Optimized biosurfactant production by an integrated 
rational whole-cell biocatalyst and bioprocess design methodology, termed systems 
biotechnology has also been described (Muller and Hausmann  2011 ). A novel 
method of SDS based rhamnolipid synthesis is also been introduced yielding a high 
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substrate to product conversion ratio (Rebello et al.  2013 ). However, current 
 biosurfactant research has advanced far ahead providing signifi cant opportunities to 
replace chemical surfactants with sustainable biologically produced alternatives in 
bulk commercial products. Glycolipid biosurfactants such as sophorolipids are 
already available in suffi cient yield to make their use feasible while rhamnolipids 
and mannosylerythritol lipids require further development (Marchant and Banat 
 2012 ). The growing demand for ecofriendly, truly bio-based surfactants, along with 
developments biosurfactant production has commercialized their production as 
shown in Table  5.5 . The use of well aerated bioreactors has been shown to produce 
higher levels of the lactonic form of the sophorolipids (Casas and Garcia-Ochoa 
 1999 ; Guilmanov et al.  2002 ), a situation which is probably enhanced by the long 
fermentation time since the lactonisation step is the last in the synthetic pathway 
(Davila et al.  1997 ).

5.6          Conclusions 

 Tracing back from the ancient ashes, to modern petrochemical or nonrenewable raw 
material based surfactants, the surfactant industry is constantly evolving and 
expanding to a highly competitive sector yielding a myriad of brands to meet the 
various demands of mankind. Their consumption is increasing day by day with no 
limits and restrictions, equally contributed by domestic purposes and industry. Such 
accumulation of these silent toxicants to the ecosystem, could lead to drastic 

   Table 5.5    Commercially produced biosurfactants with their prospective uses   

 Company  Bio surfactant  Producer  Use 

 Ecover  Sophorolipids   Candida 
bombicola  

 Hard surface cleansers, laundry 
detergents 

 Jeneil  Rhamnolipids   P. aeruginosa   Zonix-Biofungicide 
 Reco – cleaning oil storage tanks 

 Urumqi Unite 
Bio-Technology 

 Rhamnolipids   P. aeruginosa   Microbial enhanced oil recovery, 
environmental remediation etc. 

 MG Intobio  Sophorolipids   Candida 
bombicola  

 Soaps 

 Kemin products  Lecithins  Plants  Lysoforte – changes the environment 
in the digestive tract to enhance 
absorption of nutrients, including 
fat-soluble vitamins of animals 
aiming profi tability of animal 
production 

 Athena Co. Ltd.  Saponins  Plant ( Saponaria 
offi cinalis ) 

 AT biosurfactant SP- 

 Etec environmental 
technologies 

 Nonionic 
biosurfactant 

 –  PetroSolv™ biosurfactant- remediate 
a wide range of contaminants like 
diesel, heating oil, and chlorinated 
solvents 
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environmental problems including global warming, terrestrial and aquatic toxicity of 
the ecosystem and it inhabitants. Total banning of surfactants is impossible in such a 
modernised lifestyle needing surfactants in our food, cosmetics, cleansers etc. 

 Surfactants are quite often regarded harmless, on basis of its biodegradability 
and speculated low concentrations in the environment. But statistical analysis of 
surfactant concentrations worldwide reveals the fact that these pollutants are found 
in concentrations higher than their predicted no effect concentrations. Thus regard-
ing surfactants as non-pollutants is a mistake. Visible manifestations of surfactant 
toxicity are available in the case of microbes, plants and animals. 

 The problem of surfactants toxicity should be thus addressed with cautiousness 
in every nation. Wise and limited usage of surfactants right from household level to 
large scale industries thus could reduce the intensity of surfactant pollution. The use 
of various physical, chemical and bioremediation strategies could help to reduce the 
toxicity of surfactants before their disposal into the environment. In such a scenario 
going Green by choosing the right surfactants, especially phosphate free and eco- 
friendly ones gains relevance. Ultimately the utilisation of biosurfactants could 
lower the extent of synthetic surfactants prevalence in environment and its associ-
ated toxicity.     
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    Abstract     Metals, particularly heavy metals such as lead, cadmium and thallium 
between others, constitute signifi cant potential threats to human health in both 
occupational and environmental settings. Metals toxicity most commonly involves 
the kidney, liver and mainly nervous system. Neurons in general have a high meta-
bolic rate, which makes them more susceptible to different heavy metals producing 
changes in neuronal function may lead to secondary alterations in neuronal 
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anatomy. Neuropathology is frequently used to evaluate the effects of toxic agents 
on nervous system organization and cellular components; thus, careful histologic 
evaluations increase our knowledge of the neurotoxicity of heavy metals. Structural 
changes can often be correlated with altered neurochemistry, behavior, and electro-
physiologic function.  

  Keywords     Heavy metals   •   Neurotoxicity   •   Central nervous system   •   Cadmium   • 
  Thallium   •   Lead   •   Histopathological  

6.1         Introduction 

 Heavy metals are natural components of the Earth’s crust; they cannot be easily 
degraded. Heavy metals, such as cadmium, lead, and thallium constitute a signifi cant 
potential threat to human health because they are associated with adverse effects on 
health. Humans have used heavy metals in many different areas for thousands of 
years; this use infl uences their potential for health effects in at least two major ways: 
fi rst, by environmental transport, that is, by human or anthropogenic contributions 
to air, water, soil, and food, and second by altering the speciation or biochemical 
form of the element (Beijer and Jernelov  1986 ). Metal-rich mine tailings, metal 
smelting, electroplating, gas exhausts, energy and fuel production, the downwash 
from power lines, intensive agriculture, and sludge dumping are the most important 
human activities that contaminate environment with large quantities of toxic metals 
(   Raskin et al.  1994 ). The importance of these metals as environmental health hazards 
is readily evident from the fact that the three metals are ranked in the main on the 
current Agency for Toxic Substances and Disease Registry Priority List of Hazardous 
Substances (ATSDR  1999 ,  2007 ,  2008 ). The toxic nonessentials metals are charac-
terized as having no demonstrated biological requirement in humans, and exposure 
is associated with recognizable toxicity, the exposition to these metals is associated 
with physiological, biochemical and several pathological problems and the severity 
of toxicity increase with increase in dosage. 

 Metal induced toxicity is amply reported in the literature; one of the major mecha-
nisms behind heavy metal toxicity has been attributed to oxidative stress. Oxidative 
stress is caused by an imbalance between the production of reactive oxygen and a 
biological system’s ability to readily detoxify the reactive intermediates or easily 
repair the resulting damage; toxic metals increase production of free radicals and 
decrease availability of antioxidant reserves to respond to the resultant damage (Valko 
et al.  2006 ). Redox active metals may undergo cycling reactions participating in the 
transfer of electrons between metals and substrates and therefore may play an impor-
tant role in the maintenance of redox homeostasis (Lindeque et al.  2010 ). Metals such 
as cadmium, lead and thallium possess the ability to produce Reactive Oxygen Species 
(ROS); production of oxygen-, carbon-, sulfur-, nitrogen radicals, and lipid peroxide 
thus resulting in molecular damages including lipid, proteins and DNA producing 
alteration of cell homeostasis (Flora et al. 2008 ; Hanzel and Verstraeten  2006 ). 
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 Heavy metals generally have numerous effects on the both experimental and 
humans targeting organs and systems such as the haematopoietic system, liver, pla-
centa, lung and kidney, mainly the central nervous system (Goyer and Clarkson 
 2001 ); they can directly infl uence behaviour by impairing mental and neurologi-
cal function, infl uencing neurotransmitter production and utilization, and alter-
ing numerous metabolic body processes (Flora et al.  2008 ). Although the clinical 
toxicity of metals may be quite varied, most metals induce morphological changes 
through similar mechanisms; once the neuropathology is frequently used to evalu-
ate the effects of a heavy metals on central nervous system organization and  cellular 
components, identifi es vulnerable sites or susceptible cell populations (Dorman 
 2000 ). The general aspects of morphological alterations of heavy metal intoxication 
are present in this chapter, however, more detailed reviews of the chemicals and 
their mechanisms of toxicity are available.  

6.2     Cadmium 

6.2.1     Sources and Exposure 

 Cadmium is considered one of the most toxic substances in the environmental, occurs 
in the earth’s crust at a concentration of 0.1–0.5 ppm and is commonly associated 
with zinc, lead, and copper ores. There are estimates that 30,000 tons of cadmium are 
released into the environment each year, with an estimated 4,000–13,000 tons com-
ing from human activities (ATSDR  2008 ). Natural as well as anthropogenic sources 
of cadmium, which include industrial emissions and the application of fertilizer and 
sewage sludge to farm land, increased cadmium environmental levels (ATSDR 
 2008 ). The fi rst reports of severe health problems due to cadmium intoxication arose 
in the 1940s in Toyama Japan, where the Itai-itai disease was endemic and character-
ized by severe pain, bone fractures, proteinuria and severe osteomalacia, which 
appeared mainly among women as a consequence of eating cadmium-polluted rice 
(Nordberg  2004 ; Takebayashi et al.  2000 ). 

 Nowadays, cadmium is still an important industrial metal; it is extracted during 
the production of other metals, such as zinc, lead and copper. Cadmium components 
are used as stabilizers in PVC products, colour pigment, several alloys, anticorro-
sion agent and most commonly, in re-chargeable nickel-cadmium batteries which 
made up 18 % of the rechargeable battery market, down from 56 % in 1996 with 
global sales decreasing 16 % between 2005 and 2006, due to mainly that niquel- 
cadmium batteries have been replaced in some markets by lithium ion and nickel 
metal hydride batteries (USGS  2008 ). Other sources of concern are phosphate fertil-
izers, which may contain high concentrations of cadmium depending on the origin 
of the rock, and the application of contaminated sewage sludge as a soil amend-
ment; likewise, this continue to be contaminated with cadmium as a result of the 
recycling of industrial waste sold as zinc sulphate or other materials for agricultural 
and home use fertilizers (Patrick  2003 ; Cupit et al.  2002 ). 
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 Humans and other mammals are exposed to cadmium primarily through two 
sources. The fi rst is the oral route through ingestion of contaminated water or food 
mainly fi sh, liver, grains, leafy vegetables, potatoes and other root vegetables (Castro-
Gonzalez and Méndez-Armenta  2008 ; ATSDR  2008 ) the ingestion of contaminated 
food serves as the most non occupational source of exposure. The second source is 
through inhalation of cadmium particles during industrial activities or inhaled ciga-
rette smoke, that is by far the largest source of cadmium exposure in the general 
human population; has been reported that one cigarette contains about 1–2 μg or more 
of cadmium, and 40–60 % of the cadmium in inhaled smoke generally pass through 
the pulmonary epithelium into systemic circulation (Saldivar et al.  1991 ; Stohs et al. 
 1997 ; ATSDR  2008 ). Epidemiological studies in different parts of the world have 
been concluded that the toxicity of cadmium increases with age, time of exposure, and 
gender (Jin et al.  2004 ; Gamo et al.  2006 ; Omarova and Phillips  2007 ); several studies 
have shown that children exposed to cadmium have alterations in their cognitive 
development as well as a decrease in their IQ due to elevated hair levels of cadmium 
(Thatcher et al.  1982 ; Ozden et al.  2007 ) while that in adult studies results are incon-
sistent, some showing neurological disorders (   Viaene et al.  2000 ) cognitive alterations 
(Gao et al.  2008 ) and others not shown neurological alterations, a Swedish study on 
elderly persons did not fi nd an association between blood cadmium level and cogni-
tive function (Basun et al.  1994 ).  

6.2.2     General Toxicology 

 In humans and experimental animals, have been reported that cadmium is able pro-
duce adverse effects a number of organ and tissues with distinct pathologies depend-
ing age, time of exposure, and gender. During the acute cadmium exposure, the 
general symptoms are relatively mild but, within a few days following exposure, 
severe pulmonary edema, hemorrhage, fulminate hepatitis, testicular injury, and 
lethality; whereas chronic exposure to cadmium often leads to renal dysfunction, 
immunotoxicity, anemia, osteoporosis, and bone fractures (Zalups and Ahmad  2003 ; 
Satarug et al.  2003 ; Liu et al.  2007 ). Few epidemiological studies are devoted to 
explore cadmium neurotoxicity in humans, the fi rst report with neurobehavioral 
effects of cadmium exposure was published in 1989, Hart et al. ( 1989 ) shown that 
exist attention, psychomotor speed, and memory disorders whit neurological symp-
toms such as fatigue, mental irritability, headache, muscle weakness, syncope, 
insomnia, and anosmia in workers who are acutely or chronically exposed to cad-
mium. Viaene et al. ( 1999 ,  2000 ) was reported that workers exposed to cadmium for 
15 years, shown diminished attention, psychomotor speed, memory, slowing of psy-
chomotor functions, reduced visuomotor functioning, and increase in the risk of 
peripheral neuropathy. Although a few studies have specifi cally looked for neuro-
logical effects cadmium-induced neurotoxicity it has been observed in experimen-
tal animals; signifi cantly decreased motor activity, aggressive, anxiety; weakness and 
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muscle atrophy (ATSDR  2008 ) and decrease in bioelectrical activity in peripheral 
nerve (Papp et al.  2003 ). Prenatal cadmium exposure produces a delay in neuromotor 
and neurobehavioral development of neonates (neonatal refl exes) in terms of righting 
refl ex, negative geotaxis, cliff avoidance, startle responses and vibrissa refl ex (Kamel 
and El Razek  2011 ). Experimental evidence supporting that in adult rats only small 
amounts of cadmium reach the brain because of the selective permeability of the 
brain-blood barrier (BBB); however, studies conducted in developing rats suggest 
that cadmium is able to cross the BBB in newborn, inducing damage in the BBB and 
its primary effect on blood vessels might be due to differences in the BBB maturation 
(Wong and Klaassen  1982 ). 

 Blood cadmium is often used as a measure of recent exposure to this heavy metal, 
but blood cadmium not only refl ects current exposure, but it has also been shown to 
be a good indicator of the lifetime body burden. In most studies, the half- life in 
humans is estimated to be between 15 and 30 years, this is particularly important in 
the kidney, where the half-life of cadmium exposure in the kidney has a considerable 
accumulation and damage occurs (Nordberg  2004 ; Suwazono et al.  2006 ). Cadmium 
concentration in urine has been proposed as an indirect biological indicator for cad-
mium accumulation in the kidney has been proposed that the population exposed 
showing evidence of renal damage associated with urinary cadmium concentrations 
not exceed 5 μg Cd/g creatinine; likewise ß 2 -microglobulin, retinol binding protein 
and albumin are considered good biomarkers of renal dysfunction by cadmium expo-
sure (Kakkar and Jaffery  2005 ; Omarova and Phillips  2007 ). 

 The absorption of cadmium generally depends on the route of entry. Approximately 
3–10 % of ingested cadmium is absorbed from the gastrointestinal system, whereas 
50 % of inhaled cadmium is absorbed; therefore the pulmonary absorption of cad-
mium is relatively more effi cient than the effi ciency of gastrointestinal absorption 
(Zalups and Ahmad  2003 ). Although absorption via the gastrointestinal tract is less 
effi cient, low dietary intakes of calcium, protein, zinc, iron and copper may increase 
cadmium absorption in the gut. Following exposure, cadmium is absorbed by the 
intestines and subsequently delivered to the liver by portal blood. In the liver, cad-
mium is taken up avidly from the sinusoidal blood by hepatocytes (ATSDR  2008 ; 
Liu et al.  2007 ; Zalups and Ahmad  2003 ). Albumin-cadmium complex taken up by 
hepatocytes are degraded in the lysosomes and the free cadmium release into the 
cytoplasm where it rapidly binds intracellular proteins via sulfhydryl groups includ-
ing glutathione (Ikediobi et al.  2004 ; Leverrier et al.  2007 ) or the high affi nity metal 
binding protein metallothionein to form cadmium- metallothionein complex; such as 
is release into hepatic circulation and this cadmium- metallothionein complex is 
delivered via systemic circulation to the kidneys where are affected adversely pri-
marily renal tubular cells (Zalups and Ahmad  2003 ). The organs that store cadmium 
include the liver, kidney, testis, spleen, heart, lungs, thymus, salivary glands, epididy-
mis, and prostate; this retention of cadmium is MT-dependent, cadmium is mainly 
accumulated in kidney and liver, due to their high MT concentrations and the low 
excretion rate of cadmium result long biological half life (Liu et al.  1998 ; Järup et al. 
 1998 ; Klaassen et al.  2009 ).  
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6.2.3     Mechanism of Neurotoxicity 

 It has been suggested that the mechanism of cadmium toxicity involves production 
of reactive oxygen species and free radicals. Mitochondrion is an important target 
of metal toxicity of cadmium, is associated with accumulation of this metal, inhibit 
the respiratory chain reaction, production of reactive oxygen species and the release 
of mitochondrial calcium (Dorta et al.  2003 ; Gobe and Crane  2010 ). It has been 
proposed that cadmium initially binds to protein thiols (natural anti-oxidant enzymes 
like superoxide dismutase, catalase and glutathione peroxidase) in mitochondrial 
membrane inhibiting electrons transference and oxidative phosphorilation with the 
decrease of ATP levels, affects mitochondrial permeability transition, leading to the 
breakdown of the mitochondrial potentials (Thévenod  2009 ; López et al.  2006 ). 

 Excessive reactive oxygen species production can generate to free radical attack 
of double bonds in membrane lipids and result in an increase in lipid peroxidation(LPO) 
that is a major consequence of cadmium induced oxidative stress (Valko et al.  2006 ; 
Manca et al.  1991 ; Stohs et al.  2001 ); itself is unable to generate free radicals directly, 
however, indirectly generates several reactive species of both oxygen as superoxide 
anion (O 2  · −), hydrogen peroxide (H 2 O 2 ), hydroxy radical (·OH) and lipid radicals 
(·L), by replacing  Fe  and  Cu  in various cytoplasmic and membrane proteins and thus, 
increasing the amount of unbound free or chelated copper and iron ions which then 
participate in oxidative stress via Fenton reactions (Valko et al.  2006 ; Jomova and 
Valko  2011 ; Franco et al.  2009 ). Moreover, has been reported that the alterations in 
the activities (reduction or inhibition) of antioxidant enzymes such as Cu, Zn-SOD, 
catalase, glutathione peroxidase, glutathione reductase and glutathione-S-transferase 
should be considered as a signifi cant event in the generation of free radicals (Antonio 
et al.  2003 ; El-Demerdash et al.  2004 ; El-Sokkary and Awadalla  2011 ; Shagirtha 
et al.  2011 ). Metallothionein (MT) is another protein involved in the protection 
against of oxidative injury, this protein is known to free-radical scavenging proper-
ties, maintaining zinc homeostasis and detoxifi cation of heavy metals mainly cad-
mium; there are four isoforms of MTs (I,II,III,IV), MT I-II isoforms are expressed 
throughout the brain and spinal cord in protoplasmic and fi brous astrocytes whereas 
MT-III isoform is predominantly expressed in neurons (Sato and Kondoh  2002 ; 
Klaassen et al.  1999 ; Hidalgo et al.  2001 ). 

 On the other hand, experimental evidence has shown that cellular targets of cad-
mium including intracellular mobilization of second messengers and mainly cal-
cium. Cadmium enters cells through membrane transporters involved in the uptake 
of metals such as Fe and Zn as well as Ca 2+  channels (Zalpus and Ahmad  2003 ) acts 
as a competitive ion to Ca 2+ , interact with calcium in ways as well: inhibition of 
plasma membrane calcium channels, inhibition of Ca2+ -ATPases of the sarcoplas-
mic reticulum, and blocker of the Ca 2+ -dependent neurotransmitter release (Méndez- 
Armenta and Rios  2007 ). Alterations in the metabolism of neurotransmitter have 
also been implicated in cadmium neurotoxicity, several authors has been reported 
that content of several neurotransmitters (glutamate, aspartate, glycine, gamma- 
aminobutyric acid, GABA and/or taurine) can be increased/decreased depending on 
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brain region or developmental age in animals exposed to cadmium affecting the 
excitation/inhibition balance of the synaptic neurotransmission (Gutierrez-Reyes 
et al.  1998 ; Lafuente et al.  2001 ,  2003 ; Antonio et al.  2003 ; Esquifi no et al.  2001 ; 
Minami et al.  2001 ). 

 Cadmium is able induces apoptosis/necrosis through the mitochondrial pathway 
and/or ROS formation (López et al.  2006 ); interfere with DNA repair processes 
(Waisberg et al.  2003 ) and enhance genotoxic damage mainly via an increase in 
oxidative stress by an attack of ROS that is considered to be one of the major sources 
of endogenous damage to DNA. Cadmium is both rodents and human carcinogen 
and has been classifi ed as a human carcinogen by the International Agency for 
Research on Cancer (IARC) and the National Toxicology Program (IARC  1993 ). 
Recent controlled epidemiological case studies, which have demonstrated an asso-
ciation between occupational and/or environmental Cd exposure and lung, bladder 
and renal cancer (Schwartz and Reis  2000 ; Joseph  2009 ; Schwerdtle et al.  2010 ) 
(Fig   .  6.1 ).

6.2.4        Morphological Changes on Central Nervous System 

 Although cadmium-induced neuropathological changes have not been clearly 
demonstrated in human, it has been observed in experimental studies. Some stud-
ies have shown morphological changes such as shrinkage and deeply stained neu-
rons in the parietal cortex and hippocampus of adult rats exposed during 40 days to 
cadmium (El-Sokkary and Awadalla  2011 ); moreover marked gliosis, nuclear pyk-
nosis, spongiform necrosis and lymphocytic infl ammatory infi ltrates and hemor-
rhage in Virchow space also were observed in rats exposed to cadmium (Shagirtha 
et al.  2011 ; Kaoud et al.  2010 ). In adult rats, high doses of cadmium produce dam-
age in the brain cortex, cerebellum, caudate nuclei and putamen with extensive 
necrosis and hemorrhage; in the necrotic areas of the brain cortex and cerebellum, 
the endothelium of some blood vessels was slightly damaged (Gabbiani et al. 
 1967a ; Wong and Klaassen  1982 ) and according to those authors, the CNS lesions 
produced by cadmium are located primarily in the white matter (Gabbiani et al. 
 1967b ). The administration of cadmium initially affects the integrity and permea-
bility of the vascular endothelium that is sensitive to cadmium-induced damage 
and the necrotic changes in nerve cells are only secondary to this effect, result-
ing in edema and interference with oxygen and nutrient uptake in the brain, mainly 
in developing rats (Wong and Klaassen  1982 ; Gwalteney-Brant  2002 ; Méndez-
Armenta et al.  2001 ,  2003 ). Developing animals are most affected by cadmium 
exposition; in experimental studies developing rats have shown neuronal pykno-
sis, interstitial oedema, destroyed fi bers and alteration of Purkinje cells mainly in 
parietal cortex, striatum, and cerebellum (Méndez-Armenta et al.  2001 ). The ultra-
structural study shown on optic nerves of rats exposed to cadmium swollen mito-
chondria with disrupted cristae, dissolution of microtubule and axonal swelling 
(Fern et al.  1996 ). These studies have suggested that the age of the animals is very 
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  Fig. 6.1    A schematic representation summarizing the proposed pathways involved neurotoxicity 
of cadmium ( a ), lead ( b ) and thallium ( c ).  LPO  lipid peroxidation,  PKC  Protein Kinasa C,  NMDAr  
N-Methyl-D-Aspartate receptor,  GFAP  Glial Fibrilar Acidic Protein,  ALAD  δ-aminolevulinic acid 
dehydratase,  NOS  Nitric Oxide Synthase,  ROS  Reactive Oxidative Species,  GPx  Glutathione 
Peroxidase,  SOD  Super Oxide Dismutase, Ca 2+ ; calcium         
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important to make them susceptible to the neurotoxic effects of cadmium due to 
the immaturity of the blood–brain barrier. Minor histopathological reports exist 
that document neurological effects of human exposure to cadmium. Autopsy fi nd-
ings of a 2-year-old boy, who died from sudden accidental showed marked cerebral 
swelling with herniation and histological evidence of marked cerebral edema with 
perivascular protein leakage, indicating blood–brain barrier disruption (Provias 
et al.  1994 ). Our results have shown minimal alteration of neuronal cells and neu-
ropil in parietal cortex, hippocampus with pyramidal cells and Purkije cells of the 
cerebellum are observed (Fig.  6.2a–c  respectively) in adult rats exposed to low 
cadmium doses. However, several changes are found in brain regions of rats fol-
lowing perinatal exposure to cadmium. Figure  6.2d , shown several eosinophilic 
neurons with pyknotic nuclei (ischemic cell damage), with slight interstitial 
oedema on the cerebral parenchyma in parietal cortex; similar fi ndings were 
observed in cerebellum tissue, eosinophilic Purkinje cells with atrophy cellular 
(Fig.  6.2e ) and interstitial oedema in the molecular layer (Fig.  6.2f ). On the other 
hand, microscopic study of peripheral nerve of rats exposed subchronically to low 
doses of cadmium shown cells Schwann nuclei between nerve fi bers (axon and 
myelin sheaths) and immunoreactivity myelin basic protein with the normal 
appearance of in peripheral nerve (Fig.  6.2g, h ). However, observations of semi- 
thin sections of sciatic nerve showed myelinated and amyelinated axons with an 
incipient disorder from the interlamellar space (Fig.  6.2i ).

Fig. 6.1 (continued)
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6.3         Lead 

6.3.1     Sources and Exposure 

 Lead is one of the most ubiquitous and it is detectable in practically all phases of the 
inert environment and in all biological systems. Human exposure to lead is common 
and results from the many uses of this metal due to its exceptional properties, such 
as ductility, high density, low chemical reactivity, easy extraction, and low cost, 
have made it broadly used since prehistory. Environmental levels of lead have 
increased more than 1,000-fold over the past three centuries as a result of human 

  Fig. 6.2    Parietal Cortex ( a ) hippocampus ( b ) and Cerebellum ( c ) of adult rat exposed to cadmium. 
Parietal cortex ( d ) and cerebellum ( e  and  f ) of rat exposed to cadmium perinatally. Peripheral nerve 
of rats exposed chronically to cadmium ( g ,  h  and  i ). Neuronal cells and neuropil in parietal cortex, 
hippocampus and Purkije cells of the cerebellum are observed with minimal alterations ( a ,  b ,  c ). 
Several eosinophilic neurons with pyknotic nuclei (↑) and slight interstitial oedema (*) on the 
cerebral parenchyma in parietal cortex are observed ( d ). Cerebellum shows eosinophilic Purkinje 
cells with atrophy cellular and interstitial oedema in the molecular layer ( e  and  f ). Peripheral nerve 
show cells Schwann nuclei between axon and myelin sheaths ( g ) and immunoreactivity myelin 
basic protein with normal appearance ( h ). Semi-thin sections of peripheral nerve showed myelin-
ated ( m ) and amyelinated axons (AmA) with an incipient disorder from the (↑) interlamellar space 
( i ). H&E stain ( d ,  e  and  g ), Silver Stain, Rio–Hortega’s method ( a ,  b ,  c  and  f ). Immunohistochemical 
stains for Myelin antibody ( h ), Toluidine blue stain ( i )       
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activity; the greatest increase occurred between the years 1950 and 1920. Lead is a 
naturally occurring element; it is a member of Group 14 (IVA) of the periodic table, 
is a bluish-gray heavy metal and it is usually found combined with two or more 
other elements to form lead compounds (ATSDR  2007 ). 

 The greatest potential for human exposure to lead arises from its previous use 
as an additive in gasoline, which resulted in its widespread dispersal throughout 
the environment, and its use as a pigment in both interior and exterior paints; in 
contrast, occupational exposure to lead occurs in workers employed in the lead 
smelting and refi ning industries, battery, manufacturing plants, plastics, printing 
industries and pigments to glaze ceramics. It is estimated that, between 0.5 and 
1.5 million, workers are exposed to lead each year in his/her workplaces (ATSDR 
 2007 ). Pediatric lead poisoning is still an important public health problem for 
millions of children in the world. In South and Central America, 33–34 % of 
children have blood lead levels above 10 μg/dL (0.48 μmol/L) as compared with 
7 % in North America. Another survey showed that one in every 20 children in 
the US has toxic blood levels. In China, because up to 23 % of the populations 
(377 million) are children, lead exposure is still a serious public concern (Wang 
and Zhang  2006 ; Jones et al.  2009 ). Eating, inhaling and coming into dermal 
contact with older paints containing lead are also common routes of exposure 
(Bridges and Zalpus  2005 ). Over the last few decades, however, lead emissions 
in developed countries have decreased markedly due to the introduction of 
unleaded gasoline (Järup  2003 ); despite efforts to reduce exposure through regu-
lation, excessive lead exposure still persists. 

 Blood lead levels were revised in the general population over the past three 
decades and the results demonstrated the adverse effects of lead on child neurode-
velopment; low level lead exposure can signifi cantly induce motor dysfunctions 
and cognitive impairment in pediatric, especially if the exposures occur before 
the age of six. Lanphear et al. ( 2000 ) observed cognitive effects in children aged 
6–16 years with blood lead levels <5 μg/dL in USA. Two other cross-sectional 
studies, in Detroit and Mexico City evaluated children at age 7 years and found an 
inverse relationship with BLLs <10 mg/dL and cognitive development (Chiodo 
et al.  2004 ; Kordas et al.  2006 ); consequently, the levels of lead considered haz-
ardous were reduced to 40 μg/dL in 1971, 30 μg/dL in 1975, 10 μg/dL in 1991 
(Bellinger and Bellinger  2006 ) and 1–2 μg/dL in 2004 (EPA  2006 ); however, lead 
is still a  signifi cant public health concern.  

6.3.2     General Toxicology 

 Lead may enter the body through the intestines by ingestion; through the lungs by 
inhalation; through the skin by adsorption; or by direct swallowing and ingestion. 
The metal is absorbed into and transported by the bloodstream to other tissues. 
Once absorbed, is bound to red blood cells and transported by the bloodstream 
throughout tissues; lead is accumulated in high concentrations in bone, teeth, liver, 
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lung, kidney, brain, and spleen, and it goes through the blood–brain barrier and the 
placenta (Goyer and Clarkson  2001 ; Gwalteney-Brant  2002 ). The biological half- 
life of lead may be considerably longer in children than in adults. Lead in blood has 
an estimated half-life of 35 days, in soft tissue 40 days and in bones 20–30 years 
(Papanikolaou et al.  2005 ). The blood lead level indicates a recent exposure, 
whereas bone lead level, which forms 90–95 % of lead burden in adults and 
80–95 % of total lead in children indicate a chronic exposure (Kakkar and Jaffery 
 2005 ). The major route of excretion of absorbed lead is the urinary tract, usually 
with glomerular fi ltrate in the kidney; it can also be excreted with bile through 
the gastrointestinal tract (Goyer and Clarkson  2001 ). Lead has been shown to have 
serious effects in the skeletal, renal, hematopoietic, endocrine, male and female 
reproductive systems (Papanikolaou et al.  2005 ; ATSDR  2007 ). The nervous sys-
tem is more susceptible to its effects particularly, the children and lead poisoning 
are still considered a primary environmental hazard to children (Goyer and 
Clarkson  2001 ; White et al.  2007 ). Epidemiological studies have shown that lead 
exposure during pregnancy is associated with reduced growth during infancy and 
early childhood as well as impair the cognitive development of the infant; the pla-
centa cannot prevent the fetus from exposure to lead, as this metal is able to cross 
the placental barrier easily placenta- umbilical cord and can accumulate in fetal 
tissues including the brain (Osman et al.  2000 ; Villeda-Hernandez et al.  2001 ; 
Lafond et al.  2004 ; Benitez et al.  2009 ). 

 Acute lead exposure in adults can cause clinical early symptoms such as nausea, 
abdominal pain, irritability, headache, loss of memory, and hallucinations and may 
develop within weeks of initial exposure. Chronic lead poisoning in humans is most 
common that the acute form and affects gastrointestinal, neuromuscular, renal and 
haematological systems (ATSDR  2007 ). Neurological symptoms such as dullness, 
irritability, poor attention span, lethargy, fatigue, epigastric, constipation, vomiting, 
convulsions, paresthesia, and coma can be observed following prolonged exposure 
(Jarup  2003 ; ATSDR;  2007 ). Likewise, peripheral neuropathy is a classic manifes-
tation reported by effect of chronic lead exposure, somatosensory evoked poten-
tials as well as diminution of peripheral nerve function through conduction velocity 
of electrically stimulated nerves in the arm or leg of lead workers can be reported 
(Araki et al.  2000 ). 

 Although peripheral nerve damage and paralysis may still be reported in adult, the 
most common clinically toxicity is lead encephalopathy, coma, convulsions, and 
death occurring in children with very severe lead poisoning. Likewise, neurobehav-
ioral and cognitive effects such as aggression, psychosis, confusion, memory and 
learning defi cit, related to environmental long term lead exposure during neurodevel-
opment persist through childhood and adulthood (Bellinger and Needleman  2003 ; 
Bellinger and Bellinger  2006 ; Mazumdar et al.  2011 ). A number of studies provide 
convincing evidence that supporting the association between blood lead levels and 
intellectual impairment in children with defi cit and cognitive development impair-
ments, diffi culties in learning and mental concentration, as well as reduced IQ scores, 
diminished school performance, defi cits suggestive of Attention Defi cit Disorder 
(ADD) at low levels of exposure (Canfi eld et al.  2003 ; Bellinger and Needleman 
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 2003 ; Bellinger and Bellinger  2006 ; Mazumdar et al.  2011 ). Experimental studies 
have reported similar behavioral problems in lead-exposed primates and/or rats, 
demonstrating that deleterious effects such as distractibility, inability to inhibit inap-
propriate behavioral response and learning and/or memory impairment can be a con-
sequence of developmental lead exposure (Rice  1993 ; Yang et al.  2003 ; Garcia-Arenas 
et al.  2004 ; EPA  2006 ).  

6.3.3     Mechanism of Neurotoxicity 

 Lead can affect the nervous system through multiple pathways, several mecha-
nisms have been proposed for lead toxicity: (1) the interaction of lead in the heme 
biosynthetic pathway, (2) potential mechanisms for lead induced oxidative stress; 
(3) the direct depletion of the level of available sulfhydryl antioxidant reserves 
and (4) interaction with calcium ion mimicking Ca 2+  action and/or disrupting Ca 2+  
homeostasis. 

 Lead has high affi nity for sulfhydryl groups and can inactivate enzymes, 
 especially those involved in processes responsible for heme synthesis such as 
δ-aminolevulinic acid dehydratase (ALAD) that is the most sensitive enzyme to 
lead and ferrochelatase that is the last step of heme synthesis; the inhibition of 
ALAD lowers heme production and increases levels of the substrate delta- 
aminolevulinic acid (ALA), elevated levels of ALA induces ROS production (Flora 
et al.  2008 ; Flora  2009 ). ALA suppresses GABA-mediated neurotransmission by 
inhibiting its release and also possibly by competing with GABA at receptors 
(Anderson et al.  1996 ). Glutathione reductase (GR) is another specifi c sulfhydryl 
containing enzymes that are inhibited by lead further contributing to an impairment 
in pro-oxidant/antioxidant balance (Patrick  2006 ). Oxidative stress is considered an 
important molecular mechanism of lead neurotoxicity which occurs when genera-
tion of free radicals exceed the capacity of the antioxidant defense mechanism. 
Accumulation of ALA induced ROS generation in lead toxicity and leading a 
signifi cant increase of lipoperoxidation (LPO) induced by H 2 O 2  and iron and 
increases fl uxes of O −2  and H 2 O 2 ; it’s due to direct interaction of lead with biological 
membranes; has been reported that neurons are particularly vulnerable to increases 
in ROS levels due to they have a reduced capacity to detoxify ROS (Antonio 
et al.  2003 ; Bennet et al.  2007 ) it is unclear whether oxidative stress is the cause or 
the consequence of the toxic effect of lead. 

 Lead exposure might induce changes in the activities of antioxidant enzymes, 
depressed levels of glutathione reductase, glutathione peroxidase, and glutathione-
S- transferase correlated with depressed glutathione levels, this depletion of gluta-
thione and the changes in the activities of various antioxidant enzymes indicative of 
lipid peroxidation have been implicated in lead-induced oxidative tissue damage 
(Ahamed and Siddiqui  2007 ). Several authors have reported that lead can induce 
signifi cative decrease in the activity of superoxide dismutase (SOD) and catalase 
(CAT) in rat brains exposed to lead (Nehru and Kanwar  2004 ; Moreira et al.  2001 ). 
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Similar results were obtained by Wang et al. ( 2006 ), who found that the activity of 
SOD, Glutathione peroxidase (GPx) and reduced glutathione (GSH) were decreased 
signifi cantly in 21-day-old rat brains exposed to lead during pregnancy. 

 On the other hand, one of the important mechanism of lead induced neurotoxic-
ity is the interaction between lead and calcium, its due to that lead may gain entry 
into cells although one or more of the different types of calcium channels (Bridges 
and Zalups  2005 ; ATSDR  2007 ). Lead impairs normal calcium homeostasis and the 
two pathways that have received more attention are calmodulin and protein kinasa 
C (PKC), calcium induces a conformational change in calmodulin that converts the 
protein to its active form lead acts by displacing calcium ions bound to calmodulin; 
the activation of calmodulin by lead results altered production of Nitric Oxide (NO) 
through Nitric Oxide Synthase (NOS) pathway and protein phosphorylation alter-
ing cAMP messenger (Goyer and Clarkson  2001 ; Nava-Ruíz et al.  2012 ). Lead can 
alter the activity and expression of nNOS and eNOS in different brain regions pri-
marily because lead can mimic calcium at binding sites, this binding may prevent 
the accessibility of calcium to NOS, thus leading to the decreased activity of nNOS/
eNOS (Selvin-Testa et al.  1997 ; Nava-Ruíz et al.  2012 ); the possible deleterious 
effect of lead might be related to an interference that signifi cantly affects the induc-
tion of Long Term Potentiation (LTP) in the hippocampus, mediated by NO regula-
tion impairment the learning and memory processes (White et al.  2007 ; Toscano and 
Guilarte  2005 ). 

 Glutamate is the major excitatory neurotransmitter in the brain, can activate both 
ionotropic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid(AMPA) and 
metabotropic receptors, N-methyl-D-aspartate receptor (NMDAr) which upon 
activation open their associated ion channel to allow the infl ux of Ca 2+  and Na +  ions. 
It is well known that activation the NMDAr plays an essential role in hippocampus 
mediated the learning and memory; the major cellular mechanism within the hip-
pocampus believed to be responsible for acquisition of new memories is LTP and 
can be disrupted by inhibition of the NMDAr. Thus, impairment of the NMDAR has 
been shown to produce learning defi cits on both the behavioral and cellular level 
(Toscano and Guilarte  2005 ). These functions are mediated by calcium entry 
through the NMDA; calcium Ca 2+ , activates protein kinase A (PKA), mitogen-
activated protein kinase (MAPK) and calcium/calmodulin- dependent protein kinase 
(CAMK) pathways, which converge at the cyclic-AMP-response element-binding 
protein (CREB) (Toscano and Guilarte  2005 ). The over-activation of NMDA 
receptors triggers an excessive entry of Ca 2+ , initiating a series of cytoplasmic and 
nuclear processes that promote neuronal cell death. Lead is a potent, non-competitive 
antagonist of the NMDAr and has been shown to impair hippocampus-mediated 
learning in animal models of lead exposure the cognitive effects of Pb 2+  exposure 
are believed to be mediated through its selective inhibition of the NMDAr, (Toscano 
and Guilarte  2005 ). Lead exposure during synaptogenesis in hippocampal neurons 
altered synaptic NMDAr composition and synapse development (Neala et al.  2011 ). 
Likewise, calcium disruption by lead affects release, synthesis, and storage of some 
neurotransmitters, impair the neurotransmission.  
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6.3.4     Morphologic Changes on Central Nervous System 

 Lead neurotoxicity occurs when the exposure to lead alters the normal activity of 
the CNS and causes morphological damage to the CNS. Neurotoxic actions of lead 
include apoptosis in hippocampal cells (Sharifi  et al.  2002 ) and apoptotic neurode-
generation in the neonatal mouse brain on acute lead exposure (Dribben et al.  2011 ). 
Probability the primary lesion in acute lead encephalopathy is a breakdown of the 
blood-brain barrier (BBB) which does not fully develop until the middle of the fi rst 
year of life (Costa et al.  2004 ). The endothelial cells are the fi rst to be exposed to 
lead passage into the brain, are especially rich in mitochondria, making the BBB 
susceptible to lead poisoning. The capillaries may be dilated, narrowed necrotic or 
trombosed with consequent extravasation of fl uid disruption develop in severe cere-
bral oedema and loss of neuronal cells (Gwalteney-Brant  2002 ; ATSDR  2007 ). 
Other neuropathological lesions by chronic lead intoxication include cytoplasmic 
vacuolization, hyperchromatic cells, chromatolysis, interstitial oedema, gliosis, in 
the prefrontal cortex, hippocampus, striatum and thalamus (Villeda-Hernandez 
et al.  2006 ) loss of pigmented neurons and the appearance of small shrunken cells 
(Moneim et al.  2011 );degeneration and necrosis of cerebellar Purkije cells, hipom-
myelinitation    and demyelination of nerve fi bers (Soltaninejad et al.  2003 ). 
Ultrastructurally, Pb causes alterations in mitochondria, Golgi apparatus and incre-
ment of gliofi laments in astrocytes (Struzyñska et al.  2001 ). Exposition of lead dur-
ing early life alters granule cell neurogenesis and morphology manifested by 
reductions in the length density of apical dendrites of granule cells in the dentate 
girus (Verina et al.  2007 ). 

 Animal studies reveal morphological changes in the oligodendroglia with a sig-
nifi cant decrease in the formation of myelin, particularly during late gestational 
development and the postnatal period, in both the peripheral and the central nervous 
system in rats exposed to lead (Dabrowska-Bouta et al.  1999 ,  2008 ). The lead expo-
sure causes commonly astrogliosis with an increases in the synthesis and concentra-
tion of glial protein fi brillary acidic protein (GFAP), that has been suggested as an 
early indicator of neurotoxic insult; animal studies have shown that the expression, 
synthesis, and concentration of GFAP, as well as the number of astrocytes, were 
increased in specifi c brain regions of rats exposed to lead and the most marked long- 
lasting effects occurred when the rats were exposed during the developmental 
period (Van Den Berg et al.  1996 ; Tiffany-Castiglioni and Qian  2001 ; Struzyñska 
et al.  2001 ). Peripheral neuropathy is a classic manifestation of lead toxicity; several 
humans and animal studies have been shown segmental demyelinitation, axonal 
degeneration, cell degeneration with swelling cytoplasm and hypertrophy Schwann 
cells in peripheral nerves (Gwalteney-Brant  2002 ; Goyer and Clarkson  2001 ; 
ATSDR  2007 ). 

 In our laboratory, we have observed in adult rats exposed acute to high doses of 
lead, eosinophilic neurons with slight interstitial oedema on the brain parenchyma 
(Fig.  6.3c, f ), pyknotic nuclei (ischemic cell damage) of pyramidal neurons dis-
played highly condensed nuclei and eosinophilic cytoplasm located in the large 
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pyramidal neurons of the hippocampus with severe interstitial oedema (Fig.  6.3a ), 
similar results include neuronal cell death and ultimately in axonal and dendritic 
breakdown were observed in Purkinje cells in cerebellum tissue (Fig.  6.3d ). In lead 
encephalopathy gliosis may occur, the astrocytes can increase the number of cyto-
plasmic fi laments (chiefl y glial fi brillary acidic protein, GFAP) altered arrangement 
of cellular processes and it’s has been suggested as an early indicator of neurotoxic 
insult. We found an increase in the characteristic staining pattern immunoreactivity 
for GFAP in the parietal cortex (data not shown), large pyramidal neurons of the 
hippocampus (Fig.  6.3b ) and cerebellum of brain adult rats to high acute lead expo-
sure (Fig.  6.3e ); the similar immunoreactivity pattern was observed in the cerebel-
lum of rat fetuses exposed prenatally to high doses of lead (Fig.  6.3g ). Lead 
neuropathy in humans and experimental animals is manifested by Wallerian axonal 

  Fig. 6.3    Hippocampus ( a  and  b ), parietal cortex ( c  and  f ) and cerebellum ( d  and  e ) of adult rat 
exposed to acute to high doses of lead. Cerebellum of rat fetuses exposed to lead acetate during 
total gestation ( g ). Peripheral nerve of rats exposed chronically to lead ( h  and  i ). Pyknotic nuclei 
with eosinophilic cytoplasm of large pyramidal neurons (↑) ( a ); and eosinophilic neurons with 
slight interstitial oedema on the brain parenchyma ( c  and  f ) were observed. Cell death and den-
dritic breakdown are shown in Purkinje cells ( d ). An increase in characteristic staining pattern for 
GFAP in hippocampus ( b ) and cerebellum regions was observed (↑) ( e ). Similar patterns of immu-
noreactivity staining for GFAP was observed in the cerebellum of rat fetuses ( g ). Peripheral nerve 
show cells Schwann nuclei with vacuolization and edematous damage of myelin ( h ). In semi-thin 
sections myelinated axons ( m ) can be observed with separation of the myelin lamellae (↑) and 
irregular profi le (protrusion) (↑). H&E stain ( a ,  c ,  d  and  f ), immunohistochemical stains for GFAP 
antibody ( b ,  e  and  g ) and Myelin antibody ( h ), Toluidine blue stain ( i )       
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degeneration and segmental demyelination, affecting primarily motor nerves. We 
observed immunohistochemical alteration with the myelin basic protein antibody 
(that may be used to assess myelin integrity) and edematous lesions characterized 
by vacuolization; while that cells Schwann nuclei between nerve fi bers (axon and 
myelin sheaths) shown normal appearance (Fig.  6.3h ). Semi-thin sections of sciatic 
nerve of rats exposed chronically to lead shown damage myelin with separation of 
the myelin lamellae (intramyelinic edema) with irregular profi le (protrusion into the 
axoplasma) and loss of myelin sheaths (Fig.  6.3i ).

6.4         Thallium 

6.4.1     Sources and Exposure 

 Thallium is a naturally occurring trace element, widely distributed in the earth’s 
crust. Pure thallium exists in nature but is usually found combined with other ele-
ments in inorganic compounds. Thallium forms compounds in both the monovalent 
and trivalent states; however, the monovalent state is the most stable; it’s a highly 
toxic heavy, in the form of tasteless, odourless and colourless salts (Nriagu  1998 ). 
Thallium exists in the environment mainly combined with other elements (primarily 
oxygen, sulfur, and the halogens) in inorganic compounds. Release of thallium into 
the environment may occur as the result of human activities, with the emission 
of vapor and dust, liquid and solid waste; mainly from coal-burning power plants, 
cement factories, and ferrous and nonferrous smelting operations in which thallium 
is a trace contaminant of the raw materials, rather than from facilities producing or 
using thallium compounds; monitoring data indicate elevated thallium concentra-
tions near industrial and commercial sources and hazardous waste sites (Nriagu 
 1998 ; John Peter and Viraraghavan  2005 ; Cvjetko et al  2010 ). 

 Humans may be exposed to thallium by ingestion, inhalation, or dermal absorp-
tion. However, the general population is exposed more frequently by ingestion of 
thallium-containing foods, especially homegrown fruits and green vegetables. 
Inhalation of contaminated air near emission sources or in the workplace may also 
contribute to thallium exposure of some individuals (ATSDR  1999 ). Occupational 
exposure to thallium may be signifi cant for workers in smelters, power plants, cement 
factories, and other industries that produce or use thallium compounds or alloys 
(John Peter and Viraraghavan  2005 ; Cvjetko et al.  2010 ). Thallium has also been 
employed for clinical purposes as a depilatory as well as in the treatment of tubercu-
losis, syphilis and gonorrhea (Kazantzis  2000 ). The therapeutic use of these salts has 
been abandoned, but the hazards of an accidental ingestion of thallium- containing 
rodenticides, or its use in homicidal or suicidal ingestion, occur occasionally 
(Kazantzis  2000 ; Tsai et al.  2006 ). Likewise, thallium salts are still widely used as 
rodenticides and insecticides in some countries, despite the World Health Organization 
recommendation against its use in 1973 (Galvan-Arzate and Santamaria  1998 ).  
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6.4.2     General Toxicology 

 Thallium produces one of the most complex and severe toxicity, involving a wide 
range of the organs and tissues. Human exposure may take different routes; orally, 
by digestion of contaminated food, dermal or respiratory by inhalation of dust and 
fumes (Cvjetko et al.  2010 ). The high degree of absorption, high bioavailability, 
and slow excretion contribute to the high potential for toxicity of thallium such as 
is distributed throughout the body (Repetto et al.  1998 ). Thallium levels in urine, 
blood, and hair have been used as indications of exposure to thallium and the 
determination of thallium in urine has been the most widely used of biological 
indicators of thallium exposure (ATSDR  1999 ; Mulkey and Oehme  1993 ). Once 
it enters the body, thallium is absorbed through the skin and mucous membranes, 
is widely distributed throughout the body and accumulates in the bones, renal 
medulla, liver, heart, muscle, lung and, eventually in the central nervous system 
(Leonard and Gerberr  1997 ; John Peter and Viraraghavan  2005 ). Thallium can 
cross the placental barrier and is present in breast milk (Hoffman  2000 ) as well as 
can cross the blood- brain barrier and deposit in the brain (Galván-Arzate et al. 
 2000 ). Thallium is slowly excreted through the bile, urine and feces and may per-
sist for many weeks or even months (Repetto et al.  1998 ). The biological half-life 
of thallium is estimated at approximately 10 days but up to 30 days in humans 
(Cvjetko et al  2010 ). 

 Thallium compounds can affect the respiratory, cardiovascular, and gastroin-
testinal systems, liver, kidneys, the male reproductive system, peripheral and cen-
tral nervous systems; temporary hair loss has also been associated with ingestion 
of thallium in humans. Clinical symptoms of thallium poisoning can be classifi ed 
as acute, subchronic and chronic depending on the time and level of exposure, the 
rate of absorption, age and individual susceptibility (Repetto et al.  1998 ). In 
humans, a triad of gastroenteritis, polyneuropathy, and alopecia is regarded as the 
classic syndrome of thallium intoxication (Tabandeh et al.  1994 ). Other symp-
toms include polyneuritis, encephalopathy, tachycardia, degenerative changes of 
heart, liver, kidney and, the characteristic dermatological such as alopecia, hyper-
keratosis, and Mees’ lines in nails (Mulkey and Oehme  1993 ; Tromme et al.  1998 ; 
Gwalteney- Brant  2002 ); while that major symptom of thallium poisoning includes 
anorexia, headache, pains in abdomen, paresthesia and hyperesthesia of extrem-
ity, ataxia, muscle weakness, cranial nerve palsies, convulsion, coma and even 
death may be caused (Van Kesteren  1994 ; ATSDR  1999 ; Tsai et al.  2006 ). 
Subacute and chronic intoxication is associated with cumulative thallium, in con-
trast no symptoms are observed in chronic exposure and the thallium intoxication 
may not be suspected until alopecia occurs (Repetto et al.  1998 ). After exposure 
for weeks or months, ataxia and paresthesia may be the outstanding symptoms; in 
time, the paresthesia may progress to evident peripheral neuropathy with weak-
ness and atrophy of the associated musculature (Galván-Arzate and Santamaria 
 1998 ). Mental disturbances include poor attention, anxiety, depression, altered 
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consciousness, hallucination, and paranoid syndromes (Tsai et al.  2006 ), as well 
as nerve conduction studies have shown abnormalities consistent with peripheral 
neuropathy with changes in somatosensory action potential, atrophy of the optic 
nerve with ophtalmoplegia and nystagmus (Limos et al.  1982 ; Tsai et al.  2006 ; 
Cvjetko et al.  2010 ).  

6.4.3     Mechanism of Neurotoxicity 

 The exact mechanism that mediates thallium toxicity is unclear. However, the well- 
known cellular mechanisms of thallium toxicity include the substitution of potas-
sium in many vital potassium-dependent processes due to the similarity of the 
ionics radius, as well as a high affi nity for the sulfhydril or thiol group of mito-
chondrial membranes, inhibition of cellular respiration, interaction with B vita-
mins (especially rivofl abin and thiamine), alteration of intracellular calcium levels 
and increased ROS formation, and high levels of lipid peroxidation (Mulkey and 
Oehme  1993 ). 

 The substitution of potassium in the (Na + /K + )-ATPase is due to that both univa-
lent ions have similar ionic radii and the remarkable inability of cell membranes to 
distinguish between thallium and potassium (Mulkey and Oehme  1993 ; Galvan- 
Arzate and Santamaria  1998 ), thallium binds Na + /k + -ATAase with tenfold higher 
affi nity than potassium, this leads to accumulation of thallium within the cell at the 
expense of potassium; substitution of thallium for potassium alters nerve cell excit-
ability and muscle fi ber contractibility (Repetto et al.  1998 ). 

 Another possible mechanism of thallium toxicity is its high capacity binds sulf-
hydril groups, from proteins and other enzymes, such as hydrolases, oxidoreduc-
tases, and transferases leading to a generalized poisoning (Ramsden  2002 ). Thallium 
further interferes with cellular respiration by binding sulfhydryl groups on mito-
chondrial enzymes such as pyruvato dehydrogenase and succinate dehydrogenase; 
and cysteine-rich molecules such as keratin, thallium increase the solubility of 
keratin and decrease its resistance to stretching-these alterations are manifested 
 clinically as skin, hair and nail abnormalities (Gwalteney-Brant  2002 ). As  mentioned 
above, it has been proposed that thallium uncouples mitochondrial electron trans-
port, so inducing loss of mitochondrial transmembranal potential. This, in turn, 
increases the oxidant content in mitochondria with subsequent release of cyto-
chrome C which impairs mitochondrial functioning, decreasing ATP production by 
reduction of ribofl avin and a depletion of fl avine and opening the transition pores 
leading uncoupling of the respiratory chain (Hanzel and Verstraeten  2006 ; Puga and 
Verstraeten  2008 ). 

 On the other hand, thallium affects metabolism of non-protein sulfhydryls such 
as glutathione which plays a crucial role in heavy metal toxicity; the reduction of 
glutathione levels as well as a depleted glutathione peroxidase (Hanzel et al.  2005 ) 
and super oxide dismutase (SOD) activity resulting in a increase in free radicals 
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and lipid peroxidation induced damage to cellular membranes (Galvan-Arzate et al. 
 2005 ). Some groups have reported that thallium increase lipid peroxidation in 
 various  tissues and brain regions (Hasan and Ali  1981 ; Hanzel and Verstraeten 
 2006 ;  Galvan-Arzate et al.  2000 ,  2005 ), as well as changes associated with the con-
centrations of amino acids(glutamic acid, aspartic acid) and other neurotransmitters 
 (glutamic acid, dopamine, serotonin) in various regions of the rat brain (Galvan-
Arzate and Santamaria  1998 ).  

6.4.4     Morphologic Changes on Central Nervous System 

 Pathological studies in intoxicated humans and animals have revealed damage 
in brain and peripheral nerves. Neuropathological studies of the brain are lim-
ited and reveal edematous changes and vascular engorgement in the cerebral 
hemispheres, and chromatolytic changes in the motor cortex, globus pallidus, 
substantia nigra, and brainstem nuclei (Davies et al.  1981 ) as well as changes in 
the brain capillaries, cerebellar edema with pyknotic Purkinje cells and focal 
areas of necrosis also has been reported (Barroso-Moguel et al.  1994 ; Gwalteney-
Brant  2002 ). 

 Pathological studies in intoxicated humans and animals have revealed focal 
axonal swelling and fragmentation; with swelling and degeneration of myelin 
sheaths, chromatolysis of the nerve cells, and secondary myelin loss of the periph-
eral nerve. Limos et al. ( 1982 ) used an electron microscope to study the effects 
of thallium intoxication in human muscle and peripheral nerve; they observed 
axons of myelinated fi bers with markedly dilated myelin sheaths that showed 
the absence, severe alteration or disintegration of axoplasmic organelles; as well 
as swelling and vacuolation with complete loss of microtubules. Long periph-
eral nerve fi bers, especially large sensory nerve tracts, appear to be affected to be 
affected preferentially. 

 Moreover, our results shown several neurons with hyperchromatic, shrunken 
perikaryon and corkscrew-shaped dendrite in cerebral parenchyma, as well as slight 
interstitial oedema in the neuropil (Fig.  6.4a, f ); eosinophilic neurons with pyknotic 
nuclei (ischemic cell damage) in fascia dentate of hippocampal region (Fig.  6.4b, e ) 
in adult rats exposed to acute thallium intoxication. In the cerebellar cortex, Purkinje 
cells with atrophic nuclei, loss of Purkije cells and interstitial oedema between 
molecular and granular layer has been observed (Fig.  6.4c, d ). The expression of 
myelin in the peripheral nerve in thallium exposed rats shown Schwann nuclei 
between nerve fi bers with myelin edematous lesions, characterized by marked 
extensive vacuolization (Fig.  6.4g, h ). Likewise, observations of semi-thin sections 
of peripheral nerve showed myelinated and amyelinated axons with disorder from 
the interlamellar space, myelin condensate with protrusion into the axoplasma, seg-
mental demyelinitation and several nerve fi bers producing myelinopathy of rats 
treated with thallium (Fig.  6.4i ).
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6.5         Conclusion 

 Exposure of human populations to a wide variety of chemicals has generated 
 concern about the potential neurotoxicity of new and existing chemicals or envi-
ronmental agents. The complexity of the central nervous system is a key factor in 
its vulnerability to toxicant insult; the nerve cells or groups of cells greatly vary in 
morphology, function and characteristics from one region of the central nervous 
system to another. Neurotoxicology may be simply defi ned as the study of the 
adverse effects on the structural, biochemical and functional integrity of the ner-
vous system; this effect that develops in the central nervous system or peripheral 

  Fig. 6.4    Parietal cortex ( a  and  f ), hippocampus ( b  and  e ), cerebellum ( c  and  d ) of rats adult 
exposed to acute doses of thallium. Peripheral nerve of rat exposed chronically to low doses of 
thallium ( g ,  h  and  i ). Several neurons with hyperchromatic, shrunken perikaryon and corkscrew- 
shaped dendrite in the cerebral parenchyma with interstitial oedema were observed ( a  and  f ) as 
well as eosinophilic neurons with pyknotic nuclei in fascia dentate of hippocampal region ( b ). 
Purkinje cells with atrophic nuclei (↑), loss of Purkije cells and interstitial oedema (*) has been 
observed ( c  and  d ). Peripheral nerve show cells Schwann nuclei between axon and edematous 
myelin sheaths ( g ) and immunoreactivity stain myelin is altered by extensive vacuolization (↑) ( h ). 
Semi-thin sections showed myelinated axons ( m ) with alteration in the interlamellar structure, 
myelin condensate with protrusion (↑) and loss of myelin ( i ). H&E stain ( b ,  f  and  g ), Silver Stain, 
Rio–Hortega’s method ( a ,  c ,  d  and  e ). Immunohistochemical stains for Myelin antibody ( h ), 
Toluidine blue stain ( i )       
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system or both following exposure to chemical agents during development or 
adulthood. Therefore, the objectives of neurotoxicology are the study of metabo-
lism of neurotoxicants, identifi cation their toxic effects, characterization of lesions 
and then correlate morphological changes with molecular, and biochemical mecha-
nism. Experimental studies conducted in laboratory animals remain critical to the 
study of neurotoxicity. At present, morphological data are used commonly and 
correlate with neurochemical, electrophysiological, and behavioral fi ndings; thus, 
the pathologist plays a critical role in the evaluation and determination whether a 
chemical is neurotoxic. 

 Presented here are three examples of heavy metals that access to the central/
peripheral nervous systems: cadmium, lead and thallium. Although they share many 
common physical, chemical, and biochemical features, each heavy metal produce 
well-defi ned neuropathologic alterations in the nervous tissue. Studies in animals 
and human exposed to cadmium, lead and, thallium have been reported that these 
metals are able to increase the generation of free radical with an increment of lipid 
peroxidation, this increase may disrupt the balance between free radicals and the 
cell antioxidant defense leading induction of oxidative damage. This review pro-
vides some fi ndings the neuropathology changes to heavy metals, such as: damage 
in neurons, interstitial oedema, pyknotic cells, chromatolysis, Purkinje cell damage, 
necrosis, cell degeneration with swelling cytoplasm, hypertrophy Schwann cells 
with loss myelin sheaths. These alterations are due to mainly time and pathways 
exposure as well as the differences toxicokinetics of several heavy metals. Finally, 
future research in the recognizing of the dynamics of pathological processes is 
needed, particularly in the central nervous system damage for complete understand-
ing of the human health consequences to heavy metals exposure. 

 Despite the number of studies that have been carried out by different laboratories 
throughout the world in the last decades about the neurotoxicity of heavy metals is 
still necessary to explore further the molecular mechanisms of these metals. The use 
of new strategies such as confocal microscopy to determine the morphological alter-
ations in several animal models both developing and adult animals should be cor-
related with these studies of molecular biology. All the efforts of researchers in 
different laboratories is important especially need to translate to the human condi-
tion in order for basic science to be most effective in benefi ting human health.     
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    Abstract     Toxic elements including lead (Pb), cadmium (Cd), mercury (Hg) and 
arsenic (As) are ubiquitous in the environment and exposure of humans through 
food and water as well as occupational sources are known to have adverse effect on 
male reproductive health, and may be involved in the aetiology of several of human 
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diseases including renal, neuronal, developmental retardation, cardiovascular and 
carcinogenesis. The results of the elemental analysis of these elements in biopsy 
materials (semen, urine, blood, nails, teeth and bone) indicate that their toxicity is 
associated to the metal overload in the body. However, inconsistencies exist in many 
cases and as such it is imperative to clarify the casuality of these associations before 
translating these data into public health impact. Moreover, the use of chelation ther-
apy in medicine to reduce the concentrations of toxic metals in the body is a promis-
ing strategy in the treatment of metal toxicity.  

  Keywords     Arsenic   •   Cadmium   •   Lead   •   Mercury   •   Chelation therapy   •   Toxicity   
•   Human disease  

7.1         Introduction 

    Heavy metals are metallic elements which have a high atomic weight and a density 
much greater (at least 5 times) than water. There are more than 20 heavy metals, and 
the majority of them are very toxic to living organisms. Cd, Pb, Hg and inorganic As 
are the most potentially toxic elements in the environment. They have been  identifi ed 
as the most probable causes of heavy metal-related diseases observed in primary 
care medicine (Hu  2000 ). Toxic metals have no known nutritional or  benefi cial 
effects on human health and, even worse, as in the case of Pb, As, Cd and Hg, may 
be toxic even at trace levels of exposure. Today mankind is exposed to the highest 
levels of these metals in recorded history. This is due to their industrial use, the 
unrestricted burning of coal, natural gas and petroleum, and incineration of waste 
materials worldwide. Consequently, they are ubiquitous in nature and present in air, 
water, and soil, so that some level of exposure is not readily preventable. Human 
exposure can occur through a variety of routes. Metals may be inhaled as dust or 
fume (tiny particulate matter, such as the lead oxide particles produced by the 
 combustion of leaded gasoline). Some metals can be vaporized (e.g., mercury 
vapour in the manufacture of fl uorescent lamps) and inhaled. Metals may also be 
ingested involuntarily through food and drink. 

 There is growing concern that exposure to heavy metals may adversely affect 
male reproductive outcomes, namely semen quality parameters (sperm concentra-
tion, motility, and morphology), and circulating reproductive hormone levels (Wirth 
and Mijal  2010 ). Metal can also disrupt signal transduction pathways that play 
important roles in cell growth and development (Evan and Vousden  2001 ; Valko et al. 
 2006 ) and are been implicated in a plethora of diseases including cancer, neurological 
diseases, cardiovascular and renal diseases (Fig.  7.1 ) (Jomova and Valko  2011 ). In 
terms of health assessment, the extent of exposure to a metal is best determined by 
measuring its internal concentration, and more preferably the biologically effective 
dose at the target organ (as opposed to environmental concentration). For a number 
of reasons, however, it is not always feasible to determine the internal or biologically 
effective dose of the metal at the target tissue. Therefore, the use of biological 
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indicators, also termed “biomarkers of exposure,” is a way to link external exposure 
of a metal to internal dose (e.g., lead in blood and bone, arsenic and cadmium in 
urine, and mercury in maternal hair or umbilical cord blood). The disposition of met-
als in humans is shown in Fig.  7.2 . Metal-chelation therapy in medicine is now being 

  Fig. 7.1    Some disease conditions in humans cause by exposure to toxic elements       

  Fig. 7.2    Disposition of metals in humans (Source: Kakkar and Jaffery  2005 )       
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used in the treatment of metal intoxication (Piazza et al.  2009 ; Raffoul et al.  2007 ). It 
is interesting to note that some candidates pro-drug chelators are common food con-
stituents with antioxidative potentials (Aggarwal and Shishodia  2006 ; Banerjee et al. 
 2006 ). Consequently, the role of antioxidants in mitigating the damage of toxic 
 metals and assisting the process of chelation has been explored in vitro and animal 
studies; however, clinical trials in humans have been limited. This article focuses on 
the contribution of four toxic elements (Pb, Hg, As and Cd—as they are arguably the 
most important metal toxins from a global perspective) in the recent development on 
metal poisoning, with particular emphasis on their male reproductive health effects 
and other diseases, their presence in the environment and biomarkers of exposures as 
well as the possible benefi cial roles of combination therapy rather than monotherapy 
in decreasing the health risk associated with metal exposure.

7.2         Toxic Elements in the Human Environment 

 Toxic elements occur naturally in our environment, especially in the Earth’s crust, 
where they contribute to the balance of the planet. However, as a result of human 
activity they are distributed, concentrated and chemically modifi ed, which may 
increase their toxicity. 

  Lead (Pb) : The level of lead in the earth’s crust is about 20 mg/kg. It is seldom found 
in its elemental form; however, it is part of several ores including its own (galena, 
PbS). Lead in the environment may be derive from either natural or anthropogenic 
sources. Natural sources of atmospheric Pb include geological weathering and volca-
nic emissions and have been estimated at 19,000 tonnes per year, compared to an 
estimate of 126,000 tonnes per year emitted to the air from the mining, smelting and 
consumption of over three million tonnes of lead per year. Ambient air levels over 
10 μg/m 3  have been reported in urban areas near a smelter, whereas Pb levels below 
0.2 μg/m 3  have been found in cities where leaded petrol is no longer used. Background 
levels of Pb in soil range between 10 and 70 mg/kg and a mean level near roadways 
of 138 mg/kg have been reported. Present levels of Pb in water rarely exceed a few 
μg/L; the natural concentration of Pb in surface water has been estimated to be 
0.02 μg/L. The current annual worldwide production of Pb is approximately 5.4 mil-
lion tons and continues to rise. Sixty percent of Pb is used for the manufacturing of 
batteries (automobile batteries, in particular), while the remainder is used in the pro-
duction of pigments, glazes, solder, plastics, cable sheathing, ammunition, weights, 
gasoline additive, and a variety of other products. It is known to be the most common 
industrial metal that has become widespread in air, water, soil and food (Raikwar et al. 
 2008 ). Airborne Pb can be deposited on soil and water, thus reaching humans through 
the food chain and in drinking-water (Raikwar et al.  2008 ). A number of factors can 
modify the impact of Pb exposures. For example, water with a lower pH (such as 
drinking water stemming from the collection of untreated “acid rain”) will leach more 
Pb out of plumbing connected by lead solder than more alkaline water. Lead from soil 
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tends to concentrate in root vegetables (e.g., onion) (   Ward and Savage  1994 ) and leafy 
green vegetables (e.g., spinach). Individuals will absorb more Pb in their food if their 
diets are defi cient in calcium, iron, or zinc (Mahaffey  1990 ). 

  Arsenic (As) : In the environment As is usually found combined with other ele-
ments as inorganic and organic forms (Mishra et al.  2010 ). The most common 
oxidation numbers of arsenic are +5, +3 and −3 (Table  7.1 ), in which the element 
is able to form both inorganic and organic compounds both in water, soil or food 
and within the human body (Orloff et al.  2009 ). In combination with other ele-
ments such as oxygen, sulphur and chlorine, the element is referred to as inorganic 
arsenic and as combined with hydrogen and carbon as organic arsenic. Since most 
arsenic compounds lack colour or smell, the presence of arsenic is not immedi-
ately obvious in food, water or air, thus presenting a serious human health hazard 
given the toxic nature of the element. Arsenic is used in bronzing, hardening and 
improving the sphericity of shot, wood preservation, pyrotechnics, varieties of 
semiconductor devices solar cells, light-emitting diodes, lasers, and integrated 
 circuits; and as pesticides. Arsenic is ubiquitous in nature and its abundance ranks 
twentieth in the Earth’s crust, fourteenth in seawater and twelfth in the human 
body. Arsenicals usually occur in trace quantities in rock, soil, water, and air. 
Concentrations may be higher in certain areas as a result of weathering and anthro-
pogenic activities including metal mining and smelting and during fossil fuel com-
bustion (Das and Roy Chowdhury  2006 ). Inorganic arsenic is found in groundwater 
used as drinking- water in some areas of the world. Deep-water wells in Taiwan and 
Chile are now well-known to be contaminated with arsenic (Ferreccio et al.  2000 ). 
Water from relatively shallow tube wells in areas of Bangladesh, West Bengal, and 
other parts of the subcontinent has also been recently found to be heavily contami-
nated with As (Biswas et al.  1998 ). It was reported that almost 43 million people 
living in these areas have been drinking water that is laden with arsenic (Chowdhury 
et al.  2000 ). The WHO recommended limit for arsenic in water is 10 μg/L (Jomova 
et al.  2011 ). However, Arsenic concentrations in the range 50–3,200 μg/L have 
been measured (Bhattacharya et al.  2003 ). Background concentrations of As in soil 
range from 1 to 40 mg/kg, with a mean value of 5 mg/kg. Terrestrial plants may 
accumulate As by root uptake from the soil or by adsorption of airborne As depos-
ited on the leaves. In fi shes As ranged between 5–100 μg/g and reach to 100–
250 μg/g in species at the top of the food chain (Jomova et al.  2011 ). The largest 
source of As and other metals is usually food, of which the main dietary forms are 
seafood, rice, mushrooms and poultry (Jomova et al.  2011 ). While there is more 

   Table 7.1    Toxic metal and their reactive forms   

 Metal  Toxicity 

 Arsenic  Inorganic arsenate [(As (+5)] or [As (+3)] are more toxic 
 Cadmium  All forms are toxic and need attention 
 Lead  Organic forms are more toxic and easily absorbed by the gastrointestinal tract 
 Mercury  Hg (II) Organomercurials mainly methylmercury; biologically magnifi ed 

  Source: Michalke ( 2003 )  
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arsenic per se in seafood, this is mostly in an organic form called arsenobetaine 
which is much less harmful than others.

    Cadmium (Cd) : Cd occurs in nature at low concentrations, mainly associated with 
ores of zinc, Pb, and copper. Values for total Cd concentrations in unpolluted soils 
vary from <0.01 to 2.50 mg/kg. European studies reported that the Cd concentrations 
in European soils ranged from 0.06 mg/kg in Finland to 0.50 mg/kg in the UK, 
depending on the nature of the parent material (Jensen and Bro-Rasmussen  1992 ). 
EPA has established reference dose (RD) for Cd of 0.001 mg/kg/day for food and 
0.0005 mg/kg/day for water. These amounts represent an estimated daily oral expo-
sure that is likely not to cause adverse health effects (WHO  1992a ; DEFRA  2002 ). 
Cd is employed in several industrial processes such as: protective coatings (electro-
plating) for metals like iron; preparation of Cd-Ni batteries, control rods and shields 
within nuclear reactors and television phosphors. Some Cd-compounds are used as 
stabilizers for PVC. For non-smoking population the major exposure pathway is 
through food. Cadmium is readily taken up by plants. Some root crops  (carrots and 
parsnip) and some leafy crops (lettuce and spinach) are able to accumulate more Cd 
compared to other plant foods. Grain crops like rice and wheat can accumulate rela-
tively high amounts of Cd (WHO  1992b ). Furthermore, Cd is readily accumulated by 
many organisms, particularly by microorganisms and molluscs where the bio-con-
centration factors are in the order of thousands. Soil invertebrates also concentrate 
Cd markedly. The biological half life of Cd in humans is long ranging from 7 to 
26 years in kidney and 3–4 months in blood. Due to its low rate of excretion, Cd 
accumulates over time in the kidneys, liver, semen, ovaries, and  placenta (Akinloye 
et al.  2006 ; Wirth and Mijal  2010 ) with a preference for male reproductive organs 
(Wirth and Mijal ( 2010 ). Specifi c heavy-metal-binding proteins (metallothioneins) 
have been isolated from Cd-exposed organisms. The Cd level to which the general 
population is exposed has been estimated in a representative, population-based sur-
vey of the general USA population (Wirth and Mijal  2010 ). The estimated blood 
geometric mean for Cd, unadjusted for smoking, for individuals 20 years and older 
was 0.412 mg/L, and for all males 1 year and older was 0.403 mg/L. 

  Mercury (Hg) : Mercury occurs in nature in mineral, cinnabar, metacinnabar and 
hypercinnabar in different chemical forms. Metallic Hg, mercurous and mercuric 
mercury (HgO, Hg +  and Hg 2+ ) respectively are widely used in some chemical, 
metal-processing, electrical-equipment, automotive, and building industries and in 
medical and dental services (Clarkson and Magos  2006 ). Mercurous and mercuric 
Hg form inorganic and organic compounds with other chemicals that can be readily 
absorbed through ingestion. All three forms of Hg are toxic to various degrees. The 
organic form, methyl mercury (MeHg), is the most toxic. When deposited in soil, 
organic mercury compounds are slowly broken down into inorganic compounds; 
conversely, inorganic mercury can be converted by microorganisms in soil and 
water into the organic compound methyl mercury, which is then bio-concentrated 
up the food chain; each level of the food chain has higher tissue concentrations than 
its prey. The reaction takes place at the water-sediment interface (Wright and 
Welbourn  2002 ) and is facilitated by low pH and high dissolved organic carbon. 
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Methyl mercury dissolves well in water, crosses biological membranes, and persists 
in fatty tissues of organisms. The major route for methyl mercury exposure for the 
general population is consumption of fi sh particularly, tuna, king mackerel, and 
swordfi sh. Thus, their consumption, though popular, should be limited to less than 
twice per week and entirely avoided by women during pregnancy (Mahaffey et al. 
 2004 ). Diet can be the main source of inorganic and organo-mercurials especially 
seafood while dental amalgams are the main exposure source to elemental Hg. 
Elemental (monatomic) or metallic mercury occurs in vapour and liquid forms and 
is very stable. Evaporation of Hg vapour from land and sea surfaces, from volcanic 
activity, or through burning fossil fuel has resulted in its worldwide distribution. In 
the upper atmosphere Hg vapour is oxidized to water-soluble ionic inorganic Hg 
and returns to earth in rain. Mercury levels at the top of the food chain are thousands 
or millions of times higher than in water or sediments (Wright and Welbourn  2002 ). 
Fishes containing more than 0.4 ppm Hg are unfi t for human consumption and the 
critical urinary concentration of Hg has been suggested as 1–2 μg/mL. The intake of 
mercury as suggested by WHO is 43 μg (Krishnamurti  1987 ).  

7.3     Biomarkers of Toxic Elements 

7.3.1     Biomarkers: The Link Between Exposure Assessment 
and Disease Outcome 

 A biomarker can be broadly defi ned as any biological index capable of being mea-
sured, which is associated with or indicative of a defi ned biological endpoint such 
as a developmental or disease stage. In the fi eld of environmental health, biomarkers 
are the measurements used in the diagnosis or risk assessment (Sanders et al.  2009 ). 
In many countries of the world, the overall objective of the biological monitoring of 
toxic metals in humans is to prevent adverse health effects (Sakai  2000 ). 

 Biomarkers are generally classifi ed into three groups: biomarkers of exposure, 
effect, and susceptibility. The biomarkers of exposure and effect correspond to 
the monitoring of exposure and effect, respectively. Some of confounding factors 
in biological monitoring are related to the biomarkers of susceptibility. When 
chemicals enter the body, they produce internal doses as consequence of their 
disposition and metabolism. An exogenous substance or its metabolites or the 
product of an interaction between a chemical agent and some target tissues can 
be used for biomarkers of exposure. Biologically activated chemicals can bind 
functioning macromolecules such as enzymes, receptors, and DNAs, resulting in 
early effects of target tissues or organs. The early effect in biochemical process 
is usually reversible, and occurs within a short time after exposure (subclinical 
effect). It can be used for the biomarkers of effect, and may precede the altered 
structure or function of tissues, which may be irreversible and lead to clinical 
disease (Fig.  7.3 ). The toxicokinetics and toxicodynamics of chemicals entering 
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the body are affected by various individual factors, which are used as the 
 biomarkers of susceptibility. They may also be defi ned as the indicators or mea-
sures of inherent or acquired abilities of individuals to respond to the specifi c 
xenobiotic exposure (Sakai  2000 ).

   The “ideal” biomarker of exposure has several characteristics (Sanders et al. 
 2009 ) These include that the sample collection and analysis are simple, sensitive, 
and reliable; that the biomarker is specifi c for a particular type of exposure; that the 
exposure results in a reversible change; and that intervention or prevention of 
 exposure is considered if exposure is confi rmed by the biomarker. There should also 
be a well-established relationship between biomarker of exposure and outcome, in 
that the biomarker not only provides information about exposure levels but can also 
be predictive of an effect. For example, urinary Cd is directly correlated to the con-
centration of Cd in the renal cortex, which is one site for toxicant action of this 
metal. This is of immense value to an environmental carcinogen as means to iden-
tify risk factors for a disease outcome with much greater sensitivity. Biomarkers are 
therefore useful in the evaluation of progressive diseases that manifest their symp-
toms long after exposure to the initiating factor. In such cases, traditional early 
warning symptoms of developing disease may be lacking. When the disease 
becomes clinically apparent such as some cancers and neurological disorders, they 
may become irreversible. Therefore, detection of earlier events can provide a valu-
able timely warning of risk. Furthermore, a biomarker of exposure is also a measure 
of cumulative exposure to a metal—and also of metal actually existent in tissue, as 
occurs with chronic exposure for metals. However, such an approach may not be 
appropriate for metals that are not extensively accumulated in tissues, and it does 
not differentiate between metal present in a tissue in a sequestered or inactive form 
and metal engaged in toxic or pathological processes. There are environmental 
(water, air, soil, dust), occupational, medicinal, and dietary sources of metal exposure. 

  Fig. 7.3    Biomarkers of exposure, effects, and susceptibility in workers exposed to chemical 
substances (Source: Sakai  2000 )       
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For this reason, use of biomarkers increases the need for comprehensive, 
multi-pathway assessments of exposure. Reference or background levels of 
 biomarkers of exposure are essential for any assessment. Several metals, such as 
arsenic and selenium, are found naturally in the diet. Therefore, failure to consider 
dietary sources of metals may result in a misinterpretation of the exposure. For 
example, arsenobetaine is a non-toxic organic form of arsenic found naturally in 
shrimp and other seafood. The analysis of total unspeciated urinary arsenic of indi-
viduals who consume seafood, without recognition of their diet history, will lead to 
an overestimation of exposure to potentially toxic (inorganic) arsenic species. These 
markers can be obtained from different biological tissues and fl uids (blood, urine, 
bone, tooth, hair, and nail e.t.c) by invasive and non-invasive methods. Non-invasive 
methods are preferred over invasive methods because of greater acceptability. They 
are expired air, saliva, semen, urine, sputum, hair, nails, faeces, and breast milk. 
Invasive methods may yield samples from blood, lung tissue, bone marrow, amni-
otic fl uid, liver tissue, bone, follicular fl uid or adipose tissue. The measurement of 
metals in these biological matrices is the primary means of quantifying biomarkers 
of exposure for toxic metals in humans and experimental animals.  

7.3.2     Biomarkers of Arsenic Exposure 

 Measurements of the level of As in blood, urine, hair and nails have all been used as 
biological indicators of exposure to As (Jomova et al.  2011 ). However, As in the blood 
is metabolized within hours, therefore, the measurement of blood arsenic levels is not 
a good indicator of long-term exposure of individuals to arsenic (Jomova et al.  2011 ). 
There was also no correlation found between the level of As in the blood and the level 
of As in the drinking water of residents in several communities in the USA, where 
water levels ranged from about 6–125 μg/L (Levine  2012 ), supporting that measure-
ment of blood As is not a reliable marker for As exposure. Since the majority of As 
is absorbed from the lungs or the gastrointestinal tract and excreted in the urine, 
 normally within 1–2 days, measurement of urinary As levels is generally considered 
as the most reliable marker of acute arsenic exposure (Ng et al.  2005 ). The values 
obtained from such measurements are found to correlate well with exposures of popu-
lations living near industrial point sources of arsenic (Jones  2007 ). Furthermore, As is 
also known to infl uence the enzymes responsible for heme synthesis and degradation 
and activation of heme oxygenase (Jomova et al.  2011 ). For instance, arsenite was 
reported to induce de novo synthesis of heme oxygenase 1 (HO-1) in human lympho-
blastoid cells, but it has not been determined whether the same response is induced in 
vivo. Animal tests have shown that arsenic poisoning increased urinary levels of uro-
porphyrin, coproporphyrin and bilirubin (Ng et al.  2005 ). These tests have also been 
shown to be applicable to human subjects (García-Vargas and Hernández-Zavala 
 1996 ). Hence, altered urinary levels of these heme-related compounds could serve as 
a sensitive biomarker of arsenic exposure.  
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7.3.3     Biomarkers of Mercury Exposure 

 Biomarkers of MeHg exposure, such as total mercury levels in hair or blood, are 
regarded as more accurate measures of human exposure than dietary assessment 
(i.e., of fi sh consumption) because MeHg concentrations vary both between and 
within fi sh species (Groth  2010 ). Although it is correlated with maternal hair, 
cord blood mercury may better refl ect fetal exposure than maternal hair (Karagas 
et al.  2012 ). Mercury is excreted in breast milk, but it is not typically used as a 
matrix for assessing exposure, primarily because of low concentrations and vari-
ability in the proportion present as MeHg (García-Esquinas et al.  2011 ; Miklavcic 
et al.  2011 ). Tissues such as umbilical cord, meconium, placenta, and nail tissue 
are potentially useful matrixes for assessing mercury exposure, but have not been 
used widely in epidemiologic studies (Karagas et al.  2012 ). The largest survey of 
mercury levels in the general male USA population (1,127 men, mean age 
52.8 years) occurred in the mid to late 1990s and reported mean total blood mer-
cury of 2.55 mg/L (Kingman et al.  1998 ). Other more current surveys conducted 
in Europe that included men found lower levels (0.58 and 0.78 mg/L) (Wirth and 
Mijal  2010 ). Total blood Hg includes inorganic and organic forms, while urinary 
or plasma levels refl ect inorganic mercury exposure (Wirth and Mijal  2010 ) and 
thus is not used as an indicator of MeHg exposure; however, in hair, nails, and 
blood, MeHg is the primary contributor to total mercury levels (Karagas et al. 
 2012 ). Even the best exposure biomarkers are imprecise measures of MeHg in 
target organs such as the fetal brain. Furthermore, the average coeffi cient of vari-
ation is about 25 % for cord blood mercury analysis and about twice that for 
maternal hair mercury (Grandjean et al.  2010 ). Typically, imprecision in an expo-
sure measure will attenuate its calculated effect (Karagas et al.  2012 ); this high-
lights the potential for measurement of errors in MeHg exposure assessment to 
affect comparability of fi ndings across studies.  

7.3.4     Biomarkers of Lead Exposure 

 Lead toxicity is most commonly diagnosed through elevated blood levels. Blood 
levels of 10 μg/dL (equivalent to 0.48 μmol/L) or higher are considered toxic (Jomova 
and Valko  2011 ). Once absorbed, Pb accumulates in the blood, soft tissues, and bone 
with a half life of 35 days in blood to 20–30 years in bone (Sakai  2000 ). Blood Pb, 
mainly red cell Pb, is a representative of soft tissue Pb and most widely used as mea-
sures of body burden and absorbed (internal) doses of Pb. The relationship between 
Blood Pb and the concentration of Pb in exposure sources is curvilinear (Sakai  2000 ). 
The levels of plasma Pb are sharply elevated with a sudden intake or acute exposure 
to Pb and rapidly diminished by time elapse from it, indicating that plasma Pb is an 
index for very recent exposure (Barbosa et al.  2005 ). The half life is very short, 
maybe less than 1 h. The amount of urine Pb depends not only on the exposure condi-
tions but also on the extent of body burden and kidney function. Urine Pb as well as 
plasma Pb increases exponentially with increasing blood Pb under a steady-state 
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situation and are mainly a refl ection of recent exposure (Sakai  2000 ). The amount of 
Pb excreted in urine or the plasma Pb level after administration of a chelating agent 
refl ects the mobilizable pool of Pb which consists of mainly blood and soft tissue Pb 
with only a small fraction derived from bones (Sakai  2000 ). As the plasma fraction 
is rapidly exchangeable in the blood, the toxic effects of Pb are assumed to be pri-
marily associated with plasma Pb (Barbosa et al.  2005 ). Although plasma Pb should 
be more germane than blood Pb to Pb exposure and distribution, little is known about 
the association between plasma Pb and clinical outcome. The determination of 
plasma Pb is problematic because erythrocyte haemolysis can shift the metal into the 
plasma and artifi cially increase plasma Pb levels. Thus, Blood Pb concentrations are 
currently regarded as the most reliable index of exposure to Pb. 

 Other currently available biomarkers of internal Pb dose have not yet been 
accepted by the scientifi c community as a reliable substitute for blood Pb measure-
ment (Sanders et al.  2009 ). Nevertheless, in certain cases bone or teeth (for past 
exposures), faeces (for current gastrointestinal exposure), or urine (for organic Pb) 
are sometimes more useful than blood. Measurement of Pb in hair and teeth has 
been of practical use, particularly in epidemiological research. Hair and nails have 
many superfi cial advantages as a Pb exposure biomarker, especially as specimen 
collection is non-invasive and simple and specimens are very stable after collection, 
not requiring special storage conditions ((Schumacher et al.  1991 ). Nail Pb is con-
sidered to refl ect long-term exposure because this compartment remains isolated 
from other metabolic activities in the body (Sanders et al.  2009 ). Because toenails 
are less affected than fi ngernails by exogenous environmental contamination, toe-
nails have been preferred for Pb-exposure studies. The Pb concentration in nails 
depends on the age of the subject (Nowak and Chmielnicka  2000 ), and does not 
appear to depend on the subject’s gender (Sanders et al.  2009 ). The teeth are supe-
rior to bone as an indicator of cumulative Pb exposure because the losses from 
teeth are much slower (Maneakrichten et al.  1991 ). Moreover, deciduous teeth are 
relatively easy to collect and analyze and are very stable for preservation purposes. 
In an early study, concentrations of blood Pb determined at regular 6- month inter-
vals were related to the Pb concentrations in surface tooth enamel but correlated 
with saliva Pb only in the short term (Sanders et al.  2009 ). Saliva is a convenient 
source and therefore a potential substitute for blood as a biomarker for Pb exposure 
(Sanders et al.  2009 ). Nevertheless, saliva has not been generally accepted as a reli-
able biomarker of Pb exposure because of confl icting and unreliable saliva Pb mea-
surements. For instance, previous data suggested an association between saliva Pb 
levels and blood Pb and plasma levels (Omokhodion and Crockford  1991 ) whereas 
recent data from a highly contaminated lead mining area in Thailand obtained a 
geometric mean for the blood Pb content as 24.03 μg/dL    (range 11.80–46.60 μg/dL) 
whereas the saliva Pb content was 5.69 μg/dL (range 1.82–25.28 μg/dL). The data 
thus suggested that saliva is not a suitable material for biological monitoring with 
respect to Pb exposure. The collection of urine Pb is favoured for long-term 
 biomonitoring, especially for occupational exposures. Urine Pb originates from 
plasma Pb that is fi ltered at the glomerular level and excreted through the kidneys. 
Consequently, it is thought that urine Pb levels adjusted for glomerular fi ltration rate 
can serve as a proxy for plasma Pb (Sanders et al.  2009 ). However, the correlation 
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of urine Pb with blood Pb among workers occupationally exposed to Pb was close 
enough to suggest that urine Pb can be a good alternative to blood Pb on a group 
basis, but not close enough to allow urine Pb to predict blood Pb on an individual 
basis (Fukui et al.  1999 ). Micronuclei (MN), Sister chromatid exchanges (SCEs), 
high-SCE frequency cells (HFCs), and DNA-protein cross-links (DPCs) have also 
been shown to be reliable biomarkers for monitoring workers exposed to Pb and 
clearly indicate health effects from occupational exposure to Pb (Sanders et al. 
 2009 ). Also, the association between Pb exposure and DNA methylation may have 
implications for the mechanisms of action of Pb on health outcomes, and also sug-
gests that changes in DNA methylation may represent a biomarker of past Pb expo-
sure (Wright et al.  2010 ). Lead has also been reported to accumulate in male 
reproductive tissues and is considered a male reproductive toxicant (Wirth and 
Mijal  2010 ). In human study, the semen Pb was correspondingly increased with 
blood Pb in the subjects exposed to Pb over a period of 6 years (average) and 6 h 
daily. Moreover, workers occupationally exposed to Pb exhibited moderately high 
blood Pb levels associated with sexual disorders like decreased libido that was fol-
lowed by an increased frequency of astheno, hypo- and teratospermia (Telisman 
et al.  2000 ; Benoff et al.  2000 ). 

 Several enzymatic processes responsible for heme synthesis can be used as 
biomarkers for the toxic effects of Pb, primarily delta-aminolaevulinic acid 
dehydratase (D-ALAD), which catalyzes the condensation of two molecules of 
5-amino levulinic acid (D-ALA) to form the heme precursor, porphobilinogen. As 
the activity of D-ALAD is inhibited by Pb binding, this enzyme is accepted as the 
most sensitive measurable biological index of Pb toxicity (Barbosa et al.  2005 ). An 
epidemiological survey of Pb exposure among children (Pb concentration >10 μg/
dL) in India showed signifi cantly suppressed levels of D-ALAD with respect to 
children with Pb concentration (<7 μg/dL) (Ahamed et al.  2005 ). A direct correla-
tion between blood Pb levels, D-ALAD activity and erythrocyte levels of malondi-
aldehyde (MDA) was observed among workers exposed to Pb. Inhibition of 
D-ALAD by Pb increases levels of the substrate D-ALA which is known to stimu-
late the formation of Reactive Oxygen Species (ROS) substantiated by the elevated 
levels of MDA. Thus, the, activity of D-ALAD in red blood cells is directly related 
to the concentration of Pb in blood and therefore may be used as a surrogate for the 
measurement of Pb in blood. 

 Highly accurate determination of low blood Pb level can be detected using an 
advanced analytical instrument such as inductively coupled plasma mass spectrom-
etry, as well as graphite furnace atomic absorption spectrometry. Usual diagnostic 
determinations of clinical laboratory such as hematological test like Hb and Hct are 
not useful for the biological monitoring at low level exposure (Sakai  2000 ). The 
useful biological markers for evaluation of subclinical effects of Pb at low blood Pb 
levels such as 10–20 μg/dL include the inhibition of D-ALAD, pyrimidine nucleo-
tidase, nicotinamide adenine dinucleotide synthetase (NADS), and the variation in 
some metabolite concentrations (e.g. D-ALA in urine, blood, or plasma, as well as 
coproporphyrin in urine, and zinc protoporphyrin in blood).  
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7.3.5     Biomarkers of Cadmium Exposure 

 Cadmium (Cd) can be measured in blood, liver, kidney, hair, faeces and urine. Blood 
levels of Cd correlate to recent exposures. Levels in whole blood of persons not 
occupationally exposed generally range from about 0.0035 to 0.0089 μmol/L for 
non-smokers and 0.012–0.035 μmol/L for smokers. Blood concentrations less than 
0.089 μmol/L are considered acceptable in workers with occupational exposure to 
Cd. Workers with occupational exposure to Cd by inhalation may have blood levels 
up to 0.44 μmol/L. The levels of Cd found in liver and kidney cortex, as well as 
urinary levels, correlate to total body burden, which is the result of chronic expo-
sure. In the general population, the average urinary Cd level is about 0.35 μg/g 
creatinine in non-smokers and values above 2 μg/g creatinine are rare. In popula-
tions with substantial environmental or occupational exposure, values can range up 
to 50 μg/g creatinine, even among individuals with no signs of renal dysfunction. 
Under conditions of chronic occupational or environmental exposure, the kidney is 
the critical target organ of Cd toxicity in the human organism (Bernard  2008 ). The 
Cd concentration in urine (CdU) has been proposed as an indirect biological indica-
tor for Cd accumulation in the kidney. Elevated urinary albumin in the absence of an 
increase in low-molecular-weight protein excretion is an early indicator of glomeru-
lar damage and is observed at urine Cd concentrations from 3.6 to 4.2 μg urinary 
Cd/g creatinine (Mueller et al.  1998 ). The increase in albumin excretion and 
 proteinuria is associated with cardiovascular disease (CVD), mortality, and renal 
disease (Gonick  2008 ), but these clinical implications have not been specifi cally 
associated with Cd toxicity. 

 The earliest manifestation of Cd-induced renal damage considered as critical con-
sists in an increased urinary excretion of microproteins (molecular weight <40 kDa). 
Among these proteins, β2-microglobulin, retinol-binding protein and α1-microglobulin 
have been the most validated for the routine screening of tubular proteinuria. A mod-
est increase in the urinary excretion of these proteins, as found at the early stage of Cd 
nephropathy (in the range of 300–1,000 μg/g creatinine for retinol-binding protein, is 
unlikely to compromise the renal function (Bernard  2008 ). Such a small increase 
might even be reversible after removal from Cd exposure. By contrast, when the uri-
nary excretion of these proteins is increased by more than one order of magnitude, 
tubular dysfunction caused by Cd becomes irreversible and may be associated with a 
lower glomerular fi ltration rate (GFR) and an accelerated decline of the GFR with 
ageing (Bernard  2008 ). In occupationally exposed males, the CdU thresholds, for 
signifi cant alterations of renal markers ranged, according to the marker, from 2.4 to 
11.5 μg Cd/g creatinine. A threshold of I0 μg Cd/g creatinine (corresponding to 200 μg 
Cd/g renal cortex: the critical Cd concentration in the kidney) is confi rmed for the 
occurrence of low-molecular-mass proteinuria (functional effect) and subsequent loss 
of renal fi ltration reserve capacity (Roels et al.  1999 ). The microproteinuria was found 
reversible, if the reduction or cessation of exposure to Cd occurred when tubular dam-
age was still mild (β 2 - microglobulinuria <1500 μg/g creatinine) and CdU had never 
exceeded 20 μg Cd/g creatinine. It is therefore required that to recommend that 
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occupational exposure to Cd should not allow that CdU exceeds 5 μg Cd/g creatinine 
(Roels et al.  1999 ). In the general population with low-level Cd exposure, much lower 
no-adverse effect CdU levels were found, viz. 3 μg Cd/24 h for low-molecular-mass 
proteinuria and 2 μg Cd/24 h for hypercalciuria (Roels et al.  1999 ). As hypercalciuria 
may exacerbate the development of osteoporosis, especially in the elderly, a CdU of 
2 μg Cd/g creatinine should be regarded as a measure of the maximum tolerable inter-
nal dose of Cd for individuals in the general population. Furthermore, renal effects 
may occur in people with urinary Cd levels <2 μg/g (Paschal et al.  2000 ) and recent 
fi ndings indicate that changes in sensitive renal biomarkers may occur at lower uri-
nary Cd levels than previously estimated among populations exposed to environmen-
tal Cd (Jarup et al.  2000 ). 

 Elevations in enzymes primarily of renal tubular origin, such as  N -acetyl-β-D-
glucosaminidase (NAG) and alanine aminopeptidase (AAP) have been observed at 
occupational Cd exposures of 3.7–6.3 μg urinary Cd/g creatinine (Kakkar and 
Jaffery  2005 ) However, some of the biomarkers of effect caused by Cd are not spe-
cifi c for Cd exposure. For instance, urinary level of β 2 -microglubulin, a low molecu-
lar weight protein, widely used as a marker of renal tubular dysfunction rises 
naturally with age. Urinary N-acetyl-β-D-glucosamidase, a lysosomal enzyme pres-
ent in high concentration in the proximal tubule, has a better correlation with uri-
nary Cd levels than does β 2 -microglobulin at low Cd exposure levels (urinary 
cadmium <10 μg/g creatinine). However, increased urinary NAG activity can result 
from effects other than nephrotoxicity. Urinary metallothionein correlates with Cd 
concentrations in liver, kidney and urine and relatively strong correlations have been 
found between metallothionein and Cd levels in urine in exposed humans. However, 
once renal damage becomes pronounced, urinary metallothionein levels increase 
sharply. Faecal Cd primarily refl ects recently ingested Cd and is not a good indica-
tor of past exposure. It can be used as a direct indicator of dietary intake because it 
is so poorly absorbed from the gastrointestinal tract. In addition, several novel 
 biomarkers such as the kidney injury molecule-1, α-glutathione-S-transferase and 
insulin also offer the potential for improved biomonitoring of Cd-exposed popula-
tions. Other markers Elevations in the excretion of low-molecular-weight proteins, 
such as α1-microglobulin, or retinol-binding protein, have been used as indicators 
of damage to the tubular protein absorption capability.   

7.4     Human Health Effects of Toxic Metals 

7.4.1     Male Reproductive Health Effects of Arsenic 

 Studies investigating the effects of environmental levels arsenic on human male repro-
ductive outcomes have been documented. A cross-sectional study of men attending 
infertility clinics in Michigan, USA found a signifi cantly increased risk for low sperm 
motility, low semen volume with low levels of arsenic, after adjusting for smoking and 
age (Wirth and Mijal  2010 ). Similarly, experimental studies with animal models 
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found harmful effects of arsenic on measures of male reproductive health. For 
 example, arsenic were accumulated in the reproductive organs (testes, epididymis, 
seminal vesicles) of mice exposed to arsenic in drinking water leading to changes in 
sperm motility, epididymal sperm count and percent of sperm with morphological 
abnormalities with no sign of toxicity detected in the animals (Wirth and Mijal  2010 ; 
Pant et al.  2001 ). The activities of 3β-HSD and 17β-HSD (enzymes involved in testos-
terone metabolism), plasma and testicular testosterone and plasma luteinising hormone 
levels were decreased by low level arsenic (20–40 mg/L drinking water, 5 or 3 mg/k) 
in animal models (Wirth and Mijal  2010 ; Chang et al.  2007 ; Chiou et al.  2008 ). The 
suppressive effect of arsenic on spermatogenesis and gonadotrophin and testosterone 
release in rats has also been reported (Sarkar et al.  2003 ). Considering the substantial 
amount of arsenic detected in the reproductive organs, it is believed that arsenic has a 
direct effect on testicular tissue. However, because of the endocrine component in 
arsenic toxicity, several studies are of the opinion that the hypothalamus and brain 
may be the major targets of arsenic’s effects, leading to hormone dysregulation and 
decreased sperm concentrations (Jana et al.  2006 ; Sarkar et al.  2003 ). Although the 
data is suggestive of possible effects of arsenic on male fertility, further research on 
the effects of exposure to environmental levels of arsenic on human semen quality is 
needed before any conclusions can be drawn.  

7.4.2     Other Health Effects of Arsenic 

 In humans arsenic toxicity occurs due to ingestion of arsenic containing powders or 
solutions accidentally, suicide, homicide, or consumption of contaminated food or 
drinking water. Approximately 80–95 % of total arsenic is present as organic com-
pounds thus do not cause any damage to health (arsenosugar, arsenolipids, etc.). The 
long term exposure to inorganic arsenic from contaminated water is responsible for 
various adverse health effects of arsenic in a large number of organs (Table  7.2 ) 

   Table 7.2    Health effects in environmentally exposed populations attributed to arsenic   

 Organ affected  Effects 

 Skin  Hyperpigmentation 
 Hyperkeratosis 

 Lungs  Lung cancer a  
 Liver  Liver dysfunction 

 Haemagioendothelioma 
 Cardiovascular system  Peripheral vascular disturbances leading to gangrene 
 Nervous system  Peripheral neuropathy 

 Hearing defects 
 Haematopoietic system  Disturbed erythropoiesis with anaemia 
 Reproductive system  Increased frequency of spontaneous abortions 

   a The role of arsenic in these effects is equivocal 
 Source: Hutton ( 1987 )  
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including tumours of the lung, skin, liver, bladder and kidney (Waalkes et al.  2004 ). 
Increased mortality due to lung cancer has been reported in humans living close to 
arsenic power plants (Smith et al.  2006 ). A follow up study on the increased preva-
lence of lung cancer and increased rate of spontaneous abortion reported in com-
munities close to point sources of atmospheric arsenic concluded that it is not 
possible to say whether arsenic was the causative agent in those incidents (Kapaj 
et al.  2006 ). Similarly, affected populations, particularly those in Argentina and 
Chile, have revealed a close association between skin cancer and arsenic exposure 
(Hutton  1987 ). Skin lesions, peripheral neuropathy and anaemia are hallmarks of 
chronic arsenic exposure. Arsenic has been reported to be associated with Blackfoot 
disease in Taiwan, manifest by gangrene of the extremities, hypertension and seri-
ous impacts on the cardiovascular system, and even hepatic damage at high doses 
(Lee et al.  2003 ; Yoshida et al.  2004 ). The most characteristic effects of As in popu-
lations environmentally exposed to arsenic are periorbital swelling, hyperkeratosis 
of the palms and soles of the feet together with hyperpigmentation and hypopig-
mentation, particularly in areas not exposed to the sun. Skin tumours have also 
been  commonly reported and these are often located on the hands and feet. 
Haemangioendothelioma of the liver, a very rare form of cancer, has been associ-
ated with long-term arsenic exposure in several instances. Most of the reported 
cases refer to individuals which had been prescribed fowler’s solution, a trivalent 
arsenic medication.

   Arsenic is also a potential risk factor for atherosclerosis, and there are epidemiological 
trials that inhaled inorganic arsenic can affect the cardiovascular system (Das et al. 
 2010 ). However, the interpretation of the data between high As exposure and cardio-
vascular outcomes was limited due to methodological constraints. Therefore, research 
on the relationship between As exposure and cardiovascular  indices should be given 
priority in countries such as Taiwan (Jomova and Valko  2011 ). There is correlation 
between As exposure and type II diabetes mellitus (Walton et al.  2004 ). Some studies 
have reported association between intellectual defi ciencies in children and exposure to 
arsenic has been found (Wang et al.  2007 ). For example, children exposed to arsenic 
contaminated drinking water (0.0034–0.0042 mg As/kg/day) showed decreased per-
formance in the switching attention task and in tests of pattern memory. These neuro-
logical effects were manifested as changes in the levels of dopamine, norepinephrine, 
and 5-hydroxytryptamine in experimental rat models exposed to As in their drinking 
water for 16 weeks (Kannan et al.  2001 ). The molecular mechanism of arsenic toxicity 
and carcinogenesis is thought to involve genetic changes, the involvement of increased 
oxidative stress, enhanced cell proliferation and altered gene expression. For example 
elevated ROS formation was linked with the activation of the PI3K/Akt pathway and 
the subsequent induction of hypoxia-inducible factor-1 (HIF-1) alpha and vascular 
endothelial growth factor (VEGF) in prostate cancer cells exposed to As (Jomova and 
Valko  2011 ; Mishra et al.  2010 ). Therapeutically, Arsenic trioxide may be useful in 
the treatment of acute promyelocytic leukemia, a fast-growing cancer in which the 
bone marrow produces abnormal myeloblasts, which would normally develop into 
white blood cells that fi ght infection (Jomova and Valko  2011 ). Research effort is now 
made to decipher the underlying mechanisms of arsenic trioxide action and its 
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interactions with different proteins to enhance its therapeutic potential ((Jomova and 
Valko  2011 ). In populations outside the occupational setting, the effects of arsenic may 
be divided into four categories (Table  7.3 ). The more serious of the two food poisoning 
incidents in Japan resulted from the accidental use of arsenic- contaminated sodium 
phosphate in the preparation of the dried milk (Morinag’s Powdered Milk “MF”) for 
infants. The incident resulted in the death of 600 new born babies, and out of the 624 
survivors, 20 % were affl icted by severe mental retardation, severe hearing loss, devel-
opmental diffi culties, and brain damage- related paralysis (Hutton  1987 ). Similarly, 
minor hearing loss was reported in children residing close to a power plant in 
Czechoslovakia burning lignite with an arsenic content of about 1,000 μg/g but this was 
not reported in children subjected to elevated arsenic exposure levels from a large cop-
per smelter (Shargorodsky et al.  2011 ).

7.4.3        Male Reproductive Health Effects of Mercury 

 Mercury has been reported to cross the blood-testes barrier and accumulate in 
Sertoli and Leydig cells, in the testes of experimental animals (Wirth and Mijal 
 2010 ). This has been reported to negatively affect measures of male reproductive 
health (Tan et al.  2009 ). For instance in rats, the long term treatment with inor-
ganic or organic mercury induced Leydig cell disintegration, inhibited the activ-
ity of 3β-HSD, decreased testosterone levels, decreased the number of epididymal 
sperm and motility (Rao and Gangadharan  2008 ). The decreases in the motile 
sperms were also reported in monkeys exposed to mercury. This was thought 
to be mediated via interference with the dynein/microtubule sliding assembly 
(Wirth and Mijal  2010 ). Similarly, in vitro treatment of human sperm with 

   Table 7.3    Large scale cases of poisoning associated with exposure to inorganic arsenic   

 Type of incident  Episodes 

 Food inadvertently contaminated 
during preparation (acute and 
sub-acute effects) 

 Morinaga milk incident, Japan (1955). 
 >12,000 cases, 130 deaths 

 Soy sauce incident, Japan (1956). >400 cases 
 During water exposure 

(chronic effects) 
 Numerous incidents, with reports from Argentina, Chile, 

Taiwan, U.S.A., Canada and Japan. In excess of 0.25 
million people exposed for several decades in Chile. 

 Communities close to point 
sources of airborne arsenic 
(chronic effects) 

 Evidence for effects on morbidity and mortality around 
copper smelters and pesticide plants. Single report of 
hearing effects in children living near a power plant 
in Czechoslovakia where high As (~ 1,000 μg/gm) 
lignite was burnt. 

 Exposure via medications 
(chronic effects) 

 Sodium arsenic (Fowler’s solution) previously used in 
the treatment of psoriasis and leukaemia, resulting in 
severe effects in hundreds of patients. 

  Source: Hutton ( 1987 )  
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mercury (10.0–160.4 mg/L) induced membrane lipid peroxidation and DNA 
breaks, lowered sperm viability, and decreased the rate of the acrosome reaction 
leading to sperm dysfunction (Arabi and Heydarnejad  2007 ). The prominent fea-
ture of Mercury induced toxicity are: (1) depletion and clogging of different 
spermatogenic cells, (2) presence of pyknotic or karyotectic pachytene nuclei, 
(3) absence of nuclear chromatin at stage XII in dividing cells, (4) absence of 
noticeable lumen and (5) presence of vacuolated early elongated spermatid along 
with dispositioning of acrosome (Vachhrajani et al.  1990 ). 

 In humans methyl mercury has been detected in semen (Rignell-Hydbom et al. 
 2007 ) and these levels have correlated with poor male reproductive outcomes. For 
instance, male partners of infertile couples with abnormal sperm parameters (below 
World Health Organization cut-off levels for normal) had higher blood mercury 
levels than did men of proven fertility (Choy et al.  2002 ). The seminal fl uid mercury 
level of male partners of infertile couples from Hong Kong was positively correlated 
with abnormal sperm morphology (Wirth and Mijal  2010 ). Subfertile men had 
approximately 40 % more methyl mercury in hair than did fertile age-matched men 
(4.5 parts per million (ppm) vs. 3.9 ppm) (Dickman et al.  1998 ). However, some 
studies because of the small number of participants, did not observe positive corre-
lations between blood or semen mercury chloride levels and sperm motility, sperm 
concentration, and total sperm count (Wirth and Mijal  2010 ; Rignell-Hydbom et al. 
 2007 ). In one study conducted in an infertility clinic in Singapore, men with less 
than 40 % motile sperm and men with greater than 40 % motile sperm had no sig-
nifi cant difference in their blood methyl mercury levels (Chia et al.  1992 ). Similarly, 
no adverse effects on sperm parameters or alterations in reproductive hormones 
were found in infertility patients in Michigan, USA with low blood mercury level 
(1.10 μg/L) (Wirth and Mijal  2010 ). It can be concluded that men with higher blood 
mercury concentrations (above 8 mg/L) were more likely to have lowered sperm 
parameters than men with a somewhat lower concentration of mercury. However, 
the infl uence of confounding factors in the small sample size study needs to be 
addressed especially where the infertile subjects are drawn from populations con-
suming higher levels of mercury contaminated fi sh that also contain other contami-
nants such as organochlorine compounds with known adverse reproductive effects.  

7.4.4     Other Health Effects of Mercury 

 Mercury (Hg) and its compounds have caused a signifi cant number of human fatali-
ties in several accidents around the world. The majority of toxicity due to MeHg 
exposure involves the central nervous system and the areas mainly affected are 
those associated with the sensory, visual and auditory functions and those concerned 
with co-ordination. The effect is most commonly characterized by increased excit-
ability and irritability, tremors, and gingivitis (Ozuah  2000 ). This initially appear as 
paraesthesia in the tongue, lips and distal extremities, while in more severe cases, 
blurred and constricted vision and ataxia may appear (Clarkson  2002 ). Methyl 
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mercury can cause demyelination, autonomic dysfunction, sensory nerve conduction 
delay, abnormal neuronal migration, and abnormal central nervous system cell 
 division (Patrick  2002 ). Rarely, signifi cant exposure can cause acrodynia or “pink 
disease,” involving a pink rash on the extremities, pruritis, paresthesias, and pain 
(Patrick  2002 ; Ozuah  2000 ). Elemental Hg can be oxidized to Hg 2+ , which accumu-
lates preferentially in the kidneys. Renal toxicity of inorganic mercury manifest as 
glomerulonephritis with proteinuria (glomerular and tubular) and nephritic syn-
drome or gastrointestinal problems (colitis, gingivitis, stomatitis, and excessive sali-
vation) (Ozuah  2000 ). Ethyl mercury (fungicides, thimerosal in vaccines, and 
gamma-globulin) also causes renal and central nervous system toxicity and is 
deposited in the liver, kidneys, skin, brain, spleen, and plasma (Clarkson  2002 ). 
Similarly, dimethyl mercury can lead to central nervous system degeneration and 
death (Nierenberg et al.  1998 ) but the compound is luckily encountered only in 
specialized laboratories. Environmental levels of methyl mercury can cause harmful 
effects on the cardiovascular system. In a long-term prospective study, dietary Hg 
intake through fresh water fi sh and hair Hg content demonstrated signifi cant corre-
lation with increased risk for acute myocardial infarction (Salonen et al.  1995 ). Men 
with the highest hair mercury had a 2.9-fold increased risk for cardiovascular death. 
An examination of the same cohort found a correlation between hair mercury and 
increased risk for progression of carotid atherosclerosis (Patrick  2002 ). Prenatal 
exposure to methyl mercury has been correlated with signifi cant blood pressure 
elevations in 7-year-old children as a result of maternal fi sh intake (Patrick  2002 ). 

 The developing nervous system of the fetus is more sensitive to low level MeHg 
than the adult and pre-natal exposure can result in neurotoxic effects in the infant in 
the absence of effects in the mother. Pregnant women are apparently more sensitive 
to methyl mercury than are other adults (Grandjean et al.  2010 ). Mothers exposed 
to mercury in the 1955 disaster in Minamata Bay, Japan, by long-term ingestion 
of contaminated fi sh, gave birth to infants with mental retardation, retention of 
 primitive refl exes, cerebellar symptoms, and other abnormalities. These symptoms 
characterized the Hunter-Russell syndrome. The incident resulted in the death of 
over 100 infants (Jarup  2003 ). Similarly, pregnant women in Faroe Islands exposed 
to low level mercury through dietary intake of fi sh and whale meat was associated 
with decrements in motor function, language, memory, and neural transmission in 
their offspring (Grandjean et al.  1998 ; Murata et al.  1999 ). Following the several 
outbreaks of methylmercury poisoning, some follow up studies among the Canadian- 
Indians because of their elevated methylmercury intake from fi sh have reported an 
association between several neurological parameters and MeHg exposure (Jarup 
 2003 ). However, the conclusion of the study was questioned based on the infl uence 
of confounding factors on the putative association. Authors concluded that the evi-
dence for a neurological effect of methylmercury in the study population was equiv-
ocal but that the exposure regimes in question may be at the threshold for effects 
(Jarup  2003 ). Similarly studies in other populations with heavy fi sh consumption in 
the Mediterranean, particularly in Italy, in Papua New Guinea, Peru, New Zealand 
and the Seychelles have failed to provide clinical evidence of methyl mercury intox-
ication (Mahaffey  2005 ). Mercury chloride intoxication was also characterized by 
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the Iraqi epidemic in 1971–1972 where exposure resulted from consumption of 
bread prepared from grain dressed with alkyl mercury fungicides. The incident in 
question resulted in the poisoning of about 6,000 individuals and the deaths of over 
500 in hospital (Maruyama et al.  2012 ). Previous outbreaks of this type together 
with the number of poisonings are as follows: Iraq (1956), about 100; Iraq (1960), 
about 1,000; Pakistan (1969), about 100; Guatemala (1963–1965), about 45; and 
Ghana (1967), about 150 (Paruchuri et al.  2010 ). Relatively modest levels of occu-
pational mercury exposure, as experienced, for example, by dentists, have been 
associated with measurable declines in performance on neurobehavioral tests of 
motor speed, visual scanning, verbal and visual memory, and visuomotor coordina-
tion (Bittner et al.  1998 ). However, evidence from well-conducted studies is lacking 
that the small amount of Hg released from dental amalgams during chewing is capa-
ble of causing signifi cant illnesses, such as multiple sclerosis, systemic lupus, or 
chronic fatigue syndrome (Grandjean et al.  1997 ). 

 The mechanism of mercury toxicity involves interrupting intracellular calcium 
homeostasis, disrupting membrane potential, altering protein synthesis, and inter-
rupting the activity of enzymes that are needed for normal neurotransmission 
(Clarkson  2002 ). Mitochondrial damage from oxidative stress and lipid peroxida-
tion may be the earliest sign of neurotoxicity with MeHg (Yee and Choi  1996 ). 
Microtubule destruction and the neurotoxic accumulation of serotonin, aspartate, 
and glutamate could all be involved in the mechanisms of MeHg neurotoxicity 
(Patrick  2002 ). In the brain both MeHg and inorganic Hg bind to various thiol- 
containing proteins (glutathione, cysteine, albumin, etc.). The binding and dissocia-
tion of these mercury-thiol complexes are thought to control the movement of 
mercury and its toxic effects in the body (Clarkson  2002 ).  

7.4.5     Male Reproductive Health Effects of Lead 

 The reproductive health of animal models and humans are also affected by Pb. For 
instance, experimental animal studies have shown that Pb exposure can lead to tes-
ticular atrophy, changes in the weights of accessory glands, alterations in semen 
quality, spermatogenesis, and disruption of the hypothalamic-testicular pituitary 
axis (Thoreux-Manlay et al.  1995 ). Leydig cells appear to be a target as lead expo-
sure results in suppression of testosterone synthesis (Thoreux-Manlay et al.  1995 ), 
while Sertoli cell function does not appear to be affected (Nathan et al.  1992 ). Pb 
accumulates preferentially in the epididymis, testis, and other accessory glands 
including the vas deferens, seminal vesicle and seminal ejaculate (Marchlewicz 
et al.  1993 ). Pb adversely affects the testicular tissues and steroidogenic processes 
either directly or through endocrinological system. However, in the majority of 
these studies, the doses of Pb used do not mimic the human occupational and envi-
ronmental exposure conditions, thereby limiting the overall signifi cance of the pur-
ported reproductive effects. The mechanism of toxicity could involve the ability of 
Pb to alter zinc bioavailability via disruption of methalothionein activity and its 
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interference with calcium-mediated processes including the disruption of the 
blood- testis barrier in the zona adherens junctions (Wirth and Mijal  2010 ). Further, 
Pb is a redox metal that is well known to generate ROS and oxidative stress in a 
variety of systems. The generated ROS can inhibit the production of sulfhydryl 
antioxidants, damage nucleic acids and inhibit DNA repair, and initiate membrane 
lipid peroxidation and apoptosis (Wirth and Mijal  2010 ). In human study, the semen 
Pb was correspondingly increased with blood Pb in the occupationally exposed sub-
jects (Wirth and Mijal  2010 ). Pb level is also a signifi cant predictor for reproductive 
hormones; although this is less consistent than the association between blood Pb 
level and seminal parameters (Meeker et al.  2009 ). The high blood Pb level has been 
associated with decreased libido that was followed by reduced sperm count, poor 
sperm motility, and an increased frequency of atheno, hypo- and teratospermia 
(Wirth and Mijal  2010 ). The semen from these subjects showed decreased levels in 
certain seminal constituents like, fructose and succinic dehydrogenase, seminal zinc 
level, acid phosphatase activity, and citric acid level (Telisman et al.  2000 ). A 
decrease in D-ALAD, an indicator of long term Pb exposure, was associated with 
decreased seminal plasma zinc levels, indicating the adverse effects of Pb on pros-
tate function (Wirth and Mijal  2010 ). Seminal plasma Pb levels were also correlated 
with fertilization rate and with two sperm function biomarkers (mannose receptor 
expression, mannose-induced acrosome reaction) in IVF patients (Benoff et al. 
 2003 ). It was reported that paternal Pb exposure was associated with an increased 
risk of infertility, defi ned as the non-occurrence of a marital pregnancy, and the risk 
of infertility increased with paternal Pb exposures (Sallmen et al.  2000 ). Many of 
these studies on the effects of environmental levels of Pb exposure on measures of 
male reproduction all found signifi cant negative effects of low to moderate Pb expo-
sure levels on human sperm parameters and reproductive hormone levels, an indica-
tion of Pb-induced male reproductive defi cits in humans. Only in few studies were 
blood or seminal plasma Pb level and male reproductive outcomes not found to be 
correlated (Hovatta et al.  1998 ; Noack-Fuller et al.  1993 ), but considering the small 
number of  participant recruited in most of these studies, large studies adjusted for 
appropriate confounders evaluating low Pb exposure levels are needed to confi rm or 
refute these fi ndings.  

7.4.6     Other Health Effects of Lead 

 Lead has adverse behavioural, physiological, and biochemical effects on humans. 
The major health effects are manifest in three organ systems; the hematological 
system, the central nervous system (CNS) and the renal system (Table  7.4 ). Fetuses 
and children under the age of six are most vulnerable. The current recommended 
guideline for blood lead level is 50–100 ppb. But whether there is a threshold for 
effects is unknown (Landis and Yu  2003 ). Lead accumulates in bones and teeth, 
where it has a biological half-life of 20 years. As is the case with Cd, people who 
are exposed to Pb will never completely get rid of it. Although bones and teeth are 

7 Lead, Arsenic, Cadmium, Mercury: Occurrence, Toxicity and Diseases



372

not harmed, they function as reservoirs for releasing Pb into the bloodstream where 
it then travels to target organs such as the brain. People with a calcium-defi cient diet 
will accumulate more Pb in their bones; this results in greater lead toxicity (Landis 
and Yu  2003 ). The biochemical basis of the hematological effects of lead is thought 
to involve 2 key enzyme systems needed for the synthesis of haemoglobin, the iron- 
containing protein in red blood cells that binds with and transports oxygen to all 
cells in the human body. The enzyme catalysing the fi rst step, D-ALAD and the 
enzyme, haem synthetase (ferrochelatase), that incorporate iron into protoporphy-
rin. When the exposure to Pb is suffi ciently high, D-ALAD is inhibited in the eryth-
rocytes and other haem forming tissues resulting to increased concentration of the 
substrate D-ALA in the body and urine .  The accumulated D-ALA in the systemic 
circulation can pass the blood-brain barrier and is thought to be associated with 
neuromuscular and neurophysiological effects of lead (Sanders et al.  2009 ). When 
these enzymes are inhibited and haemoglobin synthesis is disrupted, there is insuf-
fi cient transport of oxygen and anaemia is the result. Anaemic children fatigue eas-
ily and are less able to learn well (Landis and Yu  2003 ). Affected children may die 
from the neurological effects of Pb without even developing anaemia (Sanders et al. 
 2009 ). Lead can cross the placenta, resulting in miscarriages, stillbirths, and birth 
defects such as neurological damage. The neurological impacts are generally seen 
in children and include hyperactivity, poor attention span, low IQ, and severe 
encephalopathy, which can culminate in coma and death. Calcium transport across 
nerve cell membranes is necessary for the normal functioning of the nervous sys-
tem. Lead mimics calcium, thereby inhibiting neurotransmission (Cunningham and 
Cunningham  2004 ; Landis and Yu  2003 ). Exposure of humans to Pb particularly at 
the critical developmental period is more likely to cause Alzheimer’s disease later in 
life (Bashah and Reddy  2010 ). Lead exposure is also implicated in several disease 
burden including systemic effects such as hypertension, gastrointestinal effects 
(Ogunseitan and Smith  2007 ). The neuropsychological and neurobehavioural 
effects of Pb in children is of most concern in its environmental toxicity because 

   Table 7.4    Major health effects attributed to lead in environmentally exposed populations   

 Organ affected  Range of effects reported 

 Hematological system  Inhibition of D-ALAD and haem synthetase and corresponding 
accumulation of ALA and FEP (free erythrocyte protoporphyrin). 

 At higher levels of exposure, reduced haem synthesis and anaemia 
 Nervous system  CNS impairment at moderate exposure in children refl ected by 

inattention, cognitive diffi culties, fi ne motor dysfunction and altered 
EEG patterns. Under heavy exposure, encephalopathy may arise. 

 Effects on the peripheral nervous system indicated by reduced nerve 
conduction velocity. 

 Renal system  Functional impairment of the tubular region characterized by mild 
aminoaciduria, glycosuria and hyperphosphaturia. Morphological 
effects include mitochondria damage and intranuclear inclusion 
bodies. Long-term heavy exposure may result in irreversible 
nephropathy. 
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these effects have been reported in children from the general population subjected 
to commonly occurring exposure regimes (Sanders et al.  2009  ).  Study relevant to 
this issue has been carried out on children in the USA (Lanphear et al.  2000 ; 
Rohlman et al.  2005 ), the Federal Republic of Germany (Lidsky and Schneider 
 2003 ) and the United Kingdom (O’donohoe et al.  1998 ) and have all reported an 
association between increased Pb exposure and decreases in measurements of intel-
ligence and behaviour. These data appear to provide suffi cient evidence to infer a 
cause and effect relationship but the criticism is based on the fact that the study 
design of retrospective epidemiological investigations will never fully be able to 
control for confounding factors; apart the infl uence of possible bias in the recruit-
ment of eligible subjects for the study. Occupational Pb exposure also causes renal 
effects including nephropathy. This occurs at exposure levels rarely encountered 
outside of the occupational setting. Renal dysfunction in children acutely intoxi-
cated by Pb has also been reported but whether this effect is reversible or not remain 
to be determined.

7.4.7        Male Reproductive Health Effects of Cadmium 

 The reproductive health of animal models and humans are also affected by Cd. For 
example, environmental doses of Cd were found to stop spermiation, the fi nal phase 
of sperm differentiation, reduced sperm concentration and motility in rats (Xu et al. 
 2001 ; Benoff et al.  2008 ). Cd also inhibits human chorionic gonadotrophin (hCG)-
stimulated serum testosterone production in vivo and in vitro (Laskey and Phelps 
 1991 ). High dose of Cd exposure caused rapid testicular edema, haemorrhage and 
necrosis. Cd also exerted deleterious effect on the vascular structure of testis that 
may be the result of varying degrees of Cd induced ischemia. Even at doses that did 
not affect most organs, Cd was found to damage the testes within few hours (Wirth 
and Mijal  2010 ). Cd also has the ability to disrupt the blood-testis barrier thereby 
gaining entry into testicular cells (Wirth and Mijal  2010 ). Both Sertoli and Leydig 
have been identifi ed as targets for Cd adverse effects (Wirth and Mijal  2010 ). Cd has 
also been shown to accumulate in the hypothalamus and pituitary and to decrease 
the level of prolactin (Lafuente et al.  2001 ). Thus, the mechanisms involved in the 
reproductive effects of Cd would involve both direct (via testicular and hypothalamus- 
pituitary toxicity) and indirect (via altered hormone secretion). Cd also interferes 
with zinc mediated metabolic processes (Bridges and Zalups  2005 ), an event that 
may lead to increase generation of ROS, induction of oxidative stress, DNA damage 
and cell death (Wirth and Mijal  2010 ). There is also evidence that environmental 
level of Cd could decrease semen quality and alter the level of reproductive hor-
mones of humans. Studies of Asian men attending infertility clinics reported nega-
tive correlations between blood Cd level and sperm density, sperm motility and 
semen volume and positive correlations with abnormal sperm rates (Chia et al. 
 1992 ). However, potential confounding variables, including cigarette smoking, 
were not controlled in this study. In a Nigerian study, were these confounding 
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factors were controlled, male partners of couples attending an infertility clinic had 
higher serum Cd level, seminal fl uid Cd compared to men with a normal number of 
sperm. The serum levels of LH, FSH and prolactin were higher in the men with low 
or no sperm (Akinloye et al.  2006 ). The seminal fl uid Cd level of male partners 
attending an Indian infertility clinic negatively correlated with sperm motility and 
sperm concentration. However, when confounding variables such as smoking was 
eliminated, seminal Cd level was no longer correlated with sperm motility (Pant 
et al.  2003 ). Similarly, adjustment for potential confounders also reported negative 
associations between blood Cd levels and testes size but not with sperm parameters 
among infertile Croatian men (Jurasovic et al.  2004 ). In this study, blood Cd level 
was positively associated with FSH, testosterone, and estradiol levels, and seminal 
fl uid acid phosphatase, an indicator of prostate function. There was no adverse 
effect of blood Cd on sperm parameters in infertile patients in Michigan, USA 
(Wirth and Mijal  2010 ). However, Cd was positively associated with serum inhibin 
B but not FSH or Testosterone levels in a model adjusted for confounding factors 
(Wirth and Mijal  2010 ). Signifi cant positive correlations between blood Cd levels 
and pathologic sperm, and LH, and testosterone levels and a negative correlation 
with prolactin level has been reported in a study population occupationally exposed 
to Cd (Telisman et al.  2000 ). Some studies have found no correlations between the 
semen Cd level and the sperm parameters; and that semen Cd level were similar in 
men with proven fertility, infertility patients with normal sperm parameters, and 
patients with abnormal semen parameters (Hovatta et al.  1998 ). There are also other 
studies were signifi cant correlations were not found between blood and semen or 
sperm Cd levels (Kiziler et al.  2007 ). While it is diffi cult to interpret these data in 
the overall sense, it may appear that environmental levels of Cd adversely affect 
sperm parameters and alter hormone levels. The data from experimental animals are 
promising and would justify the need to clarify the relationship between adverse 
effects of low Cd exposure on semen parameters in human males  

7.4.8     Other Health Effects of Cadmium 

 The public fi rst became aware of the toxic effect of Cd on humans when people 
 living close to a mine that had discharged untreated effl uent containing Cd into 
the Jintsu River Basin (Fuchu, Japan) complained of joint, bone, and muscle 
pains, and kidney dysfunction. This combination of health problems was later 
called Itai-Itai (Ouch-Ouch) Disease and resulted in the deaths of some residents. 
The residents had been exposed to Cd-contaminated rice grown in these areas for 
up to 30 years (Landis and Yu  2003 ). Exposed humans will never get rid of all of 
the Cd in their bodies because it will take 20–30 years to get rid of 50 % of the Cd, 
40–60 years to get rid of 75 % of the Cd, and 60–90 years to get rid of 87.5 % of 
the Cd (Landis and Yu  2003 ). As shown in Itai-Itai Disease, Cd effects on human 
health include skeletal deformities and bone loss, kidney damage, and generalized 
pain. These effects are still seen in elderly multiparous women (over 50 years of age) 

S.O. Abarikwu



375

with poor nutritional status who had lived in the contaminated area for many years 
(over 50 years of age) (Kah et al.  2012  ).  

 Cadmium-induced nephropathy has been described also in industrial workers 
and in most population-based studies at Cd levels that is environmentally relevant. 
Most of the studies conducted on human populations and experimental animals 
have demonstrated that Cd exerts its renal toxicity at low levels that could exacer-
bate the age-related decline in renal function; in a dose-dependent manner, and 
the adverse effects occurring only when the renal Cd concentration reaches a criti-
cal threshold (Bernard  2008 ; Burbure et al.  2006 ; Lauwerys et al.  1991 ). One of 
the initial signs of renal dysfunction is an increased urinary excretion of proteins. 
Cd-induced proteinuria is generally considered to be characterized by the excre-
tion of low molecular weight proteins, particularly α 2 , β 2  and γ-globulins. This 
form of proteinuria is a refl ection of impaired reabsorption function of the proxi-
mal tubules. Studies have shown that the development of Cd-induced proteinuria 
is predictive of an increased mortality by heart failure, cerebral infarction, nephri-
tis and nephrosis (Bernard  2008 ) in humans subjected to long-term Cd-contaminated 
areas. There is some epidemiological evidence that diabetics are more susceptible 
to the nephrotoxic action of Cd, a fi nding consistent with animal studies (Buchet 
et al.  1990 ). The disturbances of calcium and phosphate metabolism accompany-
ing Cd nephropathy may lead to bone demineralization, the formation of kidney 
stones and bone fractures. This was confi rmed recently among Chinese farmers 
exposed to Cd from contaminated rice for more than 20 years (Nordberg et al. 
 2007 ). In this study, the bone mass density was decreased in postmenopausal 
women with elevated Cd in urine or blood as well as among men with elevated Cd 
in blood. By blocking Vitamin D synthesis, Cd prevents the bones from having a 
normal amount of calcium leading to a urinary waste of calcium and phosphate 
(Jarup et al.  1998 ). However, there has been confl icting results on the association 
between increased urinary Cd levels and increased risk of bone fractures in the 
general population with very low environmental exposure to Cd (Bernard  2008 ; 
Wallin et al.  2005 ). 

 Exposure to high level of Cd via inhalation can also results in acute pneumonitis 
with pulmonary oedema, which may be lethal. Long-term, high-level occupational 
exposure is associated with lung changes, primarily characterized by chronic obstruc-
tive airway disease. There is suffi cient evidence that long-term occupational expo-
sure to Cd (e.g. through cadmium oxide fume) contributes to the development of 
lung cancer in both human and animal studies (Bernard  2008 ; Waalkes  2003 ). Human 
studies on environmental-induced carcinogenesis in the occupationally exposed pop-
ulations require a more careful analysis because of the possible effects of confound-
ing variables. In a recent study, the relative risk of lung cancer was lower than in the 
past, when confounding variables (exposure to arsenic and nickel) were eliminated 
(Nordberg et al.  2007 ). There is limited evidence that Cd exposure in the general 
population can cause cancers of the prostate and kidney but this evidence is weaker 
compared to that on lung cancer (Zeng et al.  2004 ; Bernard  2008 ). Thus, the possibil-
ity that Cd can be involved in environmental carcinogenesis cannot be excluded 
(Straif et al.  2009 ). However, the mechanism of Cd carcinogenesis remains largely 

7 Lead, Arsenic, Cadmium, Mercury: Occurrence, Toxicity and Diseases



376

unknown, as the metal is not strongly genotoxic and does not cause direct genetic 
damage, epigenetic mechanisms and/or indirect genotoxic mechanisms such as a 
blockage of apoptosis, alterations in cell signaling or inhibition of DNA repair might 
be involved (Waalkes  2003 ).   

7.5     Chelation Therapy of Toxic Elements in Medicine 

 Chelation therapy is a tool used in medicine for modifying metal concentrations in the 
body. It is therefore an attempt to prevent or reverse health problems of individuals 
exposed to high levels of metals. Chelation therapy of toxic metals involves the use of 
chelates injected into the blood, muscle or taken orally to bind metals that are present 
in toxic concentrations so they can be excreted from the body, most frequently in urine 
(Rogan et al.  2001 ). A chelating agent forms a stable complex with a toxic metal may 
shield the metal ion from biological targets, thereby reducing the toxicity, or it may 
expose the metal to the biological environment and prevent the metal from being 
scavenged by biological protective mechanisms and thereby increase the toxicity 
of the metal (Rogan et al.  2001 ). The characteristics of an ideal chelator include: 
( i ) greater affi nity for the toxic metal; ( ii ) low toxicity; ( iii ) ability to penetrate cell 
membrane; ( iv ) rapid elimination of metal; and ( v ) higher water solubility. One of the 
most frequently used chelators applied in the treatment of heavy metal toxicity is 2, 
3-dimercaprol (BAL) (Blanusa et al.  2005 ). Dimercaprol has a dithiol group and has 
been used clinically as effective chelating agent against heavy metal toxicity since 
1949. In humans and experimental models, the antidotal effi cacy of dimercaprol is 
most effective when administered immediately after the exposure to toxic metals. 
Dimercaprol competes with the thiol groups of enzymes for binding the arsenic or 
other metals to form a stable metal-chelate which is then excreted from the body in the 
urine. Dimercaprol is lipophilic in nature and therefore distributes both extra-cellular 
and intra-cellular sites. Some of the major drawback in the use of dimercaprol against 
metal poisoning includes its tendency to accumulate As, Pb and Cd in some organs 
and exhibits side effects including nephrotoxicity and hypertension (Andersen  2004 ). 
Because of its lipophilic nature, dimercaprol requires deep intra-muscular injection 
that is extremely painful and allergic. Other side effects include vomiting, headache, 
lachrymation, rhinorrhea and salivation, profuse sweating, intense pain in the chest 
and abdomen and anxiety, and hemolysis (destruction of red blood cells) in patients 
with glucose-6-phophate defi ciency (Flora et al.  2008 ). 

 The most effective chelators used in both paediatric and adult treatment of Pb 
toxicity are dimercaptosuccinic acid (DMSA) and calcium disodium ethylenedi-
aminetetraacetic acid (CaNa 2 EDTA). CaNa 2 EDTA chelates only extracellular Pb 
(not intracellular) and is frequently used in conjunction with BAL to increase its effi -
ciency. In addition to urinary excretion of Pb, CaNa 2 EDTA is responsible for the 
excretion and depletion of essential metals like Zn, Cu, Fe, Co and Mn because of its 
relative lack of specifi city. CaNa 2 EDTA has the tendency to accumulate Pb in the 
brain of experimental rats and exhibits neurotoxicity (Flora and Pachauri  2010 ). 

S.O. Abarikwu



377

CaNa 2 EDTA also causes adverse effect on the renal system (Aposhian et al.  1995 ). 
Thus CaNa 2 EDTA could not be regarded as a drug of choice against Pb poisoning. 
There is a lack of evidence of benefi cial effects of chelating agents on Cd toxicity after 
prolonged exposure. Chelation therapy with CaNa 2 EDTA may be prescribed in the 
early period after acute Cd exposure. Progress in chelation therapy for Cd removal is 
rather diffi cult since this metal is tightly bound to metallothionein in the liver and 
kidneys (Jomova and Valko  2011 ). DMSA is a chemical derivative of dimercaprol and 
has been shown to be an effective chelator of toxic metal mainly Pb and As (Bradberry 
and Vale  2009 ; Jomova and Valko  2011 ). Few major advantages of DMSA include its 
low toxicity, oral administration and no redistribution of metal from one organ to 
another and do not increase the excretion of calcium, zinc or iron (Flora et al.  1997 ). 
However, DMSA has low effi ciency to remove Pb from intracellular sites because of 
its lipophobic nature (Kalia and Flora  2005 ). DMSA can also cross the blood brain 
barrier, limiting thus its use in the treatment of the central nervous system. In cases of 
human As poisoning, DMSA was found ineffective in producing any clinical or bio-
chemical benefi ts (Guha et al.  1998 ) and does not chelate Pb and As from hard tissues 
(Flora et al.  1997 ). DMSA administration is also associated with renal toxicity as a 
result of the excretion of large amount of chelated metals that pass through the renal 
tubules during therapy. Hemolytic anemia was observed in the course of DMSA che-
lation therapy in patients with chronic Pb intoxication (Jomova and Valko  2011 ). After 
termination of therapy, hematological values returned back to normal. New chelating 
agents that are analogues of DMSA such as monoisoamyl ester of DMSA 
(MiADMSA), monomethyl DMSA (MmDMSA) and monocyclohexyl DMSA 
(MchDMSA) are more effective than DMSA in reducing heavy metal burden from 
various organs in heavy metal exposed animals (Wang et al.  2006 ). They have better 
lipophilicity characteristic and might penetrate cells more readily than extra-cellularly 
acting chelating agent (Flora et al.  2004 ). Chelation therapy of Cd produced signifi -
cant reductions in Cd levels with no redistribution of Cd in brain of experimental 
models (Jones et al.  1992 ). Thus, the oral administration of the analogues of DMSA 
improves their advantage in the clinical treatment of heavy metal toxicity. A new trend 
in the medical treatment of metal poisoning is the use of structurally different chela-
tors in order to achieve a more effective removal of toxic metals. This is based on the 
assumption that various chelating agents are likely to mobilise toxic metals from dif-
ferent tissue compartments and therefore better results could be expected (Flora et al. 
 2002 ). For example, the  combination of DMSA and CaNa 2 EDTA against Pb poison-
ing resulted in enhanced elimination of Pb without redistribution of Pb to any other 
organ in rats (Flora et al.  2002 ). Similarly, an enhanced elimination of As from blood 
and soft tissues was observed when DMSA and MiADMSA were administered 
together (Mishra et al.  2008 ). DMSA and MiADMSA in addition to acting as a metal 
chelator could also act as an antioxidant and protect against hepatic DNA damage 
(Flora et al.  2004 ). The combined administration of MiADMSA and CaNa 2 EDTA is 
also benefi cial in reducing body Pb burden and neuronal cell death (Flora et al.  2007 ). 
It was also found that the combined administration of DMSA and MiADMSA was 
not only benefi cial in decreasing Pb burden but also provide better clinical recoveries 
especially in the brain than monotherapy (Flora and Pachauri  2010 ). 
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 In the event that oxidative stress can be partially implicated in toxicity of metals, 
a therapeutic strategy to increase the antioxidant capacity of cells may fortify the 
long term effective treatment. In this regard, antioxidant supplementation with che-
lating agents was found to show additive or synergistic effect that improved chelat-
ing ability. For example, the combination of taurine with DMSA or MiADMSA in 
arsenic-exposed animals was more effective in depleting blood, liver, kidney and 
brain Pb and As levels respectively (Flora and Pachauri  2010 ). Similarly, a combi-
nation of DMSA with alpha-lipoic acid in Pb-exposed animals was more effective 
in preventing oxidative damage as measured by alterations in erythrocyte mem-
brane enzyme levels (Sivaprasad et al.  2004 ). A similar effect of improved chelating 
ability was observed for CaNa 2 EDTA administrated in conjunction with zinc (Batra 
et al.  1998 ). N-acetyl-cysteine (NAC) could be used both as preventive as well as 
therapeutic agent along with MiADMSA/DMSA in the prevention or treatment of 
Pb intoxication in rats (Pande et al.  2001 ). Vitamin C may facilitate the absorption 
and excretion of Pb in low-exposed subjects with higher vitamin C supplementa-
tion. Vitamin E alone or in combination with CaNa 2 EDTA, was found to decrease 
the Pb-induced lipid peroxide levels of liver and brain in rats (Patra et al.  2001 ). 
Similarly, vitamin C in combination with MiADMSA is effective reducing liver and 
kidney As burden (Flora and Pachauri  2010 ). It was also found that combination 
treatment with the thiol chelator and natural antioxidant proved to be more benefi -
cial than monotherapy in the recovery from Pb-induced oxidative stress and the 
body Pb level (Saxena and Flora  2006 ). Combination therapy with antioxidants or 
phytochemicals and chelating agent proved to be effective in mobilizing metal from 
soft as well as hard tissue (Flora and Pachauri  2010 ). Antioxidants compounds can 
therefore act as complimentary chelating agents (adjuvants) increasing the effi cacy 
of a known chelator, or by acting independently (Fig.  7.4 ). Therefore, the co- 
administration of two chelating agents or when chelating agents are used in con-
junction with antioxidants gives better effi cacy in terms of recovery from metal 
toxicity and can be a standard strategy in treatment of heavy metal toxicity.

7.6        Conclusion 

 Multiple pathways of metals through air, food, water, e.t.c., account for its easy 
accessibility to man, and factors like bio-magnifi cation along the food chain compli-
cate the problem. Although, majority of the available information in the literature is 
on the adverse health effects of single exposures to metals, much is not known about 
the complex mechanisms of interaction between combined exposures of these metals 
in vivo. As the prevalence of metal exposure is increasingly recognized and identifi ed 
in humans, the need for effective prevention and treatment will increase. Biological 
monitoring can be of great value in preventive programs especially when it is com-
plemented with conventional monitoring of the different environmental media (e.g., 
air, food, water). Furthermore, the development of newer biomarkers with the help of 
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advanced techniques and their use in environmental epidemiological studies can 
enable more informed risk assessment decision making. Preventive measures are 
now in place in some European countries, ranging from monitoring endogenous 
 levels of metal ions in foods and drinks to detecting contamination during food 
 preparation. The governments of respective developing countries should also ensure 
toxic metal free air, water and food by making strict laws regarding contaminating 
industrial units and ensuring proper disposal of toxic metal garbage. Media and 
 non-governmental organizations should raise a voice against any negligence on part 
of government besides educating the masses about metal hygiene. Also, the advances 
of toxicology have improved our knowledge about human exposure to toxic metals 
and their health effects, and the detecting of the minutest deleterious effect of a 
chemical. This is very signifi cant especially in today’s industrialized world where 
every individual is carrying Pb burden in the bones, Hg in hair and Cd in semen. 
Although chelation therapy is an important tool in fi ghting metal storage disorders, 
the yet lack of larger clinical trials still offers controversy on its clinical therapeutic 
benefi ts. Further, newer therapeutic strategies should be investigated that may pro-
vide better therapeutic outcomes.     

  Fig. 7.4    Chelation therapy and the excretion of metals from soft and hard tissue of the body 
during acute and chronic exposure to toxic metals       
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Abstract The most important environmental problems are caused by intensive industrial 
activities, urbanization and population growth. The increase in air pollution resulting 
from the expanding use of fossil energy sources and the growth in the manufacture 
and use of chemicals has been accompanied by mounting public awareness of and 
concern about detrimental effects on health and the environment. Anthropogenic 
activities have greatly changed pollutant atmospheric concentrations and consequently, 
their availability and cycling. Airborne lead (Pb) is a constituent of atmospheric 
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particulate matter (PM), and as such it may be transported to great distances before 
being removed in deposition processes. Here we review the application of plants in 
(i) trace elements monitoring, (ii) biomonitoring of lead air pollution and (iii) identify-
ing lead sources in the environment. The instrumental monitoring techniques lack 
information on impact of atmospheric pollutants on the living systems and hence, 
there has been an increasing interest in using indirect monitoring methods based on a 
response of living organisms that may act as trace element bioaccumulators. Since 
plants accumulate lead, as well as other trace elements, from the atmosphere, the 
indirect air pollution monitoring, using plants has gained importance in the last 
decades. Mosses, lichens, but also higher plants have been used for biomonitoring of 
various pollutants, including lead. Lead isotopic studies may  provide a convenient 
approach for studying and tracing the sources of Pb pollution in different environmen-
tal compartments. The lead isotope approach for plant biomonitoring in source iden-
tification and biomonitoring species validity assessment has been discussed. It has 
been shown that airborne Pb is the most important source of accumulated Pb in plants. 
The overview of advantages using plants for lead air pollution monitoring is presented 
in this paper, as well as the determination of lead sources in the environment.

Keywords Air pollutants • Particulate matter • Deposition • Lead • Pollution
sources • Pb isotope ratio • Leaded gasoline • Tracers • Plants • Bioindicators •
Biomonitors • Tree leaves
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8.1 Introduction

Major environmental compartments or conceptual spheres are atmosphere, hydro-
sphere, lithosphere and biosphere. Flow of matter and energy in this dynamic sys-
tem takes place within every sphere and also between each of them in both directions, 
as presented schematically in Fig. 8.1. Moreover, different processes, biotic and 
abiotic, taking place in these compartments are responsible for the transformations 
of matter and energy, making the system more complex and influencing the distribu-
tion and flow of matter and energy.

Intensive industrial activities, urbanization and population growth are recog-
nized as the reasons for the most important environmental problems. The significant 
differences between environmental compartments influence the mobility, redistribu-
tion, transformations, storage, and monitoring of pollutants. Development of mod-
ern analytical techniques, as well as knowledge about the influence of different 
chemicals on the human health and the environment, have encouraged significant 
improvement in the field of pollutant detection and environmental protection.

Presence of chemicals, particulates or biological material in air can result in atmo-
spheric pollution. Several effects of air pollution are even of global concern, with 
climate change and stratospheric ozone depletion, being the most serious environ-
mental issues. One of the consequences of the current stage of industrialization and 
the demand for improved quality of life has been increased exposure to air pollution 

Fig. 8.1 The four environmental spheres and their interactions (Adapted from Husar 1994)
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coming from industrial activities, traffic and energy production (WHO 2007). For 
example, the emission of greenhouse gases (GHGs) from various domestic and 
industrial sources is one of the major contributors towards global warming and cli-
matic changes (Meinshausen et al. 2009; Radojević et al. 2013).

Since the major pollution smog events that occurred in the United Kingdom in 
the 1950s, the awareness of policy makers, economical stakeholders and the gen-
eral public kept increasing at a steady pace over the last decades (Colette et al. 
2011). The increase in air pollution resulting from the expanding use of fossil 
energy sources and growth in the manufacture and use of chemicals has been 
accompanied by mounting public awareness of and concern about its detrimental 
effects on health and the environment (WHO 2000). Namely, air pollution can 
cause acute and chronic adverse effects on human health via ingestion, dermal 
contact and inhalation exposure (Hu et al. 2012); the effects of air pollution on 
health are very complex (Pandey et al. 2005).

Undeniably, air pollution is a serious problem in many parts of the world, affect-
ing people and the economy of countries, leading to forest decline, loss in agricul-
tural production and diminished status of population health and the well-being of 
the whole environment.

Air pollutants originate from both natural and anthropogenic sources, and may 
be found outdoors and indoors in solid, liquid or gaseous form. Anthropogenic 
emissions of various pollutants (the only factors that can be controlled) interact 
between each other, as well as with biogenic (natural) emissions and local meteorol-
ogy, that results in time and space varying pollutant levels, which also depend on the 
system boundary conditions (i.e. emission and meteorology of surrounding areas) 
(Carnevale et al. 2012).

Dealing with a certain topic usually requires proper definition; however in the 
field of air pollution many definitions originating from different sources are in use. 
Some of them are presented in the following text. Air pollution is defined as:

 – The presence of contaminant or pollutant substances in the air that do not dis-
perse properly and interfere with human health or welfare, or produce other 
harmful environmental effects (US EPA 1989).

 – The presence of contaminant or pollutant substances in the air at a concentration 
that interferes with human health or welfare, or produces other harmful environ-
mental effects (Gunn 1990). This definition is given in GEMET – General 
Multilingual Environmental Thesaurus, in 19 European languages, developed by 
the European Environment Agency (EEA) and the European Topic Centre on 
Catalogue of Data Sources (ETC/CDS), in collaboration with European Union 
member countries and the UNEP Infoterra.

 – The presence of contaminant or pollutant substances in the air that do not dis-
perse properly and that interferes with human health or welfare, or produces 
other harmful environmental effects (UN 1997).

 – Presence of substances in the atmosphere resulting either from human activity or 
natural processes, in sufficient concentration, for a sufficient time and under cir-
cumstances such as to interfere with comfort, health, or welfare of persons or to 
harm the environment (Nordberg et al. 2007).
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 – One or more chemicals or substances in high enough concentrations in the 
air  to harm humans, other animals, vegetation, or materials (Tyler Miller and 
Spoolman 2010).

Also, there are few definitions of air pollutant/pollutants:

 – Any substance in air which could, if in high enough concentration, harm man, 
other animals, vegetation, or material. Pollutants may include almost any natural 
or artificial composition of matter capable of being airborne. They may be in the 
form of solid particles, liquid droplets, gases, or in combination of these forms 
(US EPA 1989).

 – Substances in air that could, at high enough concentrations, harm human beings, 
animals, vegetation or material. Air pollutants may thus include forms of matter 
of almost any natural or artificial composition capable of being airborne. They 
may consist of solid particles, liquid droplets or gases, or combinations of these 
forms (UN 1997).

 – Any air pollution agent or combination of such agents, including any physical, 
chemical, biological, radioactive (including source material, special nuclear 
material, and byproduct material) substance or matter which is emitted into or 
otherwise enters the ambient air. Such term includes any precursors to the forma-
tion of any air pollutant, to the extent the Administrator has identified such pre-
cursor or precursors for the particular purpose for which the term “air pollutant” 
is used (Clean Air Act, Subchapter 7602 Definitions Sec. 302).

 – Pollutant shall mean any substance present in ambient air and likely to have 
harmful effects on human health and/or the environment as a whole (DIRECTIVE 
2008/50/EC 2008).

Even the terms pollutant and contaminant are often used as synonyms; several 
definitions for the term contaminant are in use:

 – Any particulate matter, gas, or combination thereof, other than water vapor 
(US EPA 1989).

 – Any undesirable solid, liquid, or gaseous matter occurring, as a result of 
human activities, in a solid, liquid, or gaseous environmental medium, even 
without adverse effects being observed. In some contexts, as in relation to gas 
cleaning equipment, used as a synonym for “pollutant”, especially on a small 
scale (Nordberg et al. 2009).

In order to facilitate their classification, air pollutants are often grouped in fol-
lowing categories: solids, sulfur compounds, volatile organic chemicals, particulate 
matter, nitrogen compounds, oxygen compounds, halogen compounds, radioactive 
compounds, and odors. They are also classified as primary, those emitted directly 
from a source, and secondary pollutants, which are formed in air by interaction 
between two or more primary pollutants, or by reaction with atmosphere constitu-
ents. Most primary pollutants, including particulate matter (PM) are emitted by 
anthropogenic activities (Pacyna 1986; Seinfeld and Pandis 1998; Pacyna and 
Pacyna 2001; Vukmirović et al. 2004). The urban atmosphere is subjected to large 
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inputs of anthropogenic contaminants produced by both stationary sources and 
mobile sources related to traffic (Seinfeld and Pandis 1998; Tasić et al. 2006; Saeedi 
et al. 2012).

US EPA has set National Ambient Air Quality Standards for six principal pollut-
ants, which are called “criteria” pollutants: carbon monoxide (CO), primary pollut-
ant; lead (Pb), primary and secondary; nitrogen dioxide (NO2), primary for averaging 
time of 1-h while primary and secondary on the annual basis; ozone (O3), primary 
and secondary; particle pollution (PM2.5 and PM10), primary and secondary and sul-
fur dioxide (SO2), primary and secondary. Since 1990, national annual air pollutant 
emissions in the United States have declined, with the greatest percentage drop in 
lead emissions (83 %). Direct PM2.5 emissions have declined by more than half; 
PM10 and SO2 emissions have declined by more than 60 %, and NOx and VOC emis-
sions have declined by more than 40 % (US EPA 2010).

The European Parliament has established the need to reduce atmospheric pol-
lution in order to minimize harmful effects on human health, with particular 
attention paid to sensitive populations, and to reduce damage to the environment 
as a whole and this may be carried out by improving the monitoring and assess-
ment of air quality and pollutant emissions, as well as providing information to 
the public (Vicente et al. 2012). Emissions of the main air pollutants in Europe 
declined significantly in the period 1990–2009, in particular sulphur dioxide 
(SO2) and lead (Pb), resulting in improved air quality across the region. At pres-
ent, PM and O3 are Europe’s most problematic pollutants in terms of harm to 
health (Office of the European Union 2011).

Also, it should be emphasized that with the increase of industrial activities in 
developing countries, the emission of air pollutants has substantially increased, 
often leading to a deterioration of the environmental quality in areas where no pol-
lution measurements are available (Rodriguez et al. 2012).

8.2 Atmospheric Particulate Matter

Particulates in the air are a mixture of solid and liquid droplets that vary in size, mor-
phology, and chemical composition. Unlike many other air pollutants, which are 
classified by their chemical composition, particles are classified according to their 
physical property. By size, they are often classified as “coarse” and “fine”. In practi-
cal terms, a distinction is made between PM10 (“thoracic particles” that are particu-
lates with aerodynamic diameters smaller than or equal to 10 μm and can penetrate 
into the lower respiratory system) and PM2.5 (“respirable particles” that are particu-
lates with aerodynamic diameters smaller than or equal to 2.5 μm and can penetrate 
into the deeper part of the lungs) (Brunekreef and Holgate 2002). A visual compari-
son of PM10 and PM2.5 is shown in Fig. 8.2. The coarse fraction (particles >2.5 μm) 
is dominated by natural sources (geogenic material: fugitive and resuspended dust; 
biological material: pollen, bacteria), while the fine fraction (particles <2.5 μm) is 
dominated by anthropogenic emissions (Wall et al. 1988).
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Directive 2008/50/EC of the European parliament and of the council of 21 May 
2008 on ambient air quality and cleaner air for Europe, for the purpose of this 
Directive, defines ‘PM10’: “shall mean particulate matter which passes through a 
size-selective inlet as defined in the reference method for the sampling and mea-
surement of PM10, EN 12341, with a 50 % efficiency cut-off at 10 μm aerodynamic 
diameter; and ‘PM2.5’ shall mean particulate matter which passes through a size- 
selective inlet as defined in the reference method for the sampling and measurement 
of PM2.5, EN 14907, with a 50 % efficiency cut-off at 2.5 μm aerodynamic diame-
ter” (DIRECTIVE 2008/50/EC 2008).

Particulate matter is emitted directly from a large variety of anthropogenic, 
biogenic and natural sources and formed in the atmosphere by chemical and 
physical processes from gas-phase precursors such as NMVOC, NOx, SO2 and 
NH3 (Seinfeld and Pandis 1998). PM primarily generated by thermal and heating 
power plants, industry and transportation (Fig. 8.3), stands out as one of the most 
important pollutants.

Unlike other US criteria pollutants (O3, CO, SO2, NO2 and Pb), PM is not a spe-
cific entity but is a mixture of particles from different sources and of different size, 
composition, and properties (Vallero 2008). Atmospheric PM, or aerosol, plays a 
central role in atmospheric processes (Fountoukis and Nenes 2007). After emission, 
PM is subjected to physical, chemical and photochemical transformations, which 
ultimately decide their fate and atmospheric concentrations.

Like other air pollutants, PM does not remain confined near the source of emis-
sion, but is spread over distances, depending upon topography and meteorological 
conditions, especially wind direction and speed, vertical and horizontal thermal 

Fig. 8.2 Comparison of the dimensions of PM10, PM2.5 and a human hair (http://www.epa.gov/
airquality/particlepollution/basic.html)
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gradients. Large particles have a tendency to be removed quickly, near the emission 
sources, but particles of sizes less than 10 μm exhibit long term existence, from days 
to months, and may be transported to distant regions. Both transport and mobiliza-
tion of PM have attracted much attention and differences in particulates regional 
and seasonal distribution are evident (Nriagu and Pacyna 1988; Alcamo 1992; Cong 
et al. 2010; Ewing et al. 2010). The elemental composition of airborne particulates 
at different locations may vary over almost three orders of magnitude indicating a 
strong effect of local sources. The highest PM concentrations are usually reported 
for urban and industrial areas. Particulate matter in urban areas is mainly made up 
of metals, organic compounds, materials of biological origin (Tasić et al. 2006) and 
elemental carbon. The particle core, which often forms bulk of the urban particulate 
matter, mainly comprises of elemental carbon (Pandey et al. 2005).

Fig. 8.3 The most important sources of particulate matter in atmosphere (Adapted from 
Antanasijević et al. 2013)
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Atmospheric deposition of particulate matter is an important source of toxic 
 substances in the terrestrial and aquatic environment (Fig. 8.4). Interaction with differ-
ent natural components may result in toxic effects on the biosphere (Nriagu and Pacyna 
1988; Bargagli 1998). Atmospheric deposition depends on the physical characteristics 
of the particles, predominantly their size and shape. While large particles precipitate 
quickly near the discharge sources, particles of sizes less than 10 μm and low density 
exist from days to months, and may be transported to distant regions. Among other 
factors, the magnitude of atmospheric deposition and the ratio of wet to dry deposition 
are controlled by emission sources, distance to emission sources, the sampling site, 
meteorological conditions, e.g. prevailing wind directions, type, frequency and amount 
of precipitation, and also on the morphological characteristics of depositing surfaces 
(Tasić et al. 2001; Avila and Rodrigo 2004; Motelay-Massei et al. 2005). Since either 
wet or dry modes may contribute equally to, or predominate in total deposition, it 
appears essential to include both, wet and dry deposition, in estimations of loading 
from atmospheric deposition. From a biogeochemical perspective, the characterization 
of bulk deposition (BD) is relevant for identifying the variability and sources of the 
atmospheric pollutants (Azimi et al. 2005).

Particulate matter induces serious health consequences for the exposed population. 
Numerous studies have shown that PM poses a great health threat because it can pass 

Fig. 8.4 Atmospheric deposition processes (http://www.ioe.ucla.edu/reportcard/article.asp? 
parentid=1497)
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through the nose and throat and get deep into the lungs. Very small particles can 
 penetrate deeper into the respiratory system and enter the blood circulation. Furthermore, 
these particles often contain toxic trace elements or organic compounds. Studies 
showed that chronic exposure to PM10 results in adverse health effects (Pope et al. 
1995) in the form of increased risk of developing cardiovascular and respiratory dis-
eases and lung cancer. Analysis of elemental content of PM10 allows an assessment of 
the health risks (both carcinogenic and non-carcinogenic) associated with exposure to 
PM10-bound trace elements through inhalation. In addition, PM10 may be absorbed by 
aerial parts of vegetables and thus included into the food chain (Kabata-Pendias and 
Mukherjee 2007).

Even the range of the health effects is broad, affecting the respiratory and the 
cardiovascular system, especially for more sensitive groups as children and elderly 
(WHO 2006), for both, ultrafine and larger aerosol particles, it is unclear which phys-
ical and chemical properties actually determine their adverse health effects (particle 
size, structure, number, mass concentration, solubility, chemical composition, and 
individual components, etc.) (Pöschl 2005). It seems that the effect of ultrafine par-
ticles on health correlate better with particle surface area than with particle number 
or mass (Moshammer and Neuberger 2003; Sinclair and Tolsma 2004).

The harmful effect that airborne particulate matter may have on human health, 
leads to the need for strict governmental regulations on air particle concentrations. 
The US EPA included particulate matter among six common air pollutants in 
national ambient air quality standards within the clean air act legislations first estab-
lished in 1963. In the European Union for PM2.5, the 2008 Air Quality Directive has 
introduced a target value for human exposure based on the average exposure indica-
tor (AEI), set at the national level (DIRECTIVE 2008/50/EC 2008).

8.3 Trace Element Air Pollution

Trace elements, especially heavy metals, are currently pollutants of great concern, due 
to the increased awareness of their potentially hazardous effects (Järup 2003; Wei and 
Yang 2010; Milosavljević et al. 2011). The expanding interest in the field of heavy 
metal research is associated with an increasing world production of metals as well as 
their common usage in the past century, and consequently, with their increasing emis-
sions into the environment (Järup 2003; Marjanović et al. 2009; UNEP 2010). Major 
anthropogenic sources of trace metals include vehicular emissions (Cr, Mn, Fe, Cu, 
Zn, Ba, Pb), stationary fossil fuel combustion (V, Cr, Mn, Ni), non- ferrous metal pro-
duction (Cu, Zn, Cd) and combustion of gasoline (Pb) (Schauer et al. 1996; Pacyna 
and Pacyna 2001; Bilos et al. 2001). Long-term excessive inputs of such elements 
may impose a burden on ecosystems and human health through various biogeochemi-
cal cycles (Cong et al. 2010).

Trace elements generally refer to elements that occur in natural and per-
turbed environments in small amounts and that, when present in excessive bio-
available concentrations, are toxic to living organisms (Blum et al. 2009). Trace 
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metals are metals found in low concentrations, in mass fractions of ppm or less, 
in some specified source, e.g., soil, plants, tissue, ground water (Duffus 2002). 
Sometimes this term has confusing overtones of low nutritional requirement 
(by a specified organism).

During the past few decades, many studies on bulk (wet and dry) deposition of 
metals in urban areas have been widely used to estimate the influence of atmo-
spheric inputs of metals on the surface environment (Golomb et al. 1997; Wong 
et al. 2003; Motelay-Massei et al. 2005; Azimi et al. 2005; Rossini et al. 2005; 
Sharma et al. 2008). Fluxes of metals (Cd, Cu, Ni, Pb, Hg) of anthropogenic origin 
were 3–4 times higher in the sites nearest to the urban and industrial area compared 
to the more distant sites.

The transport and mobilization of trace elements have also attracted much atten-
tion (Nriagu and Pacyna 1988; Alcamo 1992) and regional and seasonal differences 
in the element distribution are evident. Trace elements, such as Pb, Cd and Hg, can 
be transported over long distances by atmospheric flow and deposited far from 
emission sources (Nriagu and Pacyna 1988; Alcamo 1992). There is evidence that 
trace elements from anthropogenic sources are widely distributed in the atmosphere 
and occur even at high altitudes in mountain regions and in the Arctic (Kabata-
Pendias and Mukherjee 2007).

Unlike most other toxic pollutants, metals can accumulate throughout the food 
chain due to their nonbiodegradability and thus have potentially detrimental effects 
on all living species (An et al. 2001; Milosavljević et al. 2010; Nica et al. 2012). 
Among the many inorganic pollutants originating from anthropogenic activities, 
heavy metals such as arsenic, cadmium, chromium, and lead, are of major concern 
due to their toxic and potentially carcinogenic characteristics (Melaku et al. 2008). 
Moreover, metal pollutants such as Cd, Cr, Ni and Pb have cumulative effects, caus-
ing growth retardation in children, kidney disease, cancer and many other adverse 
health effects (Jiries 2003). These, as well as Hg, Ni and Zn, are emitted into the air 
from both natural and anthropogenic sources (Fig. 8.5).

Some recent observations have shown decreasing trends for several metals, 
e.g. Fe, Pb, Cr, Cd, Hg, As, and Be in the environment. A significant reduction of 
the Pb content in airborne particulates has recently been reported for some urban 
sites due to the replacement of leaded with unleaded gasoline (Kabata-Pendias 
and Mukherjee 2007).

More than 40 trace elements are measured in atmospheric particulate matter 
samples, including lead (Bargagli 1998; Viana et al. 2008). Studies of spatial and 
temporal variation of atmospheric aerosol particles gained significance and resulted 
in an increased interest in the use of analytical techniques capable to measure the 
size, morphology and chemical composition of individual aerosol particles. Such 
data is essential for understanding the particle formation, transport, transformation 
and deposition mechanisms, as well as the impact of particles inhaled into the respi-
ratory system on human health.

PM sampling is performed for a variety of purposes, including mass concentra-
tion determination for compliance with standards. Chemical analysis of filter depos-
its cannot be separated from the methods used to obtain the sample. Techniques 
commonly used for trace element analysis of environmental samples, like PM 

M. Ristić et al.



399

include neutron activation analysis (NAA) and X-ray fluorescence analysis (XRF) 
as non-destructive techniques and flame atomic absorption spectrometry (FAAS), 
graphite furnace atomic absorption spectrometry (GFAAS), inductively coupled 
plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma 
mass spectrometry (ICP-MS) as destructive ones. Analytical techniques XRF, 
FAAS and ICP-OES are used for medium to low level concentrations while GFAAS, 
NAA and ICP-MS are appropriate for ultra low level concentrations (Fig. 8.6).

8.3.1 Plants in Trace Elements Monitoring

The instrumental sampling methods are frequently limited by the high costs and the 
difficulties in carrying out extensive monitoring in time and space. It is well-known that 
plants accumulate trace elements from the atmosphere and have been used in a large 
number of studies, offering low-cost information about environmental quality with an 
easy sampling advantage (Markert 1993; Bargagli 1998; Weiss et al. 2003; Rucandio 
et al. 2011). Thus, there has been increasing interest in the use of indirect monitoring 
methods, such as the use of organisms that act as bioaccumulators.

Fig. 8.5 The main natural and anthropogenic sources of atmospheric trace elements and the esti-
mated relative proportions attributable to each of the two source types (Bargagli 1998)
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A bioindicator is an organism (or part of an organism or a community of organisms) 
that contains information on the quality of the environment (or a part of the environ-
ment). A biomonitor, on the other hand, is an organism (or part of an organism or a 
community of organisms) that contains information on the quantitative aspects of the 
quality of the environment (Markert 2007). Biomonitoring is a rapid and economical 
method that has commonly been used for assessing environmental quality and poten-
tially detrimental effects of pollutants to the biosphere (Wolterbeek 2002; Szczepaniak 
and Biziuk 2003).

A perfect bioindicator is expected to have, among others, the following charac-
teristics: (1) it has to accumulate high levels of pollutants without death; (2) it has 
to live a sessile style, thus definitely representing local pollution; (3) it has to have 
enough abundance and wide distribution for the repetitious sampling and compari-
son, (4) its life has to be long enough for the comparison between various ages; (5) 
it has to be easily sampled and easily raised in the laboratory (Zhou et al. 2008). 
Various effective bioindicators have been used so far for the assessment of the state 
of natural ecosystems (Fig. 8.7).

Air quality monitoring using biological material has been employed for more 
than a century (Serbula et al. 2012). The use of plants as a complementary tool 
to traditional (instrumental) methods of studying atmospheric pollution from 

Fig. 8.6 Analytical techniques applied in trace element analysis of environmental samples 
(Adapted from Onjia 2007)
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anthropogenic and natural sources has become an established technique in the past 
30–40 years because of the development of powerful analytical techniques (Markert 
1995; Berlizov et al. 2007). Plants such as mosses and lichens are commonly 
regarded as the best bioindicators of air quality, as they can accumulate elements to 
a far greater level than it is necessary for their physiological needs (Rühling and 
Tyler 1968; Berg and Steinnes 1997; Harmens et al. 2008; Aničić et al. 2009a, b, c).

In industrial and urban areas higher plants can give even more complex infor-
mation than non-biological samples. The main advantages of using higher plants 
for air monitoring are greater availability of the biological material, simplicity of 
species identification, sampling and treatment, harmless sampling and ubiquity of 
some genera, which makes it possible to cover large areas; therefore higher plants 

Fig. 8.7 Simplified representation of complex ecosystem interrelations with regard to a pollutant 
and resulting consequences for bioindication and biomonitoring (Adapted from Markert 1996)
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have appeal as indicators in air pollution monitoring in highly polluted areas where 
lichens and mosses are often absent (Bargagli 1998; Berlizov et al. 2007; Rucandio 
et al 2011; Hoodaji et al. 2012). Higher plants also exhibit greater tolerance to 
environmental changes which is especially important for monitoring areas with 
elevated anthropogenic influence (Berlizov et al. 2007).

Higher plants have been used for heavy metals biomonitoring since the 1970s. In 
general, the accumulation of trace elements by higher plants depends on the root 
uptake and also on binding and solubility of particles deposited on leaf surfaces. 
Responses of plants to elevated concentrations of air contaminants are dependent 
on species specificity, but are also influenced by environmental factors and by plant 
physiological status.

The usage of tree leaves primarily as accumulative biomonitors of trace element 
pollution has gained a great ecological importance (Bargagli 1998; Weiss et al. 
2003). Namely, trees are very efficient in trapping atmospheric particles, which is 
especially important for urban areas (Coe and Lindberg 1987; Freer-Smith et al. 
1997; Bargagli 1998). For example, leaves or bark of various tree species, both 
evergreen and deciduous, have been used for biomonitoring of air pollution (Bargagli 
1998; Weiss et al. 2003).

Leaves as bioindicators of environmental pollution have been studied, more and 
more, to evaluate their suitability, to assess the effect of a specific pollution source, 
to differentiate between background (unpolluted) and polluted sites and to monitor 
or assess the level of pollution in an area (Turan et al. 2011). Leaves of common 
deciduous trees: horse chestnut (Aesculus hippocastanum) and linden (Tilia spp.) 
from three parks within the urban area of Belgrade were studied as bioindicators of 
trace element atmospheric pollution: As, V, Cd (Šućur et al. 2010) and Cr, Fe, Ni, 
Cu, Zn, Pb (Aničić et al. 2011).

The deposition of the pollutants on the leaf surface depends on the size and shape 
of the atmospheric particles that are associated with pollutants, the meteorological 
conditions, such as wind speed, rainfall and thermal stability, the orientation of the 
leaf surfaces and the structure of the canopy, while retention of the pollutants on the 
leaf depends on the adhesiveness of the particles, morphological characteristics of 
the leaf surface and the rate of removal from the leaf (Othman et al. 1997; Harrison 
and Yin 2000; De Nicola et al. 2008; Van Leeuwen and Vermiere 2007; Olowoyo 
et al. 2010).

Depending on tree species, the morphological characteristics of the leaves are 
greatly variable, influencing the amount of particles deposited on the leaf surface 
(Bargagli 1998; Weiss et al. 2003; Tomašević et al. 2004; Tomašević et al. 2005). 
Scanning electron microscopy combined with energy dispersive X-ray spectros-
copy (SEM–EDAX) provides a powerful tool for physical and chemical character-
ization of individual particles deposited on different surfaces, including filters and 
leaves (Sharma and Srinivas 2009; US EPA 2002). As an example, scanning elec-
tron photomicrographs presented in Fig. 8.8 show a general appearance of adaxial 
and abaxial surfaces of hypostomatic leaves of A. hippocastanum and C. colurna 
sampled in a dry period, at the end of September 1997 in the Belgrade urban area 
(Tomašević et al. 2005).
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8.4 Lead in the Environment

Although there was no Lead Age to rival the Copper, Bronze, and Iron ages, lead 
 nevertheless has appeared in all phases of art, medicine, and technology and can claim 
first place among metals in tonnage produced or released to the environment (Nriagu 
1998). Moreover, more than 95 % of present-day lead deposited in the environment is 
of anthropogenic origin (Marcantonio et al. 2002). However, our understanding of the 
fate of Pb air emissions is far from sufficient (Van der Gon and Appelman 2009).

Fig. 8.8 Scanning electron micrographs of particles deposited on the adaxial (a) and abaxial 
(b) leaf surfaces of A. hippocastanum (Adapted from Tomašević et al. 2005)

8 Plants as Monitors of Lead Air Pollution



404

The main sources of lead emission and environmental pollution are presented 
schematically in Fig. 8.9 (adapted from Sharma and Dubey 2005). Many of them 
emit lead directly into the atmosphere, causing pollution and influencing the other 
three environmental spheres, lithosphere, hydrosphere and biosphere. Estimates 
of the emissions of individual sources of Pb indicate that the atmosphere is the 
major initial recipient and that the anthropogenic sources are at least 1–2 orders 
of magnitude greater than natural sources (Komárek et al. 2008). Atmospheric Pb 
is mostly present in fine, often sub-micrometric particles, and may be transported 
over long distances.

While the primary source of lead in the environment by the mid-eighteenth cen-
tury was the combustion of Pb-containing coal, today the pollution caused by 
anthropogenic Pb originates mostly from mining, smelting, industrial uses, waste 
incineration, coal burning, and leaded gasoline. In the 1960s and 1970s, alkyl lead 
gasoline additives became the most important sources of atmospheric Pb pollution 
throughout the world, and potentially the most globally-widespread mechanism for 
the release of anthropogenic Pb into the environment has been the use of tetraethyl-
 Pb as an anti-knock additive in gasoline (Nriagu 1990; Hopper et al. 1991). Namely, 
from the 1930s onward, tetra-alkyl lead additives have been used as antiknock 
agents in petrol for motor vehicles and, by the 1970s, lead fallout from the combus-
tion of petrol accounted for around 90 % of the atmospheric lead input into urban 
environments (Anagnostopoulou and Day 2006).

Fig. 8.9 Lead sources in the environment (Adapted from Sharma and Dubey 2005)
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According to Facchetti (1989), and references therein, 50–60 % of the lead added 
to petrol is mobilized in the atmosphere, while most of the remainder adheres to the 
walls of the exhaust system from which it is expelled by mechanical and thermal 
shocks in the forms of easily sedimented particles. Namely, the fraction directly 
emitted by engine exhaust fumes is found in the form of fine particles, which can be 
transferred a long way from the emitting sources. Notwithstanding the decline in 
alkyl-lead emissions from petrol, this historic source of lead is still a threat to human 
health due to its small particle size, persistence in the environment, as well as resus-
pension and remobilization from contaminated soils and roadway grift (Duzgoren- 
Aydin and Weiss 2008).

It has been shown that lead is the most widely scattered toxic metal worldwide, 
persistent in the environment, with tendency to accumulate in living organisms, and 
as such is the topic in most current pollution studies (Hsu et al. 2006; Komárek et al. 
2008; Cheng and Hu 2010; Sucharová et al. 2011). It enters the human body via 
inhalation of Pb-bearing particles and by ingestion of food and water contaminated 
with Pb (Wang and Zhang 2006).

Environmental lead toxicity is an old but persistent public health problem 
throughout the world, and children are more susceptible to lead than adults because 
of their hand to mouth activity, increased respiratory rates, and higher gastrointesti-
nal absorption per unit body weight (Ahamed and Siddiqui 2007). As it is injurious 
to human health (US EPA 2006) the risk can be reduced only by lowering its emis-
sion levels. Even small amounts of Pb can be harmful, particularly to the nervous 
and hematopoietic systems, and can impair growth and mental function (Wang and 
Zhang 2006).

Due to increased knowledge of the significant negative impact of lead present in 
the environment, the emission of this element from different sources has been sig-
nificantly reduced over the past 40 years. Despite the restrictions on leaded gasoline 
usage, aerosols in remote regions of the Canadian Arctic are still highly contami-
nated with anthropogenic Pb, suggesting an increase in Pb pollution from sources 
other than gasoline additives (Shotyk et al. 2005).

Despite regulatory measures adopted in many countries to limit Pb input into the 
environment, it continues to be one of the most serious global environmental and 
human hazards (Sharma and Dubey 2005). Even agricultural soil is contaminated 
because Pb was used as an agricultural chemical, such as Pb arsenate, which was 
used as a pesticide.

There are four naturally occurring, stable lead isotopes with mass numbers 204, 
206, 207 and 208 (206, 207, 208 are radiogenic and 204 is primordial), which can 
be determined. 208Pb derives from the decay of 232Th, whereas 206Pb and 207Pb derive 
from decay of 238U and 235U, respectively (Eqs. 8.1, 8.2, and 8.3), so that variations 
in U/Th ratios of Pb sources, as well as their formation age, influence the ratio of 
208Pb to the other Pb isotopes (Bollhöfer and Rosman 2000; Chillrud et al. 2003). 
Due to the decay of parent isotopes the amount of stable lead isotopes is increased 
in comparison with the primordial level (Eqs. 8.4, 8.5, and 8.6). Despite the long 
half-lives of U and Th isotopes, high crustal U/Pb and Th/Pb ratios have resulted in 
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increases of ~30 % in 206Pb/207Pb over 4.6 Ga of Earth history (Stacey and Kramers 
1975). The increasing abundances of 208Pb, 207Pb and 206Pb isotopes during the geo-
logical history of the Earth as a result of the 232Th, 235U and 238U decay, respectively 
are observed.
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Since the development of high-resolution thermal ionization mass spectrometers 
(TIMS) by Nier in the late 1930s (Nier 1938), studies of lead isotopes have been 
common in many fields of geology (crust-mantle processes, geochronology, geo-
chemistry, ore prospection and mining, and many others) (Kunert et al. 1999). 
Mixing of lead from different primary ores during industrial processing and recy-
cling reduces the variations, but they are still large compared with the available 
precision of TIMS instruments (Bollhöfer and Rosman 2001). Nevertheless, exhaus-
tive sample preparations, tedious sample handling protocols, long analysis periods 
(2–24 h), and inflexible analytical routines have made the use of TIMS unfeasible in 
some environmental studies where results are drawn from a large number of sam-
ples (Gwiazda et al. 1998; Marguí et al. 2006). It has been shown that inductively 
coupled plasma mass spectrometry (ICP-MS) is sufficiently accurate and precise to 
be used in environmental studies. ICP-MS with both a quadrupole mass analyzer- 
single collector (Q-ICP-MS) and a magnetic sector mass analyzer (MC-ICP-MS), 
have increasingly been used in high precision and accuracy isotope ratio measure-
ment (Heumann et al. 1998; Becker and Dietze 2000). The reliable measurement of 
the isotope 204Pb needs much care and specialized instrumentation and is time con-
suming while the ratios between the more abundant isotopes 206Pb, 207Pb and 208Pb 
can be easily determined by ICP-MS (Reimann et al. 2012).

Sources of Pb are often difficult to identify in contamination studies. Lead isoto-
pic analyses proved to be a very efficient tool for tracing the sources of local and 
global Pb pollution (Komárek et al. 2008). The utility of lead isotopes as an 
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anthropogenic tracer was established by Chow and co-workers (Chow and Johnstone 
1965; Chow and Earl 1970, 1972; Chow et al. 1973, 1975). Two common character-
istics of anthropogenic lead isotope analysis are low concentrations within complex 
natural matrices and a large isotopic range (Reuer et al. 2003). Also, the abundances 
of Pb isotopes are not affected to a measurable extent by physical, chemical or bio-
logical processes. In source identification, the ratios of the isotopic concentrations 
of 208Pb, 207Pb, and 206Pb detected in a sample, are matched to those of the potential 
sources, as the Pb ratios retain the isotopic composition of the ore from which it 
originates before being released into the environment (Ault et al. 1970).

The lead isotopic composition of tetraethyl- and tetramethyl-lead additives 
depends directly on the geological source of the Pb ores used in their manufacture 
(Erel et al. 1997). In this way, products that originate from specific Pb ore deposits 
have characteristic Pb isotope ratios (Faure 1997). Consequently, Pb oxides, Pb 
halides and organolead compounds emitted from burning of leaded petrol, reflect 
the composition of the Pb ore(s) used in its production (Chow et al. 1975). Thus, the 
ratios found in the environment may reflect the origins of the petrol supplies, but the 
positioning is often complicated by frequent changes in the origin of these supplies 
(Monna et al. 1997; Bollhöfer and Rosman 2001).

Very old lead ores, such as those from Broken Hill, Australia (ca. 2.5 × 109 years) 
contain small amounts of its radiogenic isotopes, while younger ores derived from 
high U/Pb sources, such as those mined in several regions of Missouri (ca. 
2.5 × 108 years) have much higher proportions of 206Pb, 207Pb, and 208Pb relative to 
204Pb (Chillrud et al. 2003). Australian type ores have radiogenic ratios of 206Pb/207Pb 
(208Pb/207Pb) ~1.05 (~2.33), while these ratios typical for Chinese Pb ores are in the 
range 1.13–1.16 and ~2.46, respectively (Bollhöfer and Rosman 2001). North 
American ores have lead isotope ratios which differ by as much as 6–25 %, depend-
ing on the isotope ratio (Chillrud et al. 2003). Namely, one major producer, Broken 
Hill in Australia, is characterized by a very low 206Pb/207Pb isotope ratio of 1.04, 
while the largest Pb deposits in the world, the Mississippi Valley type deposits from 
the United States, show a characteristically high 206Pb/207Pb isotope ratio of 1.4 
(Reimann et al. 2012). Obviously, stable lead isotope ratios in natural lead deposits 
vary according to the radiogenic characteristics of their location (Chow et al. 1975). 
Because Pb deposits have characteristic Pb isotope compositions, the combination 
of Pb concentration and Pb-isotope ratios may in some cases be used as a “finger-
print” to trace Pb to its source (Reimann et al. 2012).

Isotopic measurement is superior to using concentrations alone in tracing pollut-
ant sources because isotope ratios are significantly more sensitive tracers than ele-
mental concentrations or ratios (Cheng and Hu 2010). Many authors have shown that 
lead isotopic studies may provide a convenient approach for studying and tracing the 
sources of Pb pollution in different environmental compartments (Monna et al. 1997; 
Simonetti et al. 2000; Doucet and Carignan 2001; Erel et al. 2001). Obviously, the 
use of variations in stable lead isotope ratios has been recognized as a useful tech-
nique for characterizing sources of lead contamination and transport pathways of Pb 
into the environment. Therefore, lead isotopes have been introduced as “fingerprints” 
of environmental pollution (Komárek et al. 2008; Cheng and Hu 2010).
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Pb isotope ratios may vary according to their geological sources, and the isotopic 
compositions measured in the samples reflect those of the specific or mixed Pb 
sources. When lead pollution develops from multiple sources, it is also possible to 
apportion the contributions of the major sources based on their Pb isotopic composi-
tions (Komárek et al. 2008). It is suggested that the Pb isotopic “fingerprinting” may 
be useful for efficient tracking of phase-out of leaded gasoline. The phasing out of 
leaded petrol, however, increases the relative contribution of multiple industrial Pb 
sources (mining and smelting, domestic and industrial fossil fuel combustion, waste 
incineration, etc.). Also, mixing of lead from different primary ores during indus-
trial processing and recycling are adding further variety to the isotopic signatures 
that are appearing in the environment. Moreover, the isotopic composition of Pb 
quickly changes depending on the different sources of Pb, distances from industrial 
areas, traffic density, prevailing wind directions, rainfall intensity, etc. (Monna et al. 
1997; Simonetti et al. 2000). Still, a multi-elemental approach using concentrations 
of other elements (e.g. Zn, Cd, Cu, As, Mn, Al, etc.) or other isotopic ratios (e.g. 
87Sr/86Sr) in aerosols can thus be helpful for a precise evaluation of the Pb origin 
(Doucet and Carignan 2001). However, in order to fully exploit the potential of Pb 
isotopes as a tracer of atmospheric pollution, the isotopic signatures must be well 
characterized in space and time.

8.5  Isotopic Composition in Plant Biomonitoring  
of Lead Air Pollution

Since the sources of lead observed in contamination studies are often difficult to 
identify and interpretation of isotopic data on aerosols is complicated, biomonitor-
ing using plants in lead isotopic studies seems to be a powerful tool in source iden-
tification. Long term studies of Pb isotopic composition may be useful in assessment 
of dominant source contributions, and also to evaluate the validity of different plant 
species used for biomonitoring.

Pb uptake studies in plants have demonstrated that the roots have an ability to 
take up significant quantities of Pb whilst simultaneously greatly restricting its 
translocation to above ground parts (Lane and Martin 1977).

The root uptake of lead (Pb) by trees and the transfer of Pb by leaf litter deposi-
tion to the forest floor were investigated through a pot experiment with Norway 
spruce (Hovmand et al. 2009). Natural Pb and radio isotopic lead (210Pb) were deter-
mined in needles and twigs and in the pot soil spiked with 210Pb. The authors have 
shown that the internal circulation of lead (Pb) in the forest ecosystem, defined as 
Pb taken up by the tree roots translocated to the leaves and deposited on the forest 
floor with leaf litterfall is extremely small compared to the input from sources out-
side the forest, mainly atmospheric deposition.

The use of stable Pb isotopes for tracing Pb contamination within the environ-
ment has strongly increased the understanding of the fate of airborne Pb contami-
nants. For example, the study on the 206Pb/207Pb ratio in atmospheric deposition over 
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most parts of Norway showed that an overwhelming part of Pb in the humus layer 
of natural soils is derived from air pollution and anthropogenic contribution to sur-
face soil Pb (Steinnes et al. 2005a). On the basis of stable Pb isotope (206Pb/207Pb 
ratio) measurements of solid soil samples, stream water (from a mire outlet and a 
stream draining a forest dominated catchment) and components of Picea abies 
(roots, needles and stemwood) (Klaminder et al. 2008), and synthesis of some of 
their recent findings regarding the biogeochemistry of Pb within the boreal forest, 
Klaminder et al. (2008) concluded that the biogeochemical cycling of Pb in the 
present-day boreal forest ecosystem is dominated by Pb pollution from atmospheric 
deposition. The 206Pb/207Pb ratios of the mor layer (O-horizon), forest plants and 
stream water (mainly between 1.14 and 1.20) are similar to atmospheric Pb pollu-
tion (1.14–1.19), while the local geogenic Pb of the mineral soil (C-horizon) has 
high ratios (>1.30). Roots and basal stemwood of the analyzed forest trees have 
higher 206Pb/207Pb ratios (1.15–1.30) than needles and apical stemwood (1.14–1.18), 
which indicates that the latter components are more dominated by pollution derived 
Pb. Lower 206Pb/207Pb ratios for needles in comparison to roots and basal stemwood 
(Fig. 8.10) indicate that a significant part of the Pb is incorporated into the tree bio-
mass directly from the atmosphere.

Spatial and temporal variation in the isotopic composition of atmospheric lead in 
Norwegian moss indicated various sources of lead (Rosman et al. 1998; Steinnes 
et al. 2005b). Determination of the 206Pb/207Pb isotope ratio in moss samples 
(Polytrichum formosum) from a 30–40 year old spruce forest (Hoerner Bruch) near 
Osnabrück (F.R.G.) has shown that this ratio has risen significantly from 1.131 in 
1987 to 1.154 in 1996 due to a reduction of atmospheric inputs of lead from petrol 
(Kunert et al. 1999). The goal of this study was to distinguish different sources of 
atmospheric lead pollution by investigating lead isotope ratios. Based on the 
obtained results, it was possible to conclude that the sources of man-made atmo-
spheric inputs of lead have changed over the 10-year investigated period.

Farmer et al. (2002) have investigated lead isotopic compositions in almost 200 
Scottish Sphagnum moss samples collected over the past 170 years. The analysis 

Fig. 8.10 The 206Pb/207Pb 
ratio of soil, fine roots and 
stemwood (including 
branches and shallow coarse 
roots) from five young  
spruce trees from the 
chronosequence (Adapted 
from Klaminder et al. 2008)
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has revealed trends in the isotopic composition of lead similar to those previously 
established for dated Scottish lake sediments and peat bogs, lending credibility to 
these proxy records of atmospheric lead contamination and deposition. The effect of 
temporal variations in contributions from sources such as smelting of indigenous 
lead ores (206Pb/207Pb ~ 1.16–1.18), coal combustion (206Pb/207Pb ~ 1.17–1.19), and 
the use of imported Australian lead (206Pb/207Pb ~ 1.04) was clearly seen in the 
Scottish moss 206Pb/207Pb record. A significant decline from a 206Pb/207Pb value of 
~1.17 in the Scottish moss record began in the 1920s and continued until the 1980s 
(206Pb/207Pb ~ 1.12). The success of measures to reduce lead emissions to the atmo-
sphere over the past 20 years in the U.K., in particular from petrol-engined vehicles 
using alkyl lead additives manufactured primarily from Australian lead, is evident 
in both the increasing 206Pb/207Pb ratio and falling lead concentration data for 
Scottish moss.

The 206Pb/207Pb isotope ratio was studied to investigate the viability of the syca-
more (Acer pseudoplatanus) tree-ring analysis for the reconstruction of atmospheric 
lead pollution histories. Tree cores spanning 1892–2003 were collected from sev-
eral sycamores from the eastern shore of Loch Lomond, Scotland, an area with no 
local point of lead emission (Patrick and Farmer 2006). The obtained results sug-
gested that, in areas with no local point source of lead, accurate records of changes 
in atmospheric lead concentration and isotopic composition are not preserved in the 
annual rings of sycamore trees. Overall the data suggests that the sycamore tree-ring 
analysis is an unsuitable method for obtaining records of historical lead deposition 
in areas with no large local lead input, although it can reveal some information 
about the temporal and spatial influence of point source emitters. The unsuitability 
probably arises from the number of active annual rings in a single year, the post- 
uptake radial translocation of elements, the relative importance of the different 
routes of uptake, and the soil depth(s) from which trees draw nutrients.

The outermost bark layer of trees, predominantly Scots pine (Pinus sylvestris), 
sampled from non-urban locations throughout Scotland during 2002–2003 were 
analyzed for lead concentration and stable lead isotopes (Patrick and Farmer 2007). 
The bark 206Pb/207Pb values, 90 % of which lay between 1.10 and 1.14, were more 
akin to those recorded for the atmosphere (via rainwater, atmospheric particulate, 
moss, etc.) at various locations throughout Scotland during the 1990s, a decade over 
which the use of leaded petrol (mean 206Pb/207Pb = 1.076 ± 0.011) declined markedly 
before its complete withdrawal in 2000. This raises the question of the validity of 
tree bark as a monitor of current or very recent (e.g. <2 years) exposure. Because of 
its integrative capacity over a greater number of years, tree bark appears to be a less 
reliable medium than moss for measuring temporal trends in the isotopic composi-
tion of atmospheric lead.

In the review article, Komárek et al. (2008) also emphasized that it is possible to 
assume that bark pockets, compared to tree rings, are more suitable for Pb dendro-
chemical analysis used for studies dealing with the evolution of atmospheric pollu-
tion. Lead isotope ratio in tree bark pockets was determined as an indicator of past 
air pollution in four areas of the Czech Republic differing in Pb pollution levels 
(Conkova and Kubiznakova 2008). To apportion Pb emission sources, a three- isotope 
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plot that depicts the relationship between 206Pb/207Pb and 208Pb/206Pb in bark pockets 
is used (Fig. 8.11). The observed Pb isotopic composition of all bark pocket samples 
ranges between the isotopic signature of petrol (left upper part) and the values for 
natural Pb isotopes (right bottom part). Clearly, the isotope composition of beech 
bark pockets and bark in Prague Stromovka is strongly affected by automobile emis-
sions. The isotopic ratios of spruce bark pockets, at Kosetice, Orlicke hory and 
Blansky les, approach the values of coal combustion and/or natural Pb. Five year 
intervals of bark pocket blocks provide records of the history of air pollution over the 
last century, which can be made even more precise with 1 year separation of bark 
pockets (Conkova and Kubiznakova 2008).

The contents of cobalt (Co), copper (Cu), manganese (Mn), lead (Pb) and the 
206Pb/207Pb isotope ratios in the tree rings and soils collected at several locations 
affected by smelting and transportation in the vicinity of Kitwe (Copperbelt, 
Zambia) were determined; the results were interpreted in relation to potential 
sources of contamination such as smelter production, acidification of the environ-
ment, soil composition, raw material processing, and atmospheric suspended par-
ticulate matter (SPM) (Mihaljevič et al. 2011). The isotopic composition of the tree 
rings of the studied tree species varies in the interval 1.16–1.34 and the youngest 
parts of all the studied trees exhibit a low 206Pb/207Pb ratio (<1.17). The soil 206Pb/207Pb 
isotope ratio varies in the range 1.18–1.35. As the soils in the distant region have 

Fig. 8.11 Three-isotope plot for bark pockets and barks (Adapted from Conkova and Kubiznakova 
2008)
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high 206Pb/207Pb ratios (>1.3) in the whole profile and simultaneously the youngest 
parts of the tree rings of tree species growing in this soil have a low 206Pb/207Pb ratio 
(<1.17), it can be assumed that the Pb in the youngest parts of the tree species is 
derived from absorption of SPM Pb through the bark rather than root uptake. It thus 
follows that the source of the Pb is probably interception (foliar, bark) uptake of this 
pollutant by trees.

Lichens and mosses have been widely used as biomonitors for assessing the 
atmospheric deposition of heavy metals and radionuclides (Sert et al. 2011). Flegal 
et al. (2010) have shown that historic and contemporary collections of epiphytic 
lichens may be employed to compare temporal variations in both atmospheric lead 
concentrations and isotopic compositions. The proposed industrial origins of lead in 
all of the lichen samples, dating from 1892 to 2006, are corroborated by their isoto-
pic compositions (208Pb/207Pb versus 206Pb/207Pb) as presented in Fig. 8.12.

In the oldest sample from 1892 lead levels in lichen from the northern reach of 
the San Francisco Bay estuary were 9–12 μg/g and their isotopic composition cor-
responded to those of high lead emissions from the Selby smelter (e.g. 206Pb/207Pb 
1.165) that were killing horses in adjacent fields at that time. By the mid-1950s lead 
isotopic compositions of lichens shifted to the more radiogenic leaded gasoline 
emissions (e.g., 206Pb/207Pb 1.18–1.22). Lead concentrations in the lichen peaked at 
880 μg/g in 1976, corresponding with the maximum of leaded gasoline emissions in 
California in the 1970s. After that, lead concentrations in lichen declined to current 
levels, ranging from 0.2 to 4.7 μg/g. However, isotopic compositions of contempo-
rary samples still correspond to those of previous leaded gasoline emissions in 

Fig. 8.12 Three-isotope plot for lichen and principal sources of industrial lead along Western 
North America from 1892 to 2006. Data are from Bollhöfer and Rosman (2001), Dunlap et al. 
(2008), Mukai et al. (2001), Rabinowitz and Wetherill (1972), Ritson et al. (1999), Steding et al. 
(2000), and references therein. Samples from the San Francisco Bay area are marked with an 
asterisk (archives) or represented by diamonds (JRBP) (Adapted from Flegal et al. 2010)
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California. This correspondence is consistent with other observations that attest to 
the persistence of environmental lead contamination from historic industrial emis-
sions in central California.

The possibility of using lichens as monitors of atmospheric pollution around 
Agadir (Southwestern Morocco) as a case study predating leaded-free gasoline was 
examined (Monna et al. 2012). These new, homogeneous values for gasoline derived 
lead improve and update the scarce isotopic database of potential lead sources in 
Morocco, and may be of great value to future environmental surveys on the pres-
ence of lead in natural reservoirs, where it persists over time (e.g., soils and sedi-
ments). None of the collected lichens in 2005 isotopically matches modern leaded 
gasoline or the gasoline sold 10 years before sampling. Their position on the plot 
(Fig. 8.13) is rather the result of a complex mixture of several components, includ-
ing anthropogenic and natural sources. The present study provides reference levels 
of local air pollution just before lead was finally phased out from gasoline.

In samples of aerosols, wild plants (Aster subulatus) and the corresponding soils, 
collected during the summer of 2009 in urban Nanjing, a typical mega-city located 

Fig. 8.13 208Pb/207Pb vs 206Pb/207Pb in leaded gasoline (open circles), and in lichens ( filled circles). 
Leaded gasoline sampled in 1995 and 2005 and airborne particulate matter sampled in 1997 
(Bollhöfer and Rosman 2000) have also been presented as well as the isotopic compositions of 
Morocco ore deposits (Jébrak et al. 1998; Marcoux and Wadjinny 2005; Marcoux et al. 2008) and 
Saharan dust (Grousset et al. 1995; Bollhöfer and Rosman 2001; Abouchami and Zabel 2003) 
(Adapted from Monna et al. 2012)
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in the East China, the Pb content and isotopic ratio were determined (Hu et al. 
2011). The purpose of this study was to investigate the relationship of airborne and 
soilborne Pb with Pb in plant organs, and to discuss the application of the simple 
binary Pb isotopic model to assess the approximate contributions of airborne Pb in 
plant organs. So the combination of Pb isotope tracing and the simple binary Pb 
isotope model can assess the contribution of airborne Pb in plant leaves and may be 
of interest for risk assessment of the exposure to airborne Pb contamination. The 
order of Pb contents in A. subulatus was roots > leaves > stems. A linear relationship 
of Pb isotope ratios (206Pb/207Pb and 208Pb/206Pb) among soil, plant and aerosol sam-
ples was found. Based on the simple binary Pb isotopic model using the mean 
206Pb/207Pb ratios in TSP (total suspended particulates) and in SSA (size- segregated 
aerosols), the approximate contributions of airborne Pb in plant leaves were 72.2 % 
and 65.1 %, respectively, suggesting that airborne Pb is the most important source 
of Pb accumulation in leaves.

In this research, the simple binary model was used to quantitatively estimate the 
contributions of airborne Pb in plant organs (Eq. (8.7)).
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where Xairborne is the procentual contribution of airborne Pb in the plant organ, 
(206Pb/207Pb)plant is the isotopic composition of Pb in the plant organs, (206Pb/207Pb)airborne 
is the isotopic composition of airborne Pb, and (206Pb/207Pb)soilborne is the isotopic 
composition of soilborne Pb.

Pb isotope ratios (206Pb/207Pb and 208Pb/206Pb) in the studied aerosol samples, 
plant organs and soils are shown in Fig. 8.14.

Lead isotope ratios of all soil, plant and aerosol samples demonstrated an approx-
imately linear relationship, with the soil samples at one end, the atmospheric parti-
cle samples at the other end and the plant samples between the two. The ranges of 
soilborne and airborne Pb isotope ratios did not overlap with each other (Fig. 8.14). 
The ranges of Pb isotope ratios in the roots overlapped partially with those in the 
soil, also leaf ratios overlapped partially with airborne Pb, while stem samples inter-
crossed the Pb isotope ratio in airborne source and roots. The linear relationship of 
Pb isotope ratios among the various samples indicates that there were two primary 
sources of plant Pb: soilborne and airborne Pb in the studied case. Therefore, 
approximate contributions of airborne Pb in plant organs can be calculated using the 
simple binary Pb isotope ratio model.

The extent to which Pb enters into plants via leaves depends on the ability of leaves 
to absorb Pb from aerial sources and resuspended soil particles, which in turn depends 
on the specific leaf morphology (Sharma and Dubey 2005). Generally the order of Pb 
contents accumulated in plant organs is roots > stems > leaves. During plant growth 
(about several months), Pb concentrations and Pb isotope ratios of the atmospheric 
particle samples show a wide range of variation, which might cause some uncertainty 
in the quantitative estimates of airborne Pb for plants (Hu et al. 2011).
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Long term studies of Pb isotopic composition in leaves may be useful in assessment 
of dominant source contributions, and also to evaluate the validity of different plant 
species used for biomonitoring purposes (Tomašević et al. 2013).

Previous investigations of trace element concentrations in tree leaves sampled in 
the Belgrade urban area, in a multi-year period (2002–2006), showed that Aesculus 
hippocastanum and Tilia spp. could be used as appropriate biomonitors of trace ele-
ments atmospheric deposition (Aničić et al. 2011). For some elements (Pb, Cu, 
etc.), this biomonitoring observation correlated with the atmospheric trace element 
concentrations, as assayed by the bulk atmospheric deposition measurements. The 
Pb atmospheric pollution in Belgrade was mostly associated with traffic emissions 
(Rajšić et al. 2008). The focus of the work performed by Tomašević et al. (2013) 
was the determination of a relationship between the Pb concentration and the stable 
isotopic ratios (206Pb/207Pb and 208Pb/207Pb) in leaves of common urban deciduous 
trees Aesculus hippocastanum and Tilia spp. in a biomonitoring approach for source 
identification within the Pb atmospheric contamination studies. The study took 
place over a period of several years (2002–2006, 2009) when leaded gasoline was 
still in use in the Belgrade urban area, but an increasing number of vehicles using 
non-leaded gasoline were evident during the investigated time span. The obtained 
Pb isotopic ratios in leaves indicated the major contribution of leaded gasoline to the 
leaf Pb content; even more, the leaf Pb isotope ratios followed the switch (from 
Australian – 2002/2003/2004 to Chinese origin – 2005/2006) of the Pb ore used as 

Fig. 8.14 Relationship between 206Pb/207Pb and 208Pb/206Pb in aerosols, plant organs and soils 
(Adapted from Hu et al. 2011)
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the gasoline lead additive through the investigated years. Leaf response to changed 
isotopic ratios in the environment indicates the possibility of their application as a 
biomonitor for tracing Pb sources in the environment.

For the samples of A. hippocastanum, the values from 2002 to 2004 are grouped 
close to the values of the Australian Pb ore distribution, while in 2005–2006 and 
later (2009) isotopic ratios correlated with the Chinese Pb ore. Concerning Tilia 
spp. there was no similar regularity, except for the years 2006 and 2009; in previous 
years the values were relatively far from the distribution shown for Australian aero-
sols. In leaves of A. hippocastanum the obtained 206Pb/207Pb and 208Pb/207Pb isotopic 
ratios in 2002–2004 were grouped near the Australian aerosols distribution, while in 
2004, when this type of leaded fuel was last in use, the ratios were at the edge of the 
cluster – the most distant from Australian, but closer than in 2005, which was inter-
mediary, and then in 2006, were shifted more towards Chinese aerosols distribution 
(Fig. 8.15). Thus, it may be suggested that the increase of the 206Pb/207Pb ratio in the 
investigated tree leaves during the studied multi-year period (2002–2006) is only 
partly a consequence of the reduced use of the leaded gasoline, i.e. atmospheric lead 
contamination, but also due to the changed isotopic composition of the used leaded 
gasoline with higher isotopic ratios towards the end of experiment. The results of 
this study indicated A. hippocastanum as the more appropriate biomonitor than Tilia 
spp. in the Pb source identification, showing more consistent data obtained on leaf 
Pb isotopic composition and the isotopic ratios of gasoline used throughout the 
studied years.

In order to determine soil plant interactions, lead isotopes ratio in soil and differ-
ent plant species was determined.

Lead isotope ratios were used to trace the origin of Pb in a soil–plant (Urtica 
dioica)–snail (Cepaea nemoralis) food chain in two polluted locations in the flood-
plains of the rivers Meuse and Rhine (Biesbosch National Park) and one reference 
location in the Netherlands (Notten et al. 2008). Lead in the atmosphere contributed 
substantially to Pb pollution and Pb transfer in plant leaves and snails in all loca-
tions despite the current low concentrations of Pb in the atmosphere (Fig. 8.16).

Sucharová et al. (2011) investigated lead concentrations and lead isotope 
ratios in samples of soil B-horizon, forest- floor humus (O-horizon), grass 
(Avenella flexuosa) and spruce (Picea abies) needles (2nd year) collected at the 
same locations evenly spread over the territory of the Czech Republic at an aver-
age density of 1 site/300 km2. Median Pb concentrations differ widely in the 
four materials: soil B-horizon: 27 mg/kg (3.3–220 mg/kg), humus: 78 mg/kg 
(19–1,863 mg/kg), grass: 0.37 mg/kg (0.08–8 mg/kg) and spruce needles: 
0.23 mg/kg (0.07–3 mg/kg). The median value of the 206Pb/207Pb isotope ratio in 
the soil B-horizon is 1.184 (variation: 1.145–1.337). In both humus and grass the 
median value for the 206Pb/207Pb isotope ratio is 1.162 (variation: 1.130–1.182), 
in spruce needles the median ratio is 1.159 (variation: 1.116–1.186). The results 
of this study demonstrate that humus and B-horizon are de-coupled, the humus 
layer is part of the biosphere, the B horizon, however, carries the geochemical 
signature of the lithosphere. Local variation in Pb concentration and in the 
Pb-isotope ratios is higher in the B-horizon than in  the O-horizon. None of the 
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Fig. 8.15 Scatter plots of 206Pb/207Pb versus 208Pb/207Pb obtained for the A. hippocastanum (a) and 
Tilia spp. (b) samples (Adapted from Tomašević et al. 2013)
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maps provide evidence of the importance of traffic- related emissions for the 
observed isotope ratios on the territory of the Czech Republic. Results from this 
project demonstrated the importance of mapping the distribution of element 
concentrations and isotope ratios at a variety of scales in order to understand the 
impact of contamination and to pinpoint the most important contamination 
sources. For example, at the regional scale of this study (c. 1 site/ 300 km2) 
urban areas, traffic and even a large Pb-smelter can remain invisible.

Soil, vegetables and rainwater from three vegetable production bases in the 
Guiyang area, southwest China, were analyzed for Pb concentrations and isotope 
compositions to trace its sources (Li et al. 2012). The objective of the study was to 

Fig. 8.16 208Pb/207Pb versus 206Pb/207Pb ratios in the biotic compartments of a terrestrial soil–plant 
(Urtica dioica)–snail (Cepaea nemoralis) food chain in two locations in Biesbosch National Park 
(BB1 and BB2) and the reference location (REF) (for number of samples: see figure legend); in 
rainwater sampled near BB1 and in REF (n = 1); and in airborne particulate matter (APM) col-
lected near BB1 (n = 4). Anthropogenic isotope ratios of soil samples from the three locations are 
also displayed. Ellipses include 208Pb/207Pb–206Pb/207Pb ratios of (groups) of possible Pb origins 
(Adapted from Notten et al. 2008 and references therein)

M. Ristić et al.



419

evaluate the biogeochemical behavior of Pb in soil-vegetable systems. The relative 
contribution of natural and anthropogenic sources of Pb accumulated in vegetables 
was determined (Fig. 8.17).

Distinctive differences in Pb isotopic composition existed between vegetables 
and soils, involving another Pb source, most likely to be from atmospheric Pb depo-
sition. The isotope ratios of vegetable samples, including roots, stems, leaves, and 
fruits, spanned a broader range than those of soil samples, and were intermediate 
between those of soils and rainwater. This suggests that Pb in vegetables originates 
from both atmospheric/anthropogenic and background/geogenic sources. China 
vehicle exhausts, with the Pb isotope ratios of 0.8634–0.8788 for 207Pb/206Pb and 
2.116–2.136 for 208Pb/206Pb after leaded gasoline was phased out in Shanghai, were 
almost in the straight line formed by the obtained data. Thus, the end member of 
anthropogenic Pb in vegetables of Guiyang, southwest China likely originated from 
Chinese ores, coals, and vehicle exhaust.

Since mining and smelting of Pb ores are significant sources of this element in 
the environment, the topic of researches dealing with lead isotopes were, among 
others, investigation of the impact of this polluted areas to Pb content in plants origi-
nating from the mining/smelting area.

On the basis of the lead content and the isotope ratio in B. davidii specimens col-
lected from two abandoned Pb/Zn mining areas in Spain, it was concluded that the 
areas studied can become an important source of contamination of the vegetation 

Fig. 8.17 207Pb/206Pb versus 208Pb/206Pb diagrams of different vegetable parts from Ma-ling village 
around Guiyang, southwest China. Percentages denote the relative contributions of atmospheric 
(or anthropogenic) Pb to total Pb in different vegetable parts (Adapted from Li et al. 2012)

8 Plants as Monitors of Lead Air Pollution



420

growing in these areas. Namely, it was found that the lead accumulation in plants is 
primarily derived from the mining operations rather than from other lead sources 
such as leaded-petrol emissions (Marguí et al. 2006).

Trace element (Pb, Cd, Zn, Cu, Ag, As, Se) contents were determined in caps and 
stipes of three different edible mushroom species (Boletus edulis Bull. Fr., Xerocomus 
badius Fr. Gilb., Xerocomus chrysenteron Bull. Quél.), originating from a smelter-
polluted area (Komárek et al. 2007). Total Pb concentration in the organic soil hori-
zons reached 36,234 mg Pb kg−1, while high contents of Pb (up to 165 mg kg−1) were 
determined in the studied species, exceeding the regulatory limits. Pb isotopic data 
showed that Pb originating from the recent air pollution control residues is present 
mainly in the exchangeable/acid-extractable fraction of the organic horizons and is 
taken up by fruiting bodies; especially in the case of B. edulis, where fast Pb accumu-
lation occurs. Due to the high species-dependent variations of metal contents, the 
studied mushrooms are not suitable as bioindicators of environmental pollution.

Lead/cadmium contamination in vegetables grown in the peri-urban area of 
Nanjing, China was assessed and the route for metals entering into plants was 
investigated through lead isotopic tracing (Hu and Ding 2009). Pb isotope ratios in 
the examined vegetables indicated that besides soil, airborne Pb may be another 
source of lead in the peri-urban and mining/smelting sites. It was concluded that 
the Pb isotopic content in plants is possibly a combination of soilborne Pb uptaken 
through the soil-to-root pathway, and airborne Pb assimilated via the atmosphere-
to-leaf pathway.

Bi et al. (2009) investigated the distribution and Pb and Cd sources in maize 
plants (Zea mays L.) grown in a typical zinc smelting impacted area of southwest-
ern China. Representative maize plant samples grown on soils with different Pb 
concentrations were selected for Pb isotope analyses. Pb isotope ratios were very 
similar in the three leaf (206Pb/207Pb, 1.185–1.186; 208Pb/206Pb, 2.090–2.094) and 
grain (206Pb/207Pb, 1.180–1.181; 208Pb/206Pb, 2.091–2.104) tissues, but differed 
greatly in the roots (206Pb/207Pb, 1.182–1.209; 208Pb/206Pb, 2.050–2.098) and stalks 
(206Pb/207Pb, 1.172–1.193; 208Pb/206Pb, 2.080–2.114). In Fig. 8.18 (Bi et al. 2009 
and references therein), the maize samples were distributed along a line, which is 
similar to that defined by the soils and ores, indicating the mixed origins of Pb in 
the maize  samples from zinc smelting emissions and local natural background.

Based on the Pb isotopic compositions of the ores, Bi et al. (2009) estimated 
that the 206Pb/207Pb and 208Pb/206Pb ratios of the atmospheric particles emitted from 
the zinc smelting operations were about 1.187 and 2.104, respectively. These 
ratios were very similar to those of the maize leaf samples, and thus demonstrated 
that Pb in maize leaves may have mainly originated from the atmospheric deposi-
tion of the smelting flue gas dust. This is consistent with the reported results that 
plant leaves can uptake substantial amount of Pb directly from the atmosphere 
(Haar 1970; Buchauer 1973; Tjell et al. 1979; Dollard 1986; Harrison and 
Chirgawi 1989; Klaminder et al. 2005). Pb isotope data revealed that the foliar 
uptake of atmospheric Pb was the dominant pathway for Pb to the leaf and grain 
tissues of maize, while Pb in the stalk and root tissues was mainly derived from 
root uptake.
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A combined vegetation and soil survey was undertaken within the Rookhope 
Catchment in the North Pennines (an area of historical Pb and Zn mining and 
smelting) to assess the extent of Pb contamination in soils, grass and heather as an 
aid to understanding potential bioaccumulation in grouse, sheep and cattle (Chenery 
et al. 2012). The isotopic analysis has demonstrated that there is an almost com-
plete mixing of Pb between the labile and non-labile pools of Pb and generally high 
lability, allowing the grass access to the reservoirs of ‘Broken Hill type’ Pb and 
increasing its content in the vegetation. These results demonstrate that although 
petrol Pb was phased out in 2000, it resides in soil reservoirs and is highly persis-
tent in the environment.

8.6 Conclusion

Airborne particles as significant sources of heavy metals have been implicated in 
adverse human health outcomes and environmental deterioration. Application of 
plants as biomonitors and bioindicators is of significant scientific interest. Even 
more, for certain pollutants they can be used in the field of source determination. 
The use of different species for lead air pollution monitoring is discussed, for those 
without root system as mosses and lichens, as well as for higher plants. Plant leaf 
characteristics like size, surface properties and plant species influence the accumu-
lation of trace elements from the environment. On the basis of spatial and temporal 
variation in isotopic composition, the sources of lead were indicated, as well as the 

Fig. 8.18 A plot of 206Pb/207Pb versus 208Pb/206Pb for the analyzed samples. Ore data (denoted 
with x) is from Zheng (1994); gasoline data is from Zhu et al. (2001) and Gao et al. (2004); coal 
data is from Gao et al. (2004) (Adapted from Bi et al. 2009)
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change of the man-made atmospheric Pb inputs. Determination of lead isotopes in 
aerosols, as well is in plant – soil systems, which have been identified as a major 
sink of pollutants in the environment, indicated that airborne Pb is the dominant 
source of lead in the environment. The use of stable Pb isotopes for tracing Pb con-
tamination using different plants, including vegetables had significant contribution 
in understanding the fate of airborne Pb contaminants. The studies presented within 
the scope of this review provide reference levels of local air pollution which are of 
great value for future environmental researches.
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    Abstract     Cancer is a terrible killer that destroys the health and career of humans. 
Among various factors that induce cancer and tumor, environment pollution is the 
chief criminal because it affects the human life timelessly and universally. Human 
cancer is infl uenced by life style, smoking and taking processed meats as well as 
overdrinking beer are harmful for health because of the existence of  N -nitrosamines. 
 N -Nitrosamines are compounds with an  N -nitroso group N-NO. They have been 
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recognized as strong carcinogens or potent carcinogens, and the nitrosamines in 
environment such as tobacco smoke cause serious health hazard to people. Tobacco 
smoking is associated with the cancers of lungs, larynx, oral cavity and pharynx, 
pancreas, kidney, and bladder. Consequently, the health consequences of exposure 
to environmental tobacco smoke has been a cause of scientifi c and public health 
concern because of increasing evidence showing that acute respiratory illness, 
chronic respiratory symptoms are associated with exposure to tobacco smoke. 
Nevertheless, no matter how often antismoking campaigns are shown, some people 
will never give up cigarette so that smoking is still a serious environmental problem 
in many countries. 

 Tobacco-specifi c  N -nitrosamines (TSNA) are the most abundant carcinogens 
identifi ed in tobacco and tobacco smoke, and the health hazard caused by the TSNA 
in cigarette smoke has been well established. Besides,  N -nitrosamines were known 
many years ago to be present in food treated with sodium nitrite, which made fi sh 
meal hepatotoxic to animals through formation of  N -nitrosodimethylamine (NDMA). 
It is necessary to remove  N -nitrosamines in environment in order to protect the health 
of people. However, it is diffi cult to selectively capture carcinogens in the environ-
ment where numerous constituents are mixed. For instance capturing and degrading 
 N -nitrosamines in complex media such as tobacco smoke is a challenge for chemists. 
Here zeolite is a solution because it is a molecular sieve that can selectively eliminate 
carcinogens. Zeolite is a class of alumino-silicates, characterized by ordered micro-
porous structures with acidic-basic sites on the surface and energetic fi eld inside the 
pores. Zeolites have many applications, mostly as adsorbents and catalysts because 
of their unique shape-selectivity. This review includes some latest research pro-
gresses in adsorption and catalytic degradation of  N -nitrosamines by zeolite materi-
als, either fundamental or pilot researches, emphatically the special selectivity of 
zeolite toward  N -nitrosamines along with the specifi c degradation manners of the 
carcinogens. Many efforts on elevating the effi ciency of zeolite with metal oxides 
modifi ers are described and the research progress on the removal of  N -nitrosamines 
in smoke is summarized. Finally the development of new functional materials to 
control the pollution of  N -nitrosamines is prospected.  

  Keywords     Zeolite   •    N -nitrosamines (nitrosamines)   •   Selective adsorption   • 
  Cigarette smoke   •   Environmental protection   •   Tobacco-specifi c nitrosamines   • 
  Catalytic degradation   •   Health care   •   Human cancer  

   List of Abbreviations  

  CHO    Chinese hamster ovary   
  CPTES    chloropropyl triethoxy silane   
  FTIR    Fourier transform infrared spectroscopy   
  GC    gas chromatograph   
  MPTES    3-mercaptopropyltriethoxysilane   
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  NAB     N ′-nitrosoanabasine   
  NAT     N ′-nitrosoanatabine   
  NDMA     N -nitrosodimethylamine   
  NDPA     N -Nitrosodiphenylamine   
  NHMI     N -nitrosohexamethyleneimine   
  NNK    4-(methylnitrosamino)-1- (3-pyridyl)-1-butanone   
  NNN     N ′-nitrosonornicotine   
  NPYR     N -nitrosopyrrolidine   
  SEM    Scanning Electron Microscopy   
  TG-MS    thermogravimetric-mass spectrometry   
  TPSR    temperature programmed surface reaction   
  TSNA    tobacco specifi c nitrosamines   
  VNA    volatile nitrosamines   

9.1          Introduction 

 Development of modern industry ineluctably causes an increasingly serious pollution 
in the environment where human live in, constituting a catastrophic health risk includ-
ing    cancer and tumor. Anti-cancer is thus one of the challenges faced scientists in the 
realm of life science, and removal of carcinogen from environment is an important 
step for this struggle (Koide et al.  1999 ; Terry and Rohan  2002 ; Zhou and Zhu  2005 ). 
Nitrosamines are probably the most widespread carcinogens or potential carcinogens, 
they proverbially exist in workplace, processed meats, cigarette smoke and beer 
(Izquierdo-Pulido et al.  1996 ; Levallois et al.  2000 ; Hiramoto et al.  2001 ; Altkofer 
et al.  2005 ), and they are the chemical compounds characterized with  N -nitroso group 
(N-NO). In other words, these compounds are amines with two organic groups (R) 
and one NO group bonded to central nitrogen (Filho et al.  2003 ), and they can be 
divided into three types: volatile nitrosamines (VNA), non-volatile nitrosamines and 
tobacco specifi c nitrosamines (TSNA) that are found only in tobacco products. Most 
of nitrosamines have been well recognized teratogens and carcinogens in animals for 
about 60 years and they are considered potentially  carcinogens in humans (Mervish 
 1995 ; Hecht  1999 ), and actually many nitrosamines, even in trace amounts, can 
induce tumors in a variety of organs, including liver, lung, kidney, bladder, pancreas   , 
esophagus and tongue depending the species (Lijinsky  1999 ). Human cancer relates 
to life style; apart from the health hazard caused by salted fi sh and preserved food, 
chemical exposure such as tobacco smoke and diet contributed to more than 65 % of 
human cancers (Doll and Peto  1981a ). Especially, tobacco smoking was associated 
with about one third of U.S. cancer deaths (Doll and Peto  1981b ), or of all cancers of 
males in the world (Parkin et al.  1994 ), not only cancers of the lungs, but also of the 
larynx, oral cavity and pharynx, oesophagus, pancreases, kidneys, and bladder. 
Cigarette smoke is a complex mixture of over 5,200 identifi ed chemicals (Hoffmann 
et al.  1997 ; Branton et al.  2009 ), of which at least 150 are known to have specifi c toxi-
cological properties and can be termed as “tobacco smoke toxicants” (Meier and 
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Siegmann  1999 ). Among these toxicants (Fig.  9.1 ) TSNA are well known to be the 
strong carcinogens, including  N ′-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1- 
(3-pyridyl)-1-butanone (NNK),  N ′-nitrosoanatabine (NAT) and  N ′-nitrosoanabasine 
(NAB) (Lee et al.  1996 ; Baker  1999 ; Hecht  1999 ; Koide et al.  1999 ).

   Volatile nitrosamines also exist in the vapor or semivolatile phase of mainstream 
smoke inhaled by smokers (Meier and Siegmann  1999 ; Baker  1999 ; Zhuang et al. 
 2006 ). And most of volatile nitrosamines such as  N -nitrosodimethylamine (NDMA) 
and  N -nitrosopyrrolidine (NPYR) are also carcinogenic, and they constitute a seri-
ous health risk for either smoker or the people around (Xu et al.  2003a ; Sharp et al. 
 2005 ). Therefore, it is crucial to develop new functional materials and technologies 
to control the nitrosamines pollutants in environment, reducing the nitrosamines 
content of cigarette smoke and removing nitrosamines in food (Meier and Siegmann 
 1999 ; Ahn et al.  2003 ; Jo et al.  2003 ). For this purpose, lots of materials and tech-
niques, including porphyrin, denitrifying bacteria, and other bacteria, are tried to 
remove nitrosamines in tobacco smoke. What’s more, modifi ed fi lter tips have 
been used in cigarette to reduce the harm of smoking for long time (Hoffmann 
et al.  1997 ; Baker  1999 ; Branton et al.  2009 ). However, it is undoubtedly a severe 
 challenge to capture nitrosamines in complex system such as tobacco smoke that 
 contains thousands compounds, and thus the specifi c functional materials with 
selectivity are urgently required. 

 A zeolite is crystalline aluminosilicates with a three-dimensional framework 
structure that forms uniformly sized pores of molecular dimensions (Maesen  2007 ), 
and its special structure is characterized by ordered microporous structures with 
acidic-basic sites on the surface and energetic fi eld inside the pores (Fig.  9.2 ). With 

     Fig. 9.1    The molecular structure of four tobacco specifi c nitrosamines (TSNA) (Lin et al.  2012b )       
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the unique shape selectivity, zeolites have been successfully and extensively utilized 
in petrochemical and chemical industry as adsorbents, catalysts, and catalyst supports 
(Weitkamp and Hunger  2007 ; van Bakkum and Kouwenhoven  2007 ). And recently 
the application of zeolites has been extended to life science and environment protec-
tion (Weiner  1997 ; Colella  2007 ). Actually, zeolites are generally infi ltrated our 
daily live, from purifi cation of indoor air, water softening and decontamination to 
controllable releases of drugs; and capture of nitrosamines in complex system like 
tobacco smoke is not the exception of the potential application of zeolites. In prac-
tice zeolites can effi ciently trap the volatile nitrosamines in gas stream at ambient 
temperature even when the contact time between the adsorbent and the carcinogen 
is shorter than 0.1 s (Zhou et al.  2007 ; Gu et al.  2010 ; Yang et al.  2010a ), in which 
the pore size of zeolite plays a crucial role to govern the instantaneous adsorption. 
Zeolites also adsorb nitrosamines in aqueous solution and the adsorption isotherms 
can be fi tted with Freundlich equation (Zhu et al.  2001 ; Zhou and Zhu  2005 ). 
Moreover, several new functional materials can be fabricated by the modifi cation of 
zeolite with various physical or chemical methods to elevate the performance of 
nitrosamines trap (Xu et al.  2003b ; Cao et al.  2007b ; Yang et al.  2010b ). Zeolites 
and other aluminosilicates are also used as tobacco additives (Meier and Siegmann 
 1999 ; Gao et al.  2008 ; Lin et al.  2012a ,  b ). For instance Cu-ZSM-5 zeolite was used 
as the catalyst to reduce the amount of NO and NOx in mainstream smoke (Cvetkovic 
et al.  2002 ), either added into the cigarette fi lter or directly mixed with tobacco 
fi bers in cigarette. Apart from these signifi cant practical progresses, capture of 
nitrosamines also spurs the fundamental research on the fabrication of special 
porous functional materials as the candidate of powerful adsorbent and catalyst 
(Zhou et al.  2011a ,  b ,  c ,  2012 ), along with the development of new method to detect 
the nitrosamines in environment (Xu et al.  2003a ; Lin et al.  2012a ). The emphasis 
of research is focused on the new material with designed pore architectures and 
customized surface functionalities.  

 This short review will cover the issues and developments on the removal of 
nitrosamines in environment, especially in tobacco products by zeolites. Our 
group has dedicated lots of effort to the fundamental study on the adsorption and 
catalytic degradation of nitrosamines on zeolites in gas and liquid phases, carry-
ing out a systematic analysis on the infl uence of various factors such as the pore 

  Fig. 9.2    The pore structure of zeolite FAU ( left ), MFI ( middle ) and LTA ( right ) (Yang et al.  2007 )       

 

9 Carcinogenic Nitrosamines: Remediation by Zeolites



438

size and morphology of zeolites, reaction temperature and solvent, etc. Meanwhile, 
we also explore new methods to improve the effi ciency of zeolite materials in 
catalytic degradation of nitrosamines, along with the new technique of microwave 
irradiation (Xu et al.  2008 ;    Gao et al.  2009a ,  b ). Besides, we try to apply these 
results into practice, assessing the actual function of zeolite in tobacco smoke 
(Gao et al.  2008 ; Lin et al.  2012a ,  b ; Wang et al.  2012 ). This review also summa-
rizes our progresses on the liquid adsorption of nitrosamines by zeolite-based 
materials (Zhou and Zhu  2005 ; Yang et al.  2009 ; Wei et al.  2010 ,  2011 ), in order 
to offer new candidates for health care.  

9.2    Adsorption of Nitrosamines on Zeolites 

9.2.1    Gaseous Adsorption of Volatile Nitrosamines 

 It is important to develop a reliable method for quickly assessing the effi ciency of 
zeolites in adsorption of volatile nitrosamines in environmental. There are two com-
mon adsorptive techniques, gravimetric and volumetric adsorption methods often 
used to evaluate the capability of zeolites in gaseous adsorption. However, the 
results obtained in these conventional adsorption processes cannot depict the real 
adsorptive behavior of a zeolite in the application of trapping nitrosamines in envi-
ronment, especially in the capture of nitrosamines in tobacco smoke for three rea-
sons (Zhou et al.  2007 ). The fi rst, the concentrations of adsorbate in the conventional 
adsorptive process are kept relatively steady, while the concentration of nitrosa-
mines in the side stream and mainstream smoke of cigarette or an aeration system 
of room or building is ceaselessly varied. The second, the adsorbent in the 
conventional adsorptive process can contact with the adsorbate for quite a long time, 
several minutes or hours. Nevertheless, for those zeolites put in a cigarette fi lter to 
capture nitrosamines in smoke, they only have a rather short contact time. In the 
fi lter of cigarette with diameter of around 8 mm, the fl ow rate of the gas fl ow that 
passes through the fi lter can reach 36 cm sec −1  under the standard cigarette-smoking 
test conditions (ISO  1991 ). Thus, zeolites placed in a 29-mm-long fi lter will have 
less than 0.1 s to contact the nitrosamines in the gas stream. For sampling environ-
mental tobacco smoke, the rate of fl ow varies from ten’s of ml min −1  to less than 28 l 
min −1  (Guerin et al.  1992 ), causing a fl uky contact time for the zeolite adsorbents. 
The third, in many applications of zeolites such as the additives in cigarette fi lters or 
the aeration system, intermittent adsorption instead of continues adsorption is pre-
dominant, which is much different from that in conventional adsorptive process. For 
these reasons, an instantaneous rather than steady adsorption method should be 
adopted to critically examine the adsorption of nitrosamines by zeolite in the gas 
stream. Therefore, a new test method, similar to concentration pulse chromatogra-
phy (Harlick and Tezel  2000 ), was proposed to study the instantaneous adsorption 
of volatile nitrosamines on zeolites (Zhou et al.  2007 ). This instrument can be her-
metically operated (Fig.  9.3 ), suitable for the test of volatile nitrosamines with 
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 toxicity, mutagenic and carcinogenic properties. Likewise, it is able to be used for 
the investigation involving adsorption of other carcinogenic compounds such as 
polycyclic aromatic hydrocarbon. Instantaneous adsorption of volatile nitrosamines 
was performed in a stainless steel micro-reactor, and one of its ends was inserted 
deeply into the injector port of gas chromatograph (GC), while another end con-
nects with the separation column in the GC. Samples were fi lled in the reactor 
where the temperature could be accurately controlled. The nitrosamine solution was 
pulse injected, and passed through the zeolite bed and then to the packed column, 
fi nally detected with thermal conductivity detector at the column outlet. To avoid 
environment contamination, exhaust gas was treated by an oil of vitriol to destroy 
nitrosamines. The decrement in the ratio of solute to solvent represents the amount 
of nitrosamines adsorbed by zeolite (Zhou et al.  2007 ). With the assistance of this 
special instrument, the infl uence of adsorption temperature and fl ow rate of carrier 
gas on the capability of zeolite in adsorbing volatile nitrosamines was examined. 
And the adsorption of mixed nitrosamines on zeolites was also investigated to be 
compared with that of individual component. 

   N -nitrosopyrrolidine (NPYR) was chosen as adsorbate to study the gaseous 
adsorption of zeolites, because it is a typical volatile nitrosamine in food and tobacco 
smoke (Baker  1999 ; Ahn et al.  2002 ; Byun et al.  2004 ). NPYR has a structure of 
fi ve-member ring with a molecular diameter of 0.42 × 0.54 nm 2  (shown in Fig.  9.4 ). 
Several common zeolites, such as NaZSM-5 (the ratio of silicon to aluminum is 13 
and 26), NaA, KA and NaY zeolites, show the different characteristics in instanta-
neous adsorption experiments: NaY, which had the largest pore size (0.74 nm) and 
the pore volume (0.31 cm 3  g −1 ) among the zeolites used (Xu et al.  2003a ; Zhou et al. 
 2007 ) exhibited the highest capability to capture volatile nitrosamines in gas stream 
(Fig   .  9.5a ). And the weakly adsorbed moisture did not hinder the adsorption of 

  Fig. 9.3    Schematic representation of adsorption in gas chromatography ( left ) and diagram of 
experimental setup ( right ) (Zhou et al.  2007 )       
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volatile nitrosamines in NaY zeolite (Fig.  9.5b ). Zeolite NaA has a larger pore vol-
ume (0.28 cm 3  g −1 ) and surface area (~800 m 2  g −1 ) but a smaller pore diameter 
(0.4 nm) than NaZSM-5 (0.11 cm 3  g −1 , 354 m 2  g −1  and 0.5 nm, respectively), and its 
instantaneous adsorption of volatile nitrosamines was restricted by the narrow pore 
size (Fig.  9.6 ) (Zhu et al.  2001 ; Yun et al.  2004 ). As the accumulated amount of 
NPYR that passed through the zeolite rose to 2.5 mmol g −1 , 78.3 % was adsorbed by 
NaY, NaZSM-5 could trap 25.6 % but NaA only adsorbed 8.3 %. Since the molecu-
lar size of NPYR is close to the pore diameter of NaZSM-5, this zeolite exhibits 
some unusual properties in the adsorption. When the adsorption temperature was 
raised from 338 to 453 K, the proportion of NPYR trapped by NaY decreased from 
97.5 to 83.0 %, the data of NaA lowered from 11.4 to 8.2 % when 1.5 mmol g −1  
NPYR passed over it. However, NaZSM-5 adsorbed 43.9 % at 453 K, more than 
that at 338 K (35.4 %), which was a strange phenomenon. When the fl ow rate of the 
carrier gas was doubled from 15 to 30 mL min −1 , NaZSM-5 also trapped more 

  Fig. 9.5    Adsorption of NPYR on zeolites at ( a ) 338 K, and the impact of moisture ( b ) on the 
adsorption in NaY zeolite at 338 K (Zhou et al.  2007 )       

  Fig. 9.4    Theoretically optimized geometry of volatile nitrosamines (the values of molecular 
weight and density in bracket, and the  blue  data is the charge of atom) (Zhou et al.  2007 )       
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NPYR (Zhou et al.  2007 ). Freundlich equation can sensitively depict the difference 
in the adsorption of volatile nitrosamines with different structures in various zeo-
lites for an overall analysis of the adsorption isotherms, but most of the isotherms 
deviate Dubinin-Radushkevich or Langmuir equations (Zhou et al.  2007 ; Zhu et al. 
 2001 ). Also, Freundlich equation can sensitively reveal the impact of temperature, 
fl ow rate of carrier gas, and the co-existence of other nitrosamines on the adsorption 
of volatile nitrosamines in air stream.

     Another two volatile nitrosamines were used to depict how the molecular struc-
ture of volatile nitrosamines affected the gaseous adsorption of zeolite. One is 
 N -nitrosodimethylamine (NDMA), a strong carcinogen with a molecular size of 
0.42 × 0.36 nm 2 , and another is  N -nitrosohexamethyleneimine (NHMI), the strong 
carcinogen with a seven-member ring and size of 0.56 × 0.54 nm 2  (Yun et al.  2004 ). 
It was found that the adsorption would be dramatically declined once the molecular 
size of nitrosamine exceeded the pore of zeolite, and the bulky nitrosamines might 
be chemisorbed on the external surface of zeolite with the nitroso functional pene-
trating into the pore mouth (Yun et al.  2004 ; Zhou et al.  2004 ). For the mixture of 
NDMA and NPYR on different zeolites, NaY preferentially adsorbed the more 
negative charged molecule NPYR instead of the smaller one NDMA, while 
NaZSM-5 and NaA zeolites willingly captured NDMA because of its smallness. 
Two major factors govern the adsorption, the geometric matching content and 
the electrostatic interaction between the adsorbate and the adsorbent, the former 
determines whether the molecule can be adsorbed by the zeolite or not, while the 
latter spurs and accelerates the adsorption (Zhou et al.  2007 ). The structure and 
 conformation of nitrosamine molecule, together with the pore structure of zeolite, 
determine the adsorbate-adsorbent geometric matching content. For the given nitro-
samine, the zeolite with a pore size slightly larger than its molecular diameter can 
exhibit the highest adsorption capability (Zhu et al.  2001 ), since the effective attract-
ing range of the cation in zeolite to pull the nitrosamine molecule is limited within 
about 0.05 nm (Yang et al.  2007 ). For a given zeolite, however, its Al content 

  Fig. 9.6    The adsorption manner of NPYR in ( left ) A and ( right ) Y zeolites (Zhou et al.  2007 )       
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actually exerts a stronger effect on its gaseous adsorptive capability, because the 
concentration of metal cation of zeolite relates to the Al content, and these cations 
form the electrostatic fi eld to pull the N-NO functional group of nitrosamines toward 
the channels as Fig.  9.6  shown (Xu et al.  2003b ; Zhou et al.  2004 ). Selective recog-
nition of  N -nitrosamine by zeolite ZSM-5 was also confi rmed through computa-
tional method (Pinisakul et al.  2008 ), in which the adsorption confi gurations of 
several kinds of  N -nitrosamines on the zeolite were investigated. These adsorbates 
include  N -methyl-N-nitrososamine (NMA),  N -ethyl- N -nitrososamine (NEA),  N, 
N -dimethyl - N    -nitrosoamine (NDMA),  N -ethyl- N -methyl- N -nitrosoamine (NEMA) 
and  N,N -diethyl- N -nitrosoamine (NDEA). According to the calculated binding 
energies for the  N -nitrosamines adsorbed in zeolite and the hydrogen bonds formed 
between adsorbate and adsorbent, the selective adsorption of  N -nitrosamine on 
ZSM-5 is successfully proved.  

9.2.2     Impact of Cation in Zeolite on the Gaseous Adsorption of 
Volatile Nitrosamines 

 As aforementioned, the cation of zeolite plays an important role in gaseous adsorp-
tion of volatile nitrosamines, because it provides an essential electrostatic affi nity 
on the N-NO group of nitrosamine. However, cation also occupies the space within 
the narrow channel of zeolite to hinder the entering and diffusion of adsorbate more 
or less, thus it is necessary to understand the factual impact of the cation on the 
adsorption of nitrosamines by zeolite. For this purpose, four samples of zeolite A 
with different cations, CsA, KA, NaA, and CaA are chosen to study the special 
selectivity of zeolite towards nitrosamines (Yang et al.  2008 ). These samples have 
similar particle diameter and structure, and the only difference is the alkali metal ion 
so that their pore size varies from 0.2 to 0.5 nm (Fig.  9.7 ). In the adsorption of 
NPYR at 338 K, NaA zeolite showed the highest adsorption capacity, and the 
adsorption difference between NaA and others would be enlarged when the adsorp-
tion temperature rose to 453 K (Yang et al.  2008 ), mirroring the strong infl uence of 
cation type on the adsorption of zeolite A. Although CaA zeolite has the largest pore 
size (0.5 nm), it fails to selectively adsorb NPYR because of the competition of 
dichloromethane solvent (Cao et al.  2007a ). It is known that the contact time 
between zeolite and NPYR is less than 0.1 s in the instantaneous adsorption (Zhou 
et al.  2007 ; Gu et al.  2010 ; Yang et al.  2010a ), so the competition adsorption of 
solvent will severely limit the NPYR adsorption on zeolite. Instead, zeolite NaA has 
a pore size of 0.4 nm that matches with the smaller molecular diameter of NPYR, 
which is advantageous for the adsorption (Fig.  9.7 ). Distribution of Ca 2+  cation in 
zeolite A badly affects the adsorption. There is no Ca 2+  cation locates in the window 
of 8-member ring in the zeolite, which makes the electrostatic force of CaA weaker 
than other analogues hence it cannot capture nitrosamine effi ciently in gas stream. 
Another sample of zeolite A, CsA has a density larger than NaA about 74.5 % in the 
dehydrated form, and its number of crystal cells is about 58 % of that of NaA in 1 g 
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hydrated sample (Yang et al.  2008 ). As the result, the number of pore opening in 
CsA sample is about 40 % less than that of NaA zeolite. Likewise, 1 g sample of KA 
has the number of pores about 9.6 % less than NaA zeolite. These differences in the 
pore number of per gram sample among the CsA, NaA, KA and CaA should be 
considered for evaluating their adsorption performance.

    N ′-nitrosonornicotine (NNN) is one of tobacco-special nitrosamines (TSNA), 
with 0.80 nm of length and 0.54 nm of width (Fig.  9.1 ). Very strangely, this 
bulky nitrosamine could be adsorbed by zeolite CsA, KA and NaA as proven in 
FTIR experiment but CaA failed due to the competitive adsorption of dichloro-
methane solvent. In principle, NNN may be adsorbed in zeolites by three possible 
ways depending on the pore diameter of the adsorbent. For the zeolite such as Y, 
ZSM-5 and CaA with relative large pore size, NNN can insert the 5-member ring 
into the channel, which requires the aperture of zeolite to be 0.541 nm at least. If 

  Fig. 9.7    The possible adsorption manner of NNN in zeolite A (Yang et al.  2008 )       
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the 5- member ring and pyridine ring of the NNN molecule are on the same plane, 
the whole molecule can totally enter the channel of zeolites whose pore diameter 
is larger than 0.54 nm. Unfortunately, these two rings are not on the same plane of 
the NNN molecule. Consequently, if the aperture of zeolite is similar to 0.541 nm, 
NNN molecule can only insert the 5-member ring into the channel due to the ste-
ric constraints, leaving the residual parts clipped in the pore mouth of zeolite 
(Fig.  9.8 ). Alternatively, in the case of zeolite Y and ZSM-5, it is possible for 
NNN to enter the channel of zeolite by way of inserting the pyridine ring into the 
pore fi rst, because the pore diameter of about 0.56 nm seems enough for housing 
the whole adsorbate. Zeolite NaA and KA only have a small pore thereby the most 
possible adsorptive manner of NNN is to penetrate its N-NO group in the channel 
of zeolite, which only needs a diameter of 0.123 nm. On the basis of these facts, 
it is clear that the adsorption manner of NNN with the pyridine ring is forbidden 
in zeolite NaA or KA, since the aperture of adsorbent is narrower than the diam-
eter of pyridine ring (0.43 nm). Among these zeolites, NaA showed a special 
adsorption manner: its pore size lets the NNN to be clipped in the pore mouth, 
making the C-C bond linking the fi ve- member ring and pyridine ring breakable 
(Cao et al.  2007a ; Yang et al.  2008 ). Adsorption of NPYR and NNN on zeolite A 
reveals the unusual adsorptive property of zeolite NaA and its alkali metal cation 
exchanged analogues towards nitrosamines. Due to the limitation of small pore, 

  Fig. 9.8    Possible adsorption 
and degradation manner of 
NNN in zeolite (Cao et al. 
 2007a )       
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NNN or NPYR cannot enter the channel of zeolite A (Wu et al.  2008 ), subse-
quently the nitrosamines will be adsorbed into the zeolite in the way through 
inserting the N-NO group inside the pore while the rest of the molecule retains on 
the external surface of the zeolite. Compared with other zeolites such as ZSM-5 
or Y, zeolite A has the smallest pore size and the largest density of cation to pro-
vide the confi nement and attraction to volatile nitrosamines, avoiding desorption 
of the adsorbate since the high cation density in the zeolite helps to anchor the 
nitrosamines through strong interaction (Yang et al.  2008 ).

   An unusual subtle selectivity is found on zeolite KA and CsA whose pore sizes are 
smaller than 0.4 nm. These two zeolites can accurately identify  N -nirosodiphenylamine 
(NDPA), the bulky nitrosamine with two phenyl groups, and nitrobenzene (Yang et al. 
 2009 ) no matter in dichloromethane or benzene solution (Fig.  9.9 ). They are able to 
selectively adsorb the larger molecule NDPA, similar to the “molecular trapdoor” 
mechanism reported recently (Shang et al.  2012 ), and its adsorption capacity is not 
infl uenced by nitrobenzene. No such geometric limitation is observed on NaA and 
NaZSM-5 due to their increased pore size, and their adsorption of NDPA will be 
retarded by nitrobenzene. Clearly the pore structure of CsA and KA zeolites can iden-
tify two kinds of functional groups in molecules, that is to say, their adsorption capac-
ity depended on the geometrical confi guration difference between -N-NO and -NO 2  
(Yang et al.  2009 ) since the largest diameter of nitrobenzene molecule is about 
0.44 nm, and the distance between two oxygen atoms in -NO 2  functional group is 
0.36 nm, which exceeds the pore size of KA and CsA. Instead, the N-NO group of 
NDPA molecule has a diameter of only 0.2 nm so it can be inserted into zeolite pore 
mouth. If NDPA and nitrobenzene were adsorbed into zeolite channels through “plug-
in mode” (Yun et al.  2004 ; Zhou et al.  2004 ), similar to the “close fi t” mechanism that 

  Fig. 9.9    Adsorption of  N -Nitrosodiphenylamine (NDPA) by zeolites in dichloromethane with or 
without nitrobenzene at 277 K (Yang et al.  2009 )       
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is reported recently (de Ridder et al.  2012 ), it would be diffi cult for nitrobenzene to 
insert into the channels less than 0.3 nm because of mutual suppression of the two NO 
bonds, but NDPA could be adsorbed through embedding its N-NO functional group. 
Discovery of this subtle selectivity of identifying a functional group in molecular 
structure will be helpful for designing and developing new type of sensors.   

9.2.3     Enhancing the Performance of Zeolite in Adsorption of 
Nitrosamines with Metal Oxide Modifi ers 

 Introducing metal compounds is an effective way to improve the performance of 
zeolites in the adsorption of volatile nitrosamines (Cao et al.  2007b ; Xu et al. 
 2003b ), provided the object species and the introduction method are optimized. 
Many nitrosamines adsorb on zeolite through the way the N-NO groups insert into 
the zeolite channels (Zhu et al.  2003 ), whose manner is similar to the adsorption of 
NOx in zeolite. Therefore, the methods help to adsorb nitrous oxide on zeolite is 
also benefi cial for the adsorption of nitrosamines. Copper is the best element to 
promote adsorption of nitrogen oxides on zeolite, so it is utilized to modify zeolite 
through impregnation to form highly dispersed copper oxide particles in the porous 
host (Xu et al.  2004 ). These copper oxide nanoparticles in zeolite will attract the 
N-NO groups of nitrosamine and thus promote the adsorption. As is evident from 
FTIR spectra, the N-NO functional group of nitrosamines has a strong interaction 
with the copper species dispersed in zeolite NaY so that the carcinogenic com-
pounds can be much easily selectively adsorbed (Xu et al.  2003b ). Loading 3 % 
(weight percent) of copper oxide can increase the ratio of NPYR adsorbed on NaY 
from 57 to 75 % at 453 K. For the zeolite NaZSM-5 with smaller pore size, loading 
3 % of copper oxide enables it to adsorb the same amount of NDMA as that by NaY 
zeolite. Impregnation of zeolite with zirconia or cobalt oxide also exhibits a similar 
positive effect in nitrosamines adsorption (Zhuang et al.  2006 ; Cao et al.  2007b ). 
However, these metal oxides inevitably occupy the space inside the channel of zeo-
lite, which may cause a negative effect on the entering and diffusion of adsorbate, 
so the further study is performed on the NaY zeolite ion exchanged and impreg-
nated with cooper oxide to assess their actual structure-property variation caused by 
different modifi cations (Gu et al.  2008a ). Ion exchange with copper cation adjusts 
the distribution of cation and the pore size of zeolite delicately: replacing sodium 
cation of NaY zeolite with copper cation through ion exchange can keep its pore 
structure unchanged, but the absolute number of total cation is reduced because one 
copper ion exchanges two sodium ions. Again, sodium ion has a radius of 0.099 nm, 
larger than that of Cu 2+  (0.073 nm) hence substituting two Na +  ions with one Cu 2+  
enables the zeolite to have a slightly larger pore size. In succeeding adsorption the 
nitrosamine molecule will be attracted by the fewer bivalent cation instead of the 
relative more univalent cations while the pore opening became a little bit wider, 
reducing the collision frequency with cation. As the result, there is no promoted 
adsorption ability on the copper exchanged zeolites (Gu et al.  2008a ), which differs 
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from CoY zeolite that exhibits a little bit enhanced ability in adsorbing NPYR at 
338 K (Cao et al.  2007b ). 

 Impregnation method not only remains most of the Na +  ions in zeolite NaY but 
also introduces additional copper species in the resulting composite (Xu et al. 
 2003b ,  2004 ). These modifi ers have an electrostatic affi nity towards the N-NO 
group of nitrosamines, but cover the inherent active sites of zeolite and block the 
channel more or less. Also, incorporation of the guest reduces the proportion of 
zeolite in adsorbent. For instance 1 g of NaY sample consists of 1 g zeolite, but 1 g 
of 5%CuO/NaY sample contains 0.95 g zeolite. Since zeolite is crucial to capture 
the nitrosamines in gas stream, there is no promotion but decline in adsorptive abil-
ity observed on CuO/NaY samples at 338 K (Gu et al.  2008a ). Again, the more 
guest loaded, the larger the capacity decreased. Different situation appears once the 
adsorption temperature rose to 453 K, CuO/NaY is superior to NaY for trapping 
volatile nitrosamines (Fig.  9.10 ) because the copper modifi er interacts stronger with 
nitrosamines to suppress desorption of NPYR from NaY zeolite (Xu et al.  2003b , 
 2004 ; Gu et al.  2008a ). Similar positive effect is also observed in NaA zeolite, as 
shown in Fig.  9.11 . Moreover, the 3 wt.-% of copper oxide is proven to be the opti-
mal value (Xu et al.  2004 ). For the given porous support, the optimal amount of 
modifi er is determined by the host structure, it should offer the strong electrostatic 
interaction to promote the adsorption of nitrosamines while kept the zeolite channel 
unblocked. This value (3 wt.-%) is below the monolayer dispersion threshold of 
copper oxide in zeolite NaY therefore the modifi er is well dispersed and accessible 
for nitrosamines adsorbate.   

  Fig. 9.10    Infl uence of loading copper on the selective adsorption of NPYR over zeolite NaY and 
NaZSM-5 (Xu et al.  2004 )       
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 Ferric oxide can be loaded on zeolites NaY through solid state grinding, micro-
wave irradiation and impregnation methods. Since the exchange of Na +  of zeolite 
NaY by Fe 2+  or Fe 3+  cation during impregnation reduces the absolute number of 
ionic site, the modifi ed zeolites show a declined capability in instantaneous adsorp-
tion of NPYR at 453 K (Cao et al.  2008 ). In contrary, the 3%Fe 2 O 3 /NaY prepared 
with microwave irradiation exhibits a higher adsorption capacity than NaY, it traps 
86 % of NPYR when the accumulated amount of NPYR achieves 1.82 mmol g −1  but 
NaY adsorbs about 77 %. 

 Cobalt modifi ed NaY zeolites can trap more volatile nitrosamines in instanta-
neous adsorption as total amount of NPYR exceeds 1.0 mmol g −1  (Cao et al.  2007b ). 
Zeolite NaY can capture about two thirds of the NPYR in gaseous phase when the 
amount of NPYR passed through the adsorbent accumulates to 2.66 mmol g −1 , while 
loading 1 wt.-% of cobalt oxide on NaY enhances this proportion to 74 %. 3CoY 
sample, the NaY zeolite modifi ed with cobalt oxide of 3 wt.-%, shows the highest 
adsorptive capability and 92 % of NPYR is trapped at 338 K, one third more  than 
that of the parent zeolite. Loading more cobalt oxide on NaY cannot elevate the 
adsorptive capability further. 5CoY sample only adsorbs 72 % of NPYR whereas the 
adsorption ability of 10CoY is lower than that of NaY. The radii of cobalt and oxygen 
ions are 0.04 and 0.14 nm, respectively (Dean  1999 ). If the cobalt oxide is equally 
dispersed in zeolite to form the monolayer, the actual pore size of the NaY will be 
reduced from 0.74 to 0.46 nm, which is harmful for fast adsorption of NPYR since 
the molecule size of NPYR is 0.56 nm (Xu et al.  2004 ). To keep the modifi ed channel 
accessible for NPYR, the residual pore size should be about 0.6 nm, that is, only half 
of the pore wall could be coated by cobalt oxide. Otherwise, the entry and diffusion 
of NPYR will be obstructed. The threshold for monolayer of cobalt oxide on NaY is 
about 6 wt %; consequently loading 3 wt % becomes the best amount. Also, calcina-
tion conditions affect the distribution of cobalt cations in zeolite NaY. Calcination at 
673 K in nitrogen enables cobalt cations to exist in both octahedral and tetrahedral 

  Fig. 9.11    NDMA adsorbed 
on zeolite NaA and the 
copper modifi ed NaA at 
453 K (Xu et al.  2004 )       
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symmetries and a lot of them will be located in the sodalite cage of zeolite NaY, but 
the calcination at 773 K accompanied with plenty of oxygen simplifi es the state of 
the cobalt cations to be octahedral symmetry, migrating to the supercage of NaY. The 
location of cobalt cations in zeolite NaY badly infl uences the adsorption of NPYR in 
airfl ow hereby the sample loaded with 3 wt% of cobalt oxide and calcined at 673 K 
exhibits the highest adsorption capability of NPYR at 338 K.  

9.2.4     The Infl uence of Zeolite Morphology on the Gaseous 
Adsorption of Nitrosamines 

 The infl uence of morphology of mesoporous materials on their adsorption of 
nitrosamines has been studied (Zhou et al.  2011a ,  b ,  c ,  2012 ), but few is under-
stood on the effect of zeolites morphology. Actually, nitrosamine molecule cannot 
be captured in gas stream until it fl ies very close to the pore mouth of zeolite 
because the electrostatic interaction of cation in zeolite is limited within 0.05 nm 
(Yang et al.  2007 ). Is it possible to adjust the movement of nitrosamine molecule 
and increase its collision frequency with zeolite? MCM-22 is chosen for the study 
because of its specifi c rose-like morphology (Fig.  9.12 , Yang et al.  2010a ; Wu 
et al.  2009 ). Zeolite MCM-22 has two independent pore systems, one involves 
two-dimensional (Fig.  9.13 ), sinusoidal channels (0.4 × 0.5 nm 2 ) with the circular 
10-membered rings like ZSM-5 (Ravishankar et al.  1995 ), and another consists of 

  Fig. 9.12    Scanning Electron Microscopy (SEM) image of MCM-22 zeolite (Yang et al.  2010a )       
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12-membered large cylindrical supercages (0.7 × 0.7 × 1.8 nm 3 ) similar to that of 
NaY (   Daems et al.  2005 ). And desilication technique is employed to create meso-
pore in MCM-22 to modify its structure and pore size (Yang et al.  2010a ). Surface 
morphology of zeolite assuredly affects its performance in the adsorption of nitro-
samines. MCM-22 traps all NPYR in gas stream at 338 K until the accumulated 
amount of NPYR reaches 1.5 mmol g −1 , but zeolites NaZSM-5 losses its ability at 
the amount of 0.58 mmol g −1  while NaY is inferior once the amount of NPYR 
exceeds 1.5 mmol g −1 . In the case that of 2.28 mmol g −1  NPYR, NaZSM-5 adsorbs 
about 28 % while NaY traps 80 % but MCM-22 captures 88 %. Desilicated MCM-
22 shows the highest adsorptive ability of NPYR at 338 K, and the formation of 
mesopores is preponderant for adsorbing NPYR at low temperature. When the 
fl ow rate of carrier gas increases from 10 to 30 mL min −1 , MCM-22 samples traps 
more NPYR, similar to NaZSM-5 (Zhou et al.  2007 ), and the desilicated sample 
adsorbed more NPYR (0.57 mmol g −1 ) than it parent (0.29 mmol g −1 ). As the 
adsorption temperature rises to 453 K and the amount of NPYR accumulates to 
1.0 mmol g −1 , MCM-22 captures 0.92 mmol g −1 , and NaY and NaZSM-5 adsorb 
0.86 and 0.52 mmol g −1  respectively.

    For the instantaneous adsorption, any change in surface roughness or morphology 
of zeolite will cause signifi cant differences on its adsorption behavior because rough 
surfaces can provide more conducive sites for adsorption and collision (Reitmeier 
et al.  2008 ; Zhou et al.  2012 ). For NPYR gaseous adsorption, interception of NPYR 
and holding in the carcinogen inside channels are two key links. At low temperature 
such as 338 K, the former is the dominant, special morphology such as the rich sur-
face curvature has obvious advantage in the process of nitrosamines adsorption. And 
the formation of mesopores in zeolite can also promote the absorption (Yang et al. 
 2010a ). At a high temperature such as 453 K, it is quite important to suppress desorp-
tion of nitrosamines which are already adsorbed in zeolites (Xu et al.  2003a ) hence 
the constraints from channels will play a major role. The electrostatic attraction from 
cations of zeolites as well as the confi nement of channels determine the adsorption 
performances of the samples: the ideal hierarchical adsorbent should have not only 
the wide channels to lead the streams pass quickly (Zhou et al.  2012 ), but also the 

  Fig. 9.13    Structures of zeolites ( a ) NaY, ( b ) ZSM-5 and ( c ) MCM-22 (Yang et al.  2010a )       
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zeolites structures in their pore walls, as a result, electrostatic fi eld formed by cations 
can strongly attract nitrosamines, making them constrained by fi ne geometric func-
tion in the sub-nanoscale channels, and thus the selective adsorption of nitrosamines 
can be realized through the combination of diffusion effect, cage effect, molecular 
electric moment and coulomb fi eld. MCM-22 exhibits a high ability in the instanta-
neous adsorption of volatile nitrosamines at 453 K due to its inherent Al content 
and  the specifi c porous structure containing bell-mouthed pore mouth connected 
with the slightly narrow channel that are benefi cial to intercept nitrosamines in air 
fl ow (Yang et al.  2010a ).  

9.2.5    Liquid Adsorption of Nitrosamines by Zeolites 

 Apart from gaseous adsorption of volatile nitrosamines, zeolites can capture the carcino-
gens in organic or aqueous solutions. NaY has the largest surface area (766 m 2  g −1 ) 
and the largest pore size (0.74 nm) among commercial zeolites thereby it exhibits 
the largest adsorption capacity of nitrosamines in dichloromethane solution and 
the amount of adsorption (Qe) increases as the residual concentration (Ce) is raised 
(Fig.  9.14 , Zhu et al.  2001 ). In the case of that the Ce of NDMA is around 2,000 mg 
L −1 , the Qe value on NaY zeolite (175 mg g −1 ) is higher than that on SiO 2  (25 mg g −1 ) 
or Al 2 O 3  (10 mg g −1 ). And this difference of their Qe value (7–17 times) is higher than 
that of their surface area (2–4 times). The difference between the adsorptive capacity 
of NaY and other zeolites becomes more and more obvious as the adsorbate is changed 
from NDMA to NYPR or NMHI. Nitrosamines have a weak basicity and adsorb 
favorably on acidic materials (Ma et al.  2000 ), therefore acid zeolite HZSM-5 adsorbs 
more nitrosamines than NaZSM-5 though their surface area and pore size are almost 
same. On the other hand, competition of solvent weakens the adsorption of nitrosamines. 
NaY can adsorb 59 mg g −1  of NDMA at Ce of 320 mg L −1  in organic solution, but only 
1.05 mg g −1  at Ce of 478 mg L −1  in aqueous solution (Zhu et al.  2001 ). NaA zeolite 
is another hydrophilic adsorbent, but the difference in two solvents is unobvious. 
For instance 3.39 mg g −1  of NDMA is adsorbed by NaA at Ce of 432 mg L −1  in 
 dichloromethane solution, but about 0.84 mg g −1  adsorbed at Ce of 478 mg L −1  in 
aqueous solution. Furthermore, more NPYR can be trapped on NaA in aqueous solu-
tion (3.80 mg g −1 ) than that in dichloromethane solution (2.80 mg g −1 ) in the case of 
low Ce (423 mg L −1 ). Reverse difference is observed when NDMA and NPYR were 
adsorbed on low Al content zeolite NaZSM-5 hence it is favorable to use hydrophobic 
zeolite to remove nitrosamines from aqueous solution while using hydrophilic zeolite 
for separate nitrosamines from organic solutions. In general the degree of geometrical 
matching between the channel opening of a zeolite and the molecular diameter of 
nitrosamine determines the adsorption manner by the zeolite (Cao et al.  2007a ,  b ; 
Zhou et al.  2007 ). The molecular dimensions of NDMA is 0.42 nm, NPYR is 0.54 nm 
and NHMI is 0.56 nm, and these critical dimensions are comparable with the pore size 
of zeolite (Shen et al.  2000 ). Therefore the adsorption capacity of these zeolites 
decreases in following: NDMA > NPYR > NHMI, revealing the “sieve effect” for 
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trap of nitrosamines in solution. Some strange phenomena are observed in aqueous 
solution where NaY adsorbs the NPYR (1.05 mg g −1 ) similar to NDMA (1.08 mg g −1 ), 
while NaA zeolites adsorb NPYR (3.80 mg g −1 ) three time more than NDMA 
(0.80 mg g −1 ). These facts imply the existence of some unknown factors on the adsorp-
tion of nitrosamines in solution (Zhu et al.  2001 ), and further investigation is required. 
In the liquid adsorption of NPYR at 277 K, MCM-22 zeolite adsorbed two times more 
than NaY and NaZSM-5 (Yang et al.  2010a ). In addition to the special channels and 

  Fig. 9.14    Adsorption    of nitrosamines of ( a ) NDMA, and ( b ) NPYR at 283K on zeolite adsorbents 
in dichloromethane (Zhu et al.  2001 )       
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proper hydrophilic/hydrophobic nature of MCM-22, its essential grain shape owns 
compact chip morphology and rich surface curvature to increase the collision proba-
bility between the nitrosamine and active sites, signifi cantly improving the adsorption. 
For removal of neutral nitrosamines in demineralised water, mordenite MOR200 and 
zeolite ZSM-5 show a higher effi cacy than dealuminated NaY (DAY) and activated 
carbon. DAY is hydrophilic zeolite so that it does not show appreciable removal of any 
of the nitrosamines. When nitrosamines are adsorbed from surface water, there is no 
infl uence competition with, or pore blockage by natural organic matter components 
on nitrosamine removal for ZSM-5 zeolite, in contrast to activated carbon. A relation-
ship is found between the Stokes diameter of nitrosamines, and their removal by 
ZSM-5 and MOR200, indicating that a “close fi t” adsorption mechanism more likely 
than hydrophobic interaction in these zeolites (de Ridder et al.  2012 ).  

 Many carcinogenic agents like nitrosamines or their precursors enter human 
stomach through diet and drinking, so it is necessary to trap the nitrosamines in 
gastric juice. However, the liquid adsorption results obtained in neutral solution 
cannot be simply applied to the gastric juice that is acidic. And many zeolites cannot 
be used in acidic solution because of their inherent feature. Consequently, some 
liquid adsorption experiments of nitrosamines are performed in hydrochloric acidic 
solution at the pH = 1 (Fig.  9.15 ), similar to that of gastric juice, and NPYR is 
selected as the adsorbate (Zhou and Zhu  2005 ). As expected, NaY and NaA zeolite 
are dissolved in the solution within 30 min while NaZSM-5, ZSM-11 and Hβ are 
stable. And NPYR is found to be also stable in the acidic solution for 3 h. The 
NPYR uptake process on NaZSM-5 zeolite obeys the fi rst-rate Lagegren equation, 
and the adsorption curve of ZSM-5 can be fi tted with Langmuir formula. Zeolites 
are superior to silica and mesoporous silica SBA-15 for the adsorption of nitrosa-
mines in acidic solution, and among them Hβ zeolite has the largest adsorption 
capacity owing to its big pore size and surface area (Zhou and Zhu  2005 ). NPYR is 
hydrophobic, and the NaZSM-5 zeolite with a high Si/Al ratio is also hydrophobic 
so that the sample with the Si/Al of 12.5 adsorbs less NPYR (70.0 mg g −1 ) than that 
with Si/Al of 26 (77.5 mg g −1 ).  

  Fig. 9.15    Adsorption of 
NPYR by NaZSM-5 zeolite in 
acidic solution with different 
initial concentration (Zhou 
and Zhu  2005 )       
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 Liquid adsorption of nitrosamines is also studied in fasting artifi cial gastric juice 
to examine the impact of additives such as NaCl and glycine on the adsorption of 
zeolite (Dong et al.  2007 ). And HZSM-5 zeolite is treated with alkali corrosion to 
create mesoporosity (Van Der Voort et al.  2002 ). The sample with a Si/Al ratio of 38 
has the highest adsorption capacity. As the Si/Al ratio of zeolite further increases, 
the adsorption capacity gradually declines, and the samples with the Si/Al ratio 
of 500 and 26 incredibly have a similar adsorption capacity. The hydrophilicity or 
hydrophobocity of zeolite depends on their Al content that governs the polarity of 
internal voids and pore (Garcia and Roth  2002 ), and thus the zeolites with low Si/Al 
ratio will take precedence over adsorbing water in artifi cial gastric juice. NPYR is a 
hydrophobic compound so it will be preferentially adsorbed on the zeolites with 
high Si/Al ratio. However, the number of cation to generate static electronic fi eld in 
ZSM-5 decreases as the Si/Al ratio increases, leading to the decline of adsorption 
ability. Two impacts compromise to give an optimal promotion for the adsorption 
on the sample with Si/Al ratio of 38 where the cations provide enough electrostatic 
induction to pull NPYR but the competitive adsorption of water is not too serious 
(Dong et al.  2007 ). Since the hydrated radii of the cation bigger than 0.3 nm in the 
channels of zeolite will hinder the transport of adsorbate to decrease the adsorption 
capability (Rabo et al.  1966 ), acidic HZSM-5 zeolite is more favorable for adsorp-
tion of NPYR in artifi cial gastric juice. Nonetheless, the adsorption of zeolite in 
artifi cial gastric juice is different from in acid solution, and its adsorption isotherm 
is accord with Freundlich equation instead of Langmuir equation (Dong et al.  2007 ). 
Creation of mesopores in ZSM-5 zeolite is benefi cial for mass transport inside the 
channel to promote the adsorption of nitrosamines in artifi cial gastric juice, but 
zeolite surfaces become more uneven. At the same time, the amino acetic acid and 
sodium chloride in solution interferes with the interaction between nitrosamines and 
zeolites, resulting in the deviation of adsorption isotherms of NPYR from Langmuir 
equation. On the other hand, in the case that both NPYR and lead ions exist in arti-
fi cial gastric juice, different zeolites have different adsorption performances (Tao 
et al.  2010 ): zeolite NaZSM-5 (Si/Al = 26) captures more nitrosamines (4.36 mg g −1 ) 
than lead ion (0.42 mg g −1 ), whilst natural Na-clinoptilolite shows a selectivity 
toward lead ion in the solution, trapping more lead ions (6.88 mg g −1 ) than nitrosa-
mine (1.04 mg g −1 ). Based on these results, a versatile zeolite material is reported to 
release NO at fi rst and then capture the nitrosamines in mimic gastric juice (Wei 
et al.  2010 ). 

 Zeolite is able to selectively adsorb tobacco-special nitrosamines (TSNA) in 
organic solvents such as dichloromethane. For promoting the adsorption of bulky 
nitrosamines, MCM-22 zeolite is treated with alkali solution to create mesopores 
for accelerating the mass transfer of adsorbate, then sulfonic acid is used to estab-
lish acid sites in these mesopores (Yang et al.  2010b ). MCM-22 sample has a high 
adsorption capacity towards NNN in dichloromethane solution, and it can trap 
55.3 % of  N ′-nitrosonornicotine (NNN) at the initial concentration of 1.02 mmol L −1 . 
Hierarchical structure increases the adsorptive capability of MCM-22, and the 
corresponding value is 51.7 %; again, incorporating –SO 3 H group in the sample 
signifi cantly elevates its capacity to 74.9 %. Nonetheless, not all of the organic 
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functional groups can promote the adsorption ability of MCM-22 toward the NNN 
in dichloromethane solution. The sample modifi ed with chloropropyl triethoxy 
silane (CPTES) or 3-mercaptopropyltriethoxysilane (MPTES) does not show such 
high adsorption ability (Yang et al.  2010b ). Contrarily, grafting small amount -SO 3 H 
group, less than 4 wt.-%, in the sample of alkaline treated MCM-22 signifi cantly 
promotes the adsorption towards TSNA even in the aqueous tobacco extract solu-
tion, and the resulting sample can trap up to 54 % of TSNA in the solution. The 
composition of extractable liquid of cut tobacco is more complex (Wei et al.  2009a ), 
but many zeolites can still selectively adsorb TSNA in this solution. The bulky 
TSNA molecules only insert their N-NO groups into the channels of NaA zeolite 
due to the small pore size of the zeolite (Zhu et al.  2003 ; Yun et al.  2004 ; Zhou et al. 
 2004 ), NaA only adsorbed 0.58 μmol g −1  of TSNA, which is much lower than that 
of NaY zeolite (1.37 μmol g −1 ). The adsorption capacity of NaZSM-5 is about 
1.11 μmol g −1 , same as that of MCM-22 whose pores opening is similar to ZSM-5 
but pore structure different. These results indicate the crucial role played by the pore 
size of zeolite in the liquid adsorption, since the limitation of narrow channel on the 
mass transfer of adsorbate is unavoidable. Acidic zeolite such as HZSM-5 and Hβ 
exert a higher capability than their basic analogues NaZSM-5 and Naβ for the liquid 
adsorption, because the proton in acidic zeolite can promote the adsorption of nitro-
samines through forming hydrogen bond with the N atom in the nitroso group of 
nitrosamines (Meier and Siegmann  1999 ; Xu et al.  2003a ; Wu et al.  2008 ). Calcium 
ion has a usual promotion on this liquid adsorption. Actually CaZSM-5 shows the 
enhanced adsorption capability of 1.41 μmol g −1  nitrosamines to exceed either 
NaZSM-5 or HZSM-5, and higher adsorption ability is observed on CaA zeolite, 
because it can trap 1.68 μmol g −1  of nitrosamines in the solution, even exceeded 
activated carbon (Wei et al.  2009a ). This may result from the specifi c high cation 
concentration of zeolite A that provides a powerful electrostatic interaction toward 
nitrosamines (Gao et al.  2008 ; Yang et al.  2008 ). On the basis of these studies, new 
effi cient materials are developed to remove 70 % TSNA in the extractable liquid of 
cut tobacco (Fig.  9.16 . Wei et al.  2009b ).

  Fig. 9.16    Releasing NO and capturing nitrosamines by zeolite in mimic gastric juice (Wei et al. 
 2009b )       
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   To open the new application of zeolite in health care as the capturer of nitrosa-
mines in gastric juice, capture of NNN in aqueous solution by the acid-immerged 
zeolite is investigated, which is in the face of challenges arising from the acid 
immersion on the structure of zeolite and the selective adsorption. Several zeolites 
with different Si/Al ratios and pore structures, including NaY, ZSM-5 and MCM- 
22, are employed to study their structure variation after the acid leaching in the 
solution with the same pH value as that of gastric juice (Hou et al.  2013 ). These 
samples are assessed to adsorb the NNN in aqueous solution, and the zeolites with 
Si/Al ratio of about 13 can keep their adsorption performance after acid treatment, 
rather, those with the Si/Al ratio of around 10 show the enhanced adsorption 
 capability in deed. Besides, zeolite NaY and its dealuminated analogue NTY are 
proven to be safe for the cell of 293-T, and NTY can trap the NNN in the aqueous 
solution to reduce toxicity so that it is the valuable candidate to trap nitrosamines in 
stomach juice (Hou et al.  2013 ).  

9.2.6    Reducing Nitrosamine Level of Smoke by Zeolites 

 Although many zeolites show the capacity of selectively adsorbing nitrosamines 
from gas stream in laboratory study, it is unclear whether they can capture nitrosa-
mines in the mainstream smoke of tobacco, since tobacco smoke is an aerosol com-
posed of volatile agents in the vapor phase along with lots of semi- and non-volatile 
compounds in the particulate matter. In fact, zeolites had the ability to adsorb vola-
tile nitrosamines in mainstream smoke of cigarettes (Xu et al.  2003a ), and their 
adsorption capacity depends on the pore structure and surface acidity since protons 
form hydrogen bonds with the N atoms of nitroso-groups in nitrosamine. NaY and 
HZSM-5 are the best adsorbents while NaZSM-5 is better than NaA zeolite, and the 
residual nitrosamines in the smoke of cigarettes after adsorption on zeolite is very 
low (Xu et al.  2003a ). HZSM-5 zeolite not only adsorbs more nitrosamines than 
NaZSM-5 but also keeps a high activity for the degradation of nitrosamines without 
interference of competitive adsorption of other components in smoke. The nitrosa-
mines adsorbed in NaY zeolite start to desorb at 425 K, so that NaY seems suitable 
to be used in the fi lter of cigarette as an adsorbent to remove nitrosamines, because 
the temperature of fi lter usually is below 373 K at which the desorption of nitrosa-
mines cannot occur on the zeolite (Meier and Siegmann  1999 ; Xu et al.  2003a ). To 
prevent desorption of nitrosamines from zeolite at high temperatures, copper oxide 
is used as the modifi er for NaY, NaZSM-5, and NaA to strengthen their ability to 
adsorb volatile nitrosamines (Xu et al.  2003b ,  2004 ). Due to the special interaction 
from the copper species in channel, nitrosamines are easily trapped by the modifi ed 
zeolite so that about 70 % of the nitrosamines in smoke are eliminated. 1%CuO/
NaY and 3%CuO/NaY composites fi lter more volatile nitrosamines than zeolite 
NaY in mainstream smoke, and 3%CuO/NaY is proven to be the best one. On the 
basis of gaseous adsorption of nitrosamines, a new bifunctional zeolite composite is 
fabricated as the cigarette additive to release menthol in the burning tobacco while 
adsorb the nitrosamines in the smoke (Gu et al.  2008b ). 
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 Trapping tobacco specifi c nitrosamines in smoke is a hard task for zeolite, 
because most TSNA exist in the particles in tobacco smoke (Baker  1999 ) and the 
sizes of their particles exceed the micropores of zeolites. However, zeolite-like cal-
cosilicate CAS-1 can effectively intercept the particles and thus reduces the TSNA 
level of mainstream smoke in the range of 30–60 % when it is added into the ciga-
rette fi lter (Gao et al.  2009b ). Addition of zeolite NaA of 30 mg cig −1  in the fi lter of 
cigarette decreases about 11 % of TSNA in smoke, but the reduction can achieve 
about 30 % once 10 mg CAS-1 is added into the fi lter of cigarette, superior to the 
function of 30 mg zeolite NaA. As the amount increases to 20 and 30 mg per ciga-
rette, the decrease of TSNA achieves 55 % and 58 % respectively. Due to its special 
morphology (Fig.  9.17 ), CAS-1 can intercept the bulky particle similar to the cob-
web capturing the fl ying inspects. Besides, CAS-1 is not the simply physical fi lter, 
since the Ca 2+  in framework provides a strong affi nity to attract the N-NO group of 
nitrosamines. The fi ber-like morphology of CAS-1 realizes the effective intercep-
tion of particles in smoke, better than common zeolite, while the plenty of cations 
plus zeolite-like microporous structure in CAS-1 enables the TSNA adhered on 
particles to be captured.    

9.3    Researches of Nitrosamines Degradation on Zeolite 

9.3.1    Catalytically Decomposition of Nitrosamines on Zeolite 

 Zeolite has been tried as the cigarette additive to destroy the harmful components 
in smoke including TSNA and volatile nitrosamines such as NDMA (Meier and 
Siegmann  1999 ). NaY zeolite showed a high capability in the gaseous adsorption of 
volatile nitrosamines (Xu et al.  2003a ; Zhou et al.  2007 ), but it is not usually consid-
ered as a catalyst material. In the potential application of zeolite as the catalysts for 
cigarette or the purifi er for vent-pipe of building, there are numerous compounds that 
will competitively adsorb in zeolite to occupy active sites (Meier and Siegmann  1999 ; 
Xu et al.  2003a ). What impact will be caused by the pre-adsorbed impurities on the 

  Fig. 9.17    SEM images of ( A ) zeolite NaA and ( B ) CAS-1 samples (Gao et al.  2009b )       
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reaction of nitrosamines in zeolite catalysts? How does the reaction atmosphere infl uence 
the catalytic degradation of volatile nitrosamines in zeolite? To answer these ques-
tions, the catalytic degradation of NPYR is chosen as the model reaction, Y and 
ZSM-5 zeolites as the catalysts, and the temperature programmed surface reaction 
(TPSR) is employed to examine the variation of degradation products of nitrosamines 
in zeolite via the different temperatures (Wu et al.  2008 ). NPYR can be decomposed 
to form NO, methylamine, dimethylamine and  N -methl- 1 -butanamine in HY zeolite 
at 773 K, but produces more complex products such as pentanedinitrile, 1-methyl-1-
H-pyrrole, toluene, 1H-pyrrole and 1-H-2-methyl-pyrrol in NaY zeolite at 773 K 
(Fig.  9.18 ). Nitrogen and CO, water and propylene are the main species formed on NaY 
while the portion of NO, N 2 O and CO 2  in the products is small. Contrarily, majority 
of the products on zeolite HY are nitrogen- containing species and CO 2  or CO, 
only few hydrocarbons are detected due to the coking on acidic zeolite (Fig.  9.19 ). 

  Fig. 9.18    The possible degradation of NPYR on basic zeolite similar to that of pyrolysis 
(Wu et al.  2008 )       

  Fig. 9.19    The possible degradation of NPYR on acidic zeolite (Wu et al.  2008 )       
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Decomposition of NPYR on HZSM-5 forms more products than that on zeolite HY, 
including toluene and 2-butanamine. On zeolite NaZSM-5 the nitrosamine is 
degraded to N 2 O, 1-H-1-methyl-pyrrole and 1-H-pyrrole (Wu et al.  2008 ). Zeolite 
NaY can adsorb and degrade more NPYR than NaZSM-5 and in general the acidic 
zeolite shows a higher activity than its basic analogue to decompose nitrosamines. 
Moreover, all of the adsorbed NPYR could be degraded in the TPSR tests of NPYR 
on zeolite NaZSM-5 or NaY in nitrogen. NO and N 2 O as well as pyrrolidine frag-
ments appear in the range of 450–650 K, 2-methyl-1H-pyrrole and toluene emerge 
at 591 K and 667 K respectively, but their amounts are very small. Desorption of 
NO emerges on NaZSM-5 zeolite around 587 and 734 K, accompanied by propylene 
and 1H-pyrrole. The moisture pre-adsorbed in zeolite NaY does not hinder the 
adsorption of volatile nitrosamines in gas stream at 338 K (Zhou et al.  2007 ), but 
suppresses the adsorption at 298 K, and the capacity is lost about 18 % on NaY, 
23 % on HY, 21 % on NaZSM-5 and 33 % on HZSM-5. Besides, moisture has 
minor impact on the degradation of nitrosamines on NaY, but more serious on ZSM-5 
zeolites (Wu et al.  2008 ).

    Different carrier gasses used in TPSR experiment affect the products distribution 
of nitrosamine degradation. In oxygen atmosphere, most NO 2  is produced from the 
oxidation of NO gasses (Wu et al.  2008 ); nonetheless it comes from disproportion-
ation reactions of N-O group in nitrosamines in inert and reductive atmospheres. 
NO 2  gas can form varieties of adsorption species on zeolite, for instance NOx starts 
to strip at about 673 K, and decomposition of Na + -NOy − , Al 3+ -NOy −  nitrate and 
nitrite begins at above 793 K. For the species pre-adsorbed,  n -Dipropylamine occu-
pies the active sites of NaZSM-5 zeolite, interrupting the degradation of nitrosa-
mines; pyridine blocks the channels to hinder the diffusion of degradation products 
of nitrosamines. However, water does not affect the catalytic degradation of NPYR 
on NaY and HY zeolite. Consequently, NaY zeolite does not need to be protonated 
before performing the catalysis, and it is still active to catalyze nitrosamine degrada-
tion even in inert atmosphere (Wu et al.  2008 ). Again, the similar catalytic behavior 
of NaZSM-5 in N 2  and in air confi rms the catalytic ability of zeolites with sodium 
ion; therefore protonation of them prior to catalytic reaction (Meier and Siegmann 
 1999 ) is not necessary for degradation of volatile nitrosamines. In fact, NPYR can 
be adsorbed by ZSM-5 or Y zeolites (Zhou et al.  2007 ). The N–N bond in the N–NO 
group is the weakest bond in the structure of nitrosamine, hereby the degradation of 
NPYR starts from the cleavage of N–NO bond to release NO or NO +  (Cheng et al. 
 1998 ; Miura et al.  2000 ), and the NOx and other fragments formed in the pyrolysis 
procedure can further react with each other at high temperature like 773 K to give 
complex products through different reaction paths. Either reaction temperature or 
products distribution of NPYR has been changed on zeolite (Zhu et al.  2001 ). NO 
emerges near 450 K on NaY zeolite, much earlier than that in pyrolysis (593 K) 
meanwhile several other nitrogen oxides are formed resulting from the further reac-
tion of NO. Since NaY exhibits a higher activity than NaZSM-5 in the TPSR pro-
cess of NPYR to degrade more nitrosamines, it may be utilized as the candidate for 
the catalyst used in cigarette. Also, acidic zeolites such as HY can be used to elimi-
nate the nitrosamines in smoke (Meier and Siegmann  1999 ; Wu et al.  2008 ). 
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 To study how the bulky TSNA with a molecular size exceeded the pore mouth of 
zeolite is catalytically decomposed in the zeolite,  in situ  Fourier transform infrared 
spectroscopy (FTIR) and thermogravimetric-mass spectrometry (TG-MS) are cho-
sen for the research and NNN is selected as the reactant (Cao et al.  2007a ). 
Degradation of NNN takes place on NaY zeolite at 423 K, causing new IR bands 
such as bridged nitrates at 1,590 cm −1  and giving the band of isolated nitrosonium 
ion or nitrite NNN (2,243 cm −1 ) at 473 K. The bands of –CH 2 , C-H and NNN itself 
fade at 523 K because of both degradation of NNN and desorption of the products. 
Degradation of NNN occurs in HZSM-5 zeolite at 423 K due to the promotion of 
protons in zeolite, and the degrade manner of NNN adsorbed in zeolite depends on 
the pore structure of the adsorbent. Neither pyridine (m/e = 79) nor NPYR (m/e = 100) 
is detected during the TG-MS process of the NNN adsorbed in NaY, and they are 
absent in that of copper modifi ed NaY, HY, NaZSM-5 and HZSM-5 zeolites. Clearly 
the NNN in these zeolites does not divide into two parts that contain pyridine and 
5-member-ring respectively. Some aromatic compounds appear in the degradation 
of NNN on acidic zeolites, showing the reformation of the pyridine rings of NNN 
molecules plus the fractures of pyrrole ring and fi ve-member ring. Also, a lot of the 
fragments of NNN deposit in zeolite, forming the coke of 0.4 % and 1.2 % on 
HZSM-5 and HY, respectively. NaA zeolite is an exception on which the fragments 
of NPYR and pyridine as well as pyrrolidine appear. This strange phenomenon 
originates from the special pore diameter of NaA zeolite that enables part of the 5 
member ring to enter the channel with the  N -nitroso group while the rest of the 
molecule is clipped on the pore mouth due to the C-C bond between the 5 member 
ring and the pyridine ring (Fig.  9.8 , Cao et al.  2007a ). In case that the sample is 
heated, the clipped NNN molecule will be divided into two parts in the joint bond. 
For zeolite KA with the smaller pore size than NaA, the degradation of NNN still 
begins from cleavage of N-NO band. In principle, degradation of NNN in zeolite 
sensitively depends on the pore diameter of catalyst. If the pore size of zeolite is 
smaller than 0.4 nm, NNN inserts its  N -nitroso group inside the narrow channel 
while for the zeolite with a pore diameter equal to or larger than 0.5 nm, NNN mol-
ecule enters in the channel, whole or partially. In both cases the adsorbed NNN 
molecule will be degraded from the rupture of N-N bond in  N -nitroso group 
(Fig.  9.8 ), forming nitrogen oxides and the residual carbon-containing parts. If the 
pore size of zeolite is between 0.32 and 0.54 nm, NNN will be clipped in the pore 
mouth, decomposing through the rupture of the C–C bond linking fi ve-member ring 
and pyridine ring to form pyridine fragments (Cao et al.  2007a ). 

 Apart from the catalytically degradation at high temperature, nitrosamines can 
be decomposed in zeolite with the assistance of microwave irradiation (Fig.  9.20 , 
Xu et al.  2008 ).  N -Nitrosodiphenylamine (NDPA) is a possible cancer-causing sub-
stance in humans, its N–NO bond in molecule is relatively a weak one with the bond 
energy of 11 kcal mol −1 . With two rigid phenyls connected to the N-NO functional 
group, NDPA molecule has a molecular size larger than NNN and it usually adsorbs 
on zeolite through the way of inserting its N-NO group into zeolite channel (Zhou 
et al.  2004 ). Without addition of zeolite, no NDPA is degraded in dichloromethane 
solution under the irradiation of 45 s no matter how the power of microwave changed 
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from 0.1 to 1 kW. Addition of NaY zeolite into the solution starts the decomposition 
of NDPA at the low microwave power of 0.3 kW, and the percentage of degraded 
nitrosamines increases quickly as the power achieves to 0.8 kW. Large pore size of 
zeolite is benefi cial for the adsorption and decomposition of NDPA. Under the con-
dition of irradiating 45 sec with the power of 1 kW, the percentage of NDPA 
adsorbed and decomposed in zeolite NaA, NaZSM-5 and NaY reaches 4.1 %, 
16.6 % and 22.3 %, respectively (Xu et al.  2008 ). Ion exchange of zeolite NaA with 
Ca 2+  can increase the conversion of NDPA from 4.1 to 15.4 %. Also, the moisture in 
zeolite will promote degradation of NDPA under the microwave irradiation. Neither 
NPYR nor NNN in solution could be degraded when the microwave irradiated them 
with 1 kW for 45 s; and less NNN was degraded in NaY zeolite than NDPA because 
of its larger N-NO bond energy than that of NDPA (Miura et al.  2000 ). The volatility 
of NPYR suppressed its microwave-induced degradation in NaY zeolite: although 
NaY adsorbs all of the NPYR in solution, about 45 % desorbs while only 1.4 % is 
degraded. The narrow channel and the plenty cation of NaA tightly anchor the nitro-
samine molecules. It also adsorbs all nitrosamines in solution, but no desorption of 
NPYR occurs while 11.2 % is degraded under microwave irradiation.

   There are two reasons to explain the promotion of microwave on the NDPA deg-
radation in zeolites. The fi rst is heating effect, since zeolite cations can transfer heat 
energy to the adsorbed nitrosamines to degrade them. The second is the limited- 
domain effect, because nitrosamines are constrained in the channels after being 
adsorbed, while microwave irradiation makes the surrounding water molecules 
moving with a high speed to bump the carcinogen, promoting the degradation of 
nitrosamines. Thus, two factors are crucial for the microwave-assisted degradation 
of nitrosamines. Firstly, the geometric matching degree between the confi gurations 
of zeolite and the nitrosamines should be high, in order to constrains the movement 
of nitrosamines in zeolite. Secondly, zeolite should have necessary cations inside 
channels to form strong electrostatic fi eld forces attracting nitrosamines and weak-
ening their N-N bonds. N-NO bond is known to be the fragile bond in NDPA mol-
ecule, and it becomes rather weaker due to the electrostatic attraction from zeolite 
cations in channels after NDPA is adsorbed on zeolite, which makes N-N bond 
much brittle. After adding zeolite in NDPA solution and irradiating with microwave, 
blue free radicals are observed on zeolite, indicating the broken of N-N bond in 

  Fig. 9.20    The possible manners of NDPA adsorbed and degraded in zeolites NaA by microwave 
(Xu et al. 2008)       
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NDPA molecule (Zhou et al.  2004 ). And it should be pointed out that the fracture of 
N-N bond removes the carcinogenicity of nitrosamines. Based on the results of 
fundamental study, microwave-degradation of nitrosamines is developed to be a 
new technology for reducing the harm compounds in tobacco smoke (Gao et al. 
 2009a ,  b ). The fi nished cigarettes are directly irradiated with microwave in the opti-
mized conditions (Fig.  9.21 ), and the N-N bond of nitrosamines in tobacco fi bers is 
fractured. After the irradiation of 90 s with the microwave of 1 kW, 25–30 % of 
nitrosamines in tobacco and 50–60 % in mainstream smoke of the cigarette are 
reduced (Fig.  9.22 ). Moreover, less mutagenic activity and higher CHO cell livabil-
ity are found for the irradiated cigarette according to the results of in-vitro tests, 
mirroring the delinced biological toxicity of smoke (Gao et al.  2008 ,  2009a ,  b ).

  Fig. 9.21    Regulation of package case for the microwave-induced degradation of nitrosamines in 
cigarette (Gao et al. 2009a)       

  Fig. 9.22    Impact of microwave irradiation on ( a ) nitrosamines and ( b ) CHO cell test in the main 
stream smoke of cigarette (Gao et al.  2009a )       
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9.3.2         Researches of Metal Oxide Modifi ed Zeolite Catalysts 
Applied to the Removal of Nitrosamines 

 Zeolites can be modifi ed with impregnation of copper nitrate solution followed by 
calcination, in order to highly disperse CuO nanoparticles in the porous host (Xu 
et al.  2003b ,  2004 ). These copper oxide particles strengthen the attraction towards 
N-NO group, not only promoting 20 % or 60 % more NPYR to be adsorbed on NaY 
or NaZSM-5 at 453 K, but also elevating its catalytic degradation in TPSR test. The 
total amount of NOx product formed in TPSR experiment refl ects the number of 
active centers in zeolite while the T max , a temperature at which the maximum con-
centration of NOx appears, indicates the activity of the active centers (Shen et al. 
 2000 ). NaY zeolite can degrade 0.31 mmol g −1  of NPYR with a T max  around 573 K. 
Introducing CuO of 1 wt.-% enhances the catalytic activity about 8 % while loading 
3 wt.-% makes the activity further increased about 12 %. In the latter case the T max  
is lowered from 573 to 553 K, implying more NPYR are decomposed at relatively 
lower temperature. Rather, 5%CuO/NaY exhibits the best performance since it 
degrades the NPYR 33 % more than NaY. Further loading more copper does not 
create a higher activity on zeolite (Xu et al.  2004 ). Loading CuO on NaZSM-5 and 
NaA zeolites also dramatically enhance their catalytic activity. The amount of NOx 
detected on 3%CuO/NaZSM-5 is thrice of that on NaZSM-5 while fourfold NOx 
forms on 3%CuO/NaA compared with NaA zeolite alone. However, their T max  is 
unchanged that differs from CuO/NaY catalysts. The incorporated copper species 
cannot have their optimal catalysis until they located in a suitable microenvironment 
provided by the zeolite host, especially the right geometric space to form adsorbate- 
adsorbent optimal interaction. In TG-MS experiment the desorbed NPYR from 
NaY zeolite (m/z = 100) in TPSR process from 430 to 580 K is 1.67 % in compari-
son with those degraded to NO (Xu et al.  2004 ). This proportion is reduced to one 
third on the sample of 3%CuO/NaY (Fig.  9.23 ). Clearly copper modifi ed zeolite 
catalytically decomposes instead of desorbs nitrosamines at high temperature, 
which is crucial to reduce environmental pollution.  

 Introducing ferric modifi er also elevates the activity of NaY zeolite in nitrosa-
mines decomposition. Modifi cation of NaY zeolite with ferric oxide of 1 % (w/w) 
increases the nitrogen oxides products desorbed in TPSR test from 0.308 to 
0.474 mmol g −1  (Cao et al.  2008 ), but the climax of desorption shifts to 593 K. 
Nonetheless, 0.433 mmol g −1  of nitrogen oxides products are detected on 3%Fe 2 O 3 /
NaY while the climax of desorption decreases to near 533 K. Further addition of 
ferric oxide on zeolite NaY makes less NPYR to be decomposed. According to 
TG-MS analysis, the desorbed NPYR (m/z = 100) from zeolite NaY in the process 
of TPSR from 450 to 580 K is 1.67 % in comparison with that degraded to NO, and 
this proportion is lowered to 0.76 % on 3%Fe 2 O 3 /NaY due to its stronger catalytic 
ability, almost all of desorbed NPYR molecules are degraded before they escape 
from the porous adsorbent. Modifi cation with ferric oxide also affects degradation 
products of NPYR on NaY zeolite. Strong MS signals of N 2 O and 1-H-pyrrole are 
observed in the spectrum of NaY, resulting from the rupture of N-NO bond (Cao 

9 Carcinogenic Nitrosamines: Remediation by Zeolites



464

et al.  2007b ) whereas N 2 O absents but propionitrile becomes the predominant prod-
uct in the ferric oxide modifi ed zeolite. Besides, the Si/Fe ratio of 3%Fe 2 O 3 /NaY 
fresh sample is 7.61, much larger than the calculated value (25.9), which means the 
enrichment of ferric species in the external surface and pore opening of zeolite. This 
delicate heterogonous distribution of guest in zeolite is invisible for common XRD 
technique but can be detected by XPS method. After the TPSR process, the surface 
Si/Fe ratio of the sample changes from 7.6 to 5.2, implying the migration of ferric 
species from channel towards external surface of zeolite. At the same time, the Si/
Al ratio of the sample is slightly changed from 2.45 to 2.80, indicating the overcast 
of some aluminium by the ferric species. Surfaces enrich and migration of ferric 
oxide will change the surface properties of zeolite, because the ferric guest can 
improve the capture of nitrosamines through the electrostatic interaction with the 
N-NO group of nitrosamines (Xu et al.  2004 ). Ferric modifi cation has complex 
effect on zeolite NaZSM-5. N 2 O and 1H-pyrrol are detected at lower temperature on 
3%Fe 2 O 3 /NaZSM-5 than NaZSM-5 zeolite in TG-MS test, but the formation of 
2-mehtyl-1-H-pyrrole and propionitrile is suppressed. No desorption of NPYR is 
detected in the range of 400–823 K. 

 In the TPSR experiment on the cobalt modifi ed NaY above 500 K, NPYR is fi rst 
divided into a nitric oxide radical and pyrrolidine radical, which will quickly change 
into NO and pyrrolidine (Fig.  9.24 , Cao et al.  2007b ). Through the disproportionation 
of nitric species, NO is converted to N 2 O and NO 2 , while the Co 2+  cations in zeolites 
catalyze the decomposition of NOx to form N 2 . At the same time, dehydrogenation of 
pyrrolidine occurs to form 1H-pyrrole and 2-methyl-1H-pyrrole, which involves the 
creaking of the fi ve ring of NPYR, because this is the only source of methyl. As the 
temperature raises over 600 K, new MS signals of aromatic cyclic compound such as 
aniline emerge.

  Fig. 9.23    MS spectrum of NPYR and NO desorbed from zeolite NaY and 3%CuO/NaY sample 
that adsorbed NPYR and was heated in TPSR process (Xu et al.  2004 )       
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   Degradation of nitrosamines usually releases nitrogen oxides NOx due to the 
rupture of N–NO band. Zirconia is thus chosen to replace copper oxide for zeolites 
to obviously reduce the release of NOx during the decomposition of nitrosamines 
(Zhuang et al.  2006 ). Zirconia is the amphoteric material to have both weak acidity 
and weak basicity, and nitrosamines also possess both weak acidity and weak basic-
ity. Consequently, establishing a suitable chemical environment in zeolite by use of 
zirconia modifi er may promote the decomposition of nitrosamines. Dispersing zir-
conia of 3 wt% on NaY through microwave-irradiation enhances the activity of the 
zeolite in decomposition of nitrosamine. The NPYR adsorbed in ZrO 2 /NaY begins 
to degrade and liberate NOx at 473 K when nitrogen is used as the carrier gas, giv-
ing rise to a maximum concentration of NOx near 593 K on the sample of 5%ZrO 2 /
NaY and 10%ZrO 2 /NaY with the amount of 78 and 82 μmol⋅g −1 , respectively. As 
the reaction is fi nally hold at 773 K for 0.5 h, another unconspicuous desorption of 
nitrogen oxides appears on 5%ZrO 2 /NaY with a relative low concentration of about 
6.6 μmol⋅g −1 . This phenomenon becomes obvious in 10%ZrO 2 /NaY and the corre-
sponding value increases to 11.8 μmol⋅g −1 . As a comparison, NOx of 53 μmol⋅g −1  
emerges on NaY at 613 K, but further desorption is absent when the sample is hold 
at 773 K (Zhuang et al.  2006 ). The NOx desorption from ZrO 2 /NaY at 773 K in the 
TPSR process of NPYR originates from the inherent feature of zirconia, since zir-
conia itself can adsorb nitrosamines and decomposes them at around 733 K, giving 
rise to a maximum concentration of 29 μmol⋅g −1 , and these nitrogen oxides 

  Fig. 9.24    The hypothesis on the decomposition routine of NPYR in the cobalt modifi ed zeolite 
(The number in the bracket is the m/e value of the compound, Cao et al.  2007b )       
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continuously desorb when the sample is hold at 773 K. When the carrier gas of 
TPSR is changed to air, however, the maximum concentration of NOx released from 
10%ZrO 2 /NaY is abruptly decreased to below 10 μmol g −1  and similar phenomenon 
is also observed on 5%ZrO 2 /NaY sample. Contrarily, no such decline is found on 
NOx desorbed from NaY zeolite where the concentration of NOx at 633 K increases 
from 49.4 to 54.5 μmol⋅g −1  instead. Although the reason why the zirconia-modifi ed 
zeolite NaY can strongly suppress the release of NOx during the decomposition of 
nitrosamines is still enigmatic, discovery of this unwonted feature gives a clue for 
preparation of new functional materials. 

 Apart from the degradation process of nitrosamines through thermal catalysis, a 
strange degradation of NDPA on zeolite at room temperature is reported for the fi rst 
time (Zhou et al.  2004 ), in which they proved that metal ions in zeolite had effects 
on the catalytic activity of the sample. In addition, the degradation manner of nitro-
samines on acidic zeolite is started from the cleavage of N-NO band without inter-
ference of side-reactions like pyrolysis (Fig.  9.25 ). Acidity of zeolite is the key 
factor determining its ability for degradation of NDPA, and among the zeolites 
evaluated Hβ is the most effective catalyst with an activity much higher than that of 
others at ambient temperature. Bronsted acid sites are the main active centres while 
existence of metal ion such as Ca 2+  or Ba 2+  in zeolite is helpful to trap the NOx 
products and to prevent from secondary environment pollution.

  Fig. 9.25    The possible degradation pathway of NDPA in acidic zeolites at room temperature 
(Zhou et al.  2004 )       
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9.3.3        Degradation of Nitrosamines in Tobacco Smoke by 
Zeolites 

 Zeolite was tried to be added into blend cigarette as catalyst to reduce carcinogenic 
compounds in smoke in 1999 (Meier and Siegmann  1999 ). NaY zeolite catalysts were 
activated when they were approached by the hot zone in the burning cigarette where 
temperatures could reach around 1,073 K. Of the nitrosamines some 40–50 % could 
be eliminated from the mainstream (inhaled by smokers), and around 50–70 % from 
the side stream (Meier and Siegmann  1999 ). In a pilot experiment performed lately, the 
additives consisting of zeolite NaA were added into alginate-based slurry and sprayed 
onto the tobacco before the Chinese Virginia cigarette manufacturing, in order to pre-
pare the test sample cigarettes containing 3 % (w/w) of zeolite (Gao et al.  2008 ). NaA 
shows a typical cubic crystal with an average particle size of ca. 4 μm. After the zeolite 
was added onto the tobacco fi bers, it did not change the color of the tobacco. In fact, the 
zeolite added into the tobacco rod is more effective in reducing the volatile nitrosa-
mines than the TSNAs in the smoke of cigarette: the mean reduction for nitrosamines 
in smoke is around 61 % and the majority of the reduction is for volatile nitrosamines. 
Nonetheless, the reduction of TSNA levels is variable at different periods post manu-
facturing: it is about one third in the mainstream smoke after 6 months and the value 
declines to about one fi fth after 14 months. After 18 months or longer, the decrease of 
TSNAs becomes insignifi cant but the mean reduction of total nitrosamines is still 
above 30 % (Table  9.1 , Gao et al.  2008 ). The total toxicity of smoke is evaluated in 
some in-vitro and in-vivo investigations. Less mutagenic activity and higher CHO cell 
livability are found for the test cigarette containing zeolite in comparison with the con-
trol, and no signifi cant  damage is detected in 30-day animal experiments when exposed 
to the smoke of the cigarettes. Zeolite additive does not form particles in the burned 
tobacco to escape into smoke so that the suspicion whether the zeolites in cigarette 
cause risks for the health in the inhalation of these particles by the smoker, can be 
excluded (Wang et al.  2012 ). Actually, either the TSNA or the total nitrosamines level 

   Table 9.1    The analysis data of TSNA in the mainstream smoke of Chinese Virginia cigarettes 
(Gao et al.  2008 )   

 Detected after 
manufactured  Sample 

 NNN (ng 
cig −1 ) 

 NAT (ng 
cig −1 ) 

 NAB (ng 
cig −1 ) 

 NNK (ng 
cig −1 ) 

 Total (ng 
cig −1 )  Decrease (%) 

 6 month  Control  16.3  53.4  34.5  26.7  130.9  – 
 Test a   19.5  32.3  11.5  20.7  84.0  35.8 

 14 month  Control  13.1  35.5 b   –  15.8  64.4  – 
 Test a   8.3  29.2 b   –  11.2  48.7  24.4 

 18 month  Control  12.2  41.4  10.4  17.0  81.0  – 
 Test a   14.1  37.7  5.5  17.9  75.2  7.2 

 22 month  Control  5  13  4  5  27  – 
 Test a   5  11  3  5  24  11.1 

   a The test sample cigarette contains 3 wt.-% of zeolite additive in its tobacco rod 
  b This is the amount of NAB + NAT  
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of the mainstream smoke is lowered by adding zeolites into the tobacco rod of cigarette 
and this phenomenon is proven by two nitrosamines analysis methods (Fig.  9.26 , Wang 
et al.  2012 ). LC-MS/MS is sensitive to monitor the variation of TSNA level in smoke, 
while the photometric method can give the same trend through detecting the mean 
amount of nitrosamines (Xu et al.  2003a ). Zeolite HZSM-5 is the most competitive 
candidate to reduce the nitrosamines level of cigarette consisting of Virginia type 
tobacco, but the nitrosamines reduction by zeolite additive is more obvious in main-
stream smoke than in side-stream smoke, no matter the additive is added through 
mechanical mixing or suspension spraying methods (Wang et al.  2012 ).

    Several zeolites are used to assess the impact of pore size, as well as acid-base 
property of additives on the reduction of TSNA content in smoke (Lin et al.  2012a ), 
and they have different distribution manners on the cut tobacco leafs and their effi -
ciency is different. Zeolite NaA, NaZSM-5 and HZSM-5 eliminates about 18–19 % 
of total TSNA content while NaY removes 31 %. Pyrolysis of TSNA such as NNN 
starts from the dissociation of nitroso group, and forms less or non-carcinogenic 
fragments (Fig.  9.27 ). Less NNN (16 %) is removed than NAT (23 %) by NaA zeo-
lite, whilst the reduction of four components of TSNAs is similar on ZSM-5. 
Contrarily, more NNN (35 %) in smoke is eliminated by NaY zeolite than NAT 
(28 %). On the other hand, most of zeolite additives can keep their structure after 
tobacco combustion. Structure collapse may occur in puff that causes the high tem-
perature up to 1,432 K while the smoldering below 873 K is safe for these catalysts 
(Lin et al.  2012a ).

   NaZSM-5 and NaY zeolites are modifi ed by ferric species through aqueous ion- 
exchange and impregnation methods. Since the Fe cations in zeolite framework are 

  Fig. 9.26    Variation of nitrosamines content in the mainstream smoke of cigarettes detected by 
different methods (Wang et al.  2012 )       
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more active than Fe 2 O 3  nanoparticles in catalyzing the decomposition of nitrosa-
mines, ion exchanged ferric zeolite shows a higher activity of degrading nitrosa-
mines than its impregnated analogue in both TPSR test and smoke. Moreover, the 
sample with a higher activity to degrade nitrosamine in TPSR experiment will show 
the better performance in selectively removing TSNA in tobacco smoke. Ferric Y 
zeolite can selectively reduce 26 % of total TSNA in mainstream smoke of Burley 
type tobacco, and it still has a considerable activity to selectively remove TSNA in 
smoke (18.0 %) after stored for 2 months (Lin et al.  2012b ). On the reduction of four 
TSNA components, NAB is quite less than others so that other three components, 
NNN, NNK and NAT, are focused. No preference is observed on NaZSM-5 and 
NaY, but ion-exchanged ferric zeolites have the orderliness of NNN > NNK > NAT. 
It should be pointed out that the function of zeolite is badly limited in tobacco 
smoke with complex chemical composition. In laboratory adsorption of volatile 
nitrosamine such as NPYR, both NaY and NaZSM-5 zeolites can capture almost all 
of the carcinogens when 0.2 mmol g −1  of NPYR passes at 593 K (Zhou et al.  2007 ), 
but they trap less than 2 μmol g −1  of TSNA in tobacco-extract aqueous solution (Wei 
et al.  2009a ). Practically, tobacco smoke is the nightmare of catalyst because the 
smoke contains thousands of compounds (Meier and Siegmann  1999 ; Baker  1999 ) 
and the contact time of catalyst to targets is less than 0.1 s (Gao et al.  2009b ). 
Moreover, most TSNA exist in the particulate matter of smoke and these particles 

  Fig. 9.27    The possible pyrolysis process of NNN (Lin et al. 2012a). ( 1 ) 3-vinyl pyridine; ( 2 ) 
3-cyano pyridine; ( 3 ) 3-(N-methylpyrrolidine-2-yl) pyridine; ( 4 ) 3-pyrrol-2-yl pyridine; ( 5 ) 
3-(4, 5-dihydro-3H-pyrrol-2-yl) pyridine; ( 6 ) 3-(N-carbonylpyrrol-2-yl) pyridine; ( 7 ) 
3-(N-methylpyrrol- 2-yl) pyridine; ( 8 ) quinoline and isoquinoline       
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have average size of micrometer (Zhou et al.  2009 ) hence only the TSNA on the 
surface of these particles can be captured by zeolite (Fig.  9.28 ). These diffi culties 
make the  in situ  removal of TSNA in tobacco smoke much more diffi cult than that 
in ordinary laboratory test. Ferric zeolites give the promising data that about quarter 
of TSNA can be  in situ  eliminated selectively in smoke. Further, the selective reduc-
tion of TSNA in tobacco smoke by zeolite follows the trend of catalytic ability in 
decomposing nitrosamine in TPSR test (Lin et al.  2012b ). Thus, TPSR test can be 
used for preliminary screening the numerous cig-cat candidates in order to seek new 
effi cient catalyst for eliminating TSNA pollutants.

9.4        Conclusion 

 Adsorption and catalytic degradation of nitrosamines by zeolites are two effective 
strategies for removal of the carcinogens in environment, which derives from 
the unique selectivity of zeolites. The electrostatic fi eld inside channel and the pore 
size of zeolite are two determinative factors governing the selective adsorption of 
nitrosamines, the former drives the nitrosamine molecule inserting closely into 
zeolite channels, wholly or partly, while the latter provides the fi ne geometric 

  Fig. 9.28    The mechanism of action on removing TSNA from particulate matter in smoke by ferric 
zeolite (Lin et al.  2012b )       
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constraints to imprison the carcinogen. Owing to these special factors, zeolite is 
able to not only selectively adsorb/catalyze the volatile nitrosamines whose molec-
ular diameter is less than or equal to the pore mouth of zeolite, but also capture/
degrade the bulky nitrosamines like TSNA whose cross section exceeds the chan-
nel size through special group-embedded mode; Besides, some zeolites can even 
distinguish the tiny differences between the function group of nitrosamines and 
nitrobenzene. Understanding of these new characteristics of zeolite will promote 
the design and development of new versatile materials, while introducing modifi -
ers such as metal oxides can greatly improve the performance of zeolites, supply-
ing many powerful candidates for the potential application of zeolite in environment 
protection and life science. Furthermore, the principle of selective adsorption is 
utilized to fabricate effi ciency nitrosamines-trap on other porous materials such as 
mesoporous silica and activated carbon. Apart from the foundational study to ana-
lyze the mechanism of selective adsorption of nitrosamines from the molecule 
level, some pilot researches are performed to apply zeolite controlling the pollution 
cause by smoking. 

 Researches of selective adsorbing and degrading nitrosamines also promote the 
development of new technology to deal with environmental pollutants. The fact that 
N-NO bond of nitrosamines is easily breakable once they are adsorbed in zeolite not 
only reveals the new strategy of degrading nitrosamines through microwave irradia-
tion in limited domain, but also implies an new concept of eliminating environment 
pollution: it is possible to transform or exploit the environment pollutants by “lop 
off” their harmful groups. Through the strategy of transforming and utilizing the 
large numbers of pollutants, people can protect their ecological environment more 
effectively. 

 The study on the selective elimination of nitrosamines by zeolites is in progress, 
in order to fabricate more effective materials for the environment protection such as 
controlling the smoking-caused pollution. Meanwhile, the continued efforts are 
focused on the development of new materials with hierarchical structures included 
but not limited to regular porous structures, in order to reduce the pressure drops in 
high-speed airfl ow and capture the pollutants with different molecular sizes. In addi-
tion, it will be necessary and attractive to establish the selective adsorption function 
on those non-molecular sieve materials such as polymers, fabricating specifi c active 
sites in them with suitable micro-environment through nanotechnology, and endu-
ing them with new capability of selectively trapping target toxicant such as nitrosa-
mines in complex system. These studies will deepen the comprehension and 
utilization of the superfi ne spaces inside zeolites, exploring the potential application 
of selective adsorption and catalysis.     
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Abstract Dioxins and furans are persistent, highly hazardous and ubiquitous 
compounds that have become the focus of many investigations due to the contami-
nation of food and the ecosystem. Dioxins and furans refer to a class of polyhaloge-
nated aromatic hydrocarbons generated by various chemical processes occurring 
often at high temperature. The main sources of dioxins and furans have been classi-
fied into four categories, namely: incineration, combustion, industrial processes and 
natural processes such as volcanic eruptions. Dioxins and furans are present in flue 
gas and fly ash from combustion, in contaminated soils, sediments and water bod-
ies. The expression toxic equivalency (TEQ) factor has been defined to assess their 
toxicity. Dioxins and furans have adverse effects on human health because they are 
bioaccumulated in tissues and cells. They are carcinogenic and cause reproductive 
alterations. They are a threat to the ecosystem because they persist in nature, affect-
ing marine and terrestrial living organisms, and subsequently ending up in the food 
chain. We review remediation techniques of dioxins and furans. The most common 
techniques are landfill cap system and deep well injections, high temperature incin-
eration and cement kilns. This chapter focuses on the principal destruction, removal 
and remediation techniques based on flue gas, fly ash and soil treatment. Basic 
techniques are selective catalyst reduction technologies, adsorption by means of 
activated carbon, base catalysed reactions, photolytic degradation processes, 
thermal desorption processes, alkaline polyethylene glycolate (APEG) process, 
bioslurry treatment and vitrification.

Keywords Dioxins • Furans • Toxic equivalency factor • Removal techniques

10.1  Introduction

10.1.1  Dioxin and Furans

Dioxins and furans are perceived as a pressing issue of great concern that is wreaking 
havoc worldwide due to their ability to travel throughout the globe and gnaw at the 
environment as well as human health. Dioxins and furans refer to a class of structur-
ally and chemically related polyhalogenated aromatic hydrocarbons that include 
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzo-p- furans 
(PCDFs) and polychlorinated biphenyls (PCBs) (Kulkarni et al. 2008). They are 
viewed as persistent environmental compounds and their presence has been detected 
in all compartments of the ecosystem, including water (Rodriguez et al. 2008).

Kulkarni et al. (2008) stated that the presence of dioxins and furans was first 
reported in fly ash samples by Dutch and Swiss scientists in the year 1977 and 
1978 respectively. Nevertheless, these persistent pollutant gained public attention 
4 years later during the explosion at the ICMESA factory in Seveso, Italy, when these 
toxic compounds were spread and deposited over an area of 2.8 km2 (Wilson 
1982). As per Hirashi (2003), these chloroaromatic compounds have been identified 
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to be toxic, carcinogenic and also consist of long half-lives. Furthermore, they are 
categorized among the most problematic environmental pollutants. Dioxins and 
furans are unwanted by-products of many chemical industrial processes and of all 
combustion processes. They occur as a mixture of congeners and so far, 210 pos-
sible congeners have been identified. Amongst these compounds, 17 congeners 
have chlorine atoms at least in the position 2, 3, 7 and 8 of the parent molecule 
which are persistent and lipophilic in nature. Consequently, dioxins and furans 
accumulate in fatty tissues of humans and animals as well as in carbon-rich matri-
ces such as soils and sediments.

10.1.2  Chemical Structure and Types

Dioxins or “dioxin-like” compounds include the chemical class of polychlorinated 
dibenzo-p-dioxins (PCDDs), polychlorinated dibenzo-p-furans (PCDFs), polybro-
minated dibenzo-p-dioxins (PBDDs) or brominated dibenzo-p-dioxins(BDD), poly-
brominated dibenzofurans (PBDFs) or brominated dibenzofurans (BDFs) and PCBs 
(Patel et al. 2003). In fact, there are 75 different PCDDs, 135 different PCDFs and 
209 PCBs (Patel et al. 2003). Only 7 of the 75 PCDD congeners, 10 of the 135 PCDF 
congeners and 12 of the 209 PCB congeners have dioxin-like toxicity (Kulkarni et al. 
2008). These 29 different PCDDs, PCDFs and PCBs exhibit similar toxic effects as 
they are all bonded to a particular common molecule known as the aryl hydrocarbon 
or the “Ah” receptor (Patel et al. 2003). The 2, 3, 7, 8- tetrachlorodibenzo-p-dioxin 
(TCDD) is the most widely studied of the dioxin compounds as it has the greatest 
affinity for the Ah receptor. The two key factors in toxicity are namely: the number 
of chlorine in the molecule and the positions where the chlorines are attached; those 
species which have three or fewer chlorines lack dioxin-like toxicity whilst chlorine 
molecules at positions 2,3,7, and 8 are critical for toxicity (Moriguchi et al. 2003).

10.1.3  Chemical and Physical Properties

Dioxins have an affinity for particulates and readily partition to particles in air, 
water and soil. The more toxic compounds are the 2,3,7,8- substituted tetra-, penta- 
and hexachloro compounds.

The main physical properties of dioxins are summarised in Table 10.1.
Generally, the dioxin-like compounds have low solubility in water, low vapour 

pressure and high octanol-water partition coefficients. They are also resistant 
to chemical degradation under normal environmental conditions. The most toxic 
congener in mammals, 2,3,7,8-TCDD, has a photodegradation half-life of 1 year 
on surface soil and a half-life of 10 years in the body. The atmospheric lifetime 
of 2,3,7,8-TCDD using gas phase reaction with the hydroxyl radical (OH•) is 
0.8–2 days (Bhawan 2007).
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10.2  Sources of Dioxins and Furans

The past studies have revealed that the dioxins and furans emissions in the atmo-
sphere have mainly been of anthropogenic nature. The various sources of dioxins 
and furans emissions can broadly be classified as follows.

10.2.1  Incineration Processes

The incineration process can be considered as being one of the highest anthropo-
genic sources of dioxins and furans emission. It is a thermal waste reduction method 
which is currently being used in various countries. The incineration process is in 
fact closely related to the combustion reaction which occurs within the process. In 
an attempt to further investigate the sources of dioxins and furans, Kulkarni et al. 
(2008) categorised the various type of incineration processes based on the origin of 
materials used. Poor operating conditions were first found to be the major cause of 
dioxins and furans emissions from the incineration industries. However, McKay 
(2002) related the presence of dioxins and furans to the incomplete combustion of 
organic waste, the thermal degradation of the chlorinated-compounds and lastly, the 
formation of dioxins and furans precursors in the post incineration zone.

Abad et al. (2002) studied dioxin abatement strategies and mass balance at a 
municipal waste management plant. The authors reported that stack gas emission 
levels of PCDD/Fs around 3.26 ng I-TEQ/Nm3 were determined with the use of 
only an electrostatic precipitator while the levels decreased below 0.1 ng I-TEQ/Nm3 
with the use of a new air pollution control system. Abad et al. (2002) also discussed 
that the presence of significant quantities of dioxins and dioxin precursors existed in 
municipal solid waste around 50 ng I-TEQ/kg (Abad et al. 2002). Mininni et al. 
(2007) investigated the emissions of dioxins and furans from a hospital and 
cemetery waste incinerator. Raw gases were sampled in the afterburning chamber 
and samples of slags from the combustion chamber and fly ashes from the bag filter 
were also collected and analysed. The authors reported PCDD/Fs emission factors 

Table 10.1 Physical properties of dioxins (Kao 1999)

Physical property Typical value

Molecular weight 322 g/mol for a tetra substituted dioxin
460 g/mol for an octa substituted dioxin

Solubility in water 19.3 ng/L
Dioxins have a very high solubility in 

organic solvents
Melting point 590 K
Vapour pressure at 298 K 7.4 × 10−10 mmHg
Partition coefficients for octanol/water: 1.4 × 106
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for air spanned from 2.3 up to 44 μg I-TEQ/t of burned waste, whereas those through 
solid residues (mainly fly ashes) were in the range 41–3,700 μg I-TEQ/t.

10.2.2  Industrial Sources

 Pulp and Paper Mills

Dioxins in paper mills are mainly formed during the production of bleached paper. 
The latter contains some naturally occurring phenolic compounds which undergo 
chlorination during the paper manufacturing process to form dioxins and furans.

 Metallurgy Industry

The metallurgy industry is a large contributor to the formation of dioxins and furans in 
the atmosphere, through the production of metals. These pollutants are generally 
released in the different metals manufacturing processes, namely: the production of non-
ferrous metals, alloys, metal casting and the iron and steel metals. Holtzer et al. (2007) 
investigated the possibilities of formation of dioxins and furans in metallurgical pro-
cesses and reported PCDD/F emissions were around 0.5–6.5 mg I-TEQ/t of liquid steel 
in ore sintering processes, 0.001–0.004 mg I-TEQ/t of liquid steel in pig iron production 
in blast-furnaces and 0.001–0.006 mg I-TEQ/t of liquid steel in converter steel plant. 
Buekens et al. (2001) reviewed dioxins formation from the thermal and metallurgical 
processes and reported that the off-gases from iron ore sintering and metal smelting 
operations contain dioxins in the range 0.3–30 ng I-TEQ/Nm3. Anderson and Fisher 
(2002) studied the sources of dioxins in the steel industry in the United Kingdom and 
stated that the annual release of dioxins is estimated at around 500–4,000 g I-TEQ.

 Chemical Industry

The chemical synthesis of chloro-organic chemicals has for a long time been con-
sidered as being the major source of dioxins and furans production. It has been 
observed that dioxins and furans are released as by-products during the synthesis of 
different chloro-containing compounds, such as the manufacturing of phenoxy- 
herbicides, chlorinated aliphatic compounds, chlorinated phenols and chlorine 
bleached for wood pulp (McKay 2002). The use of the synthesised chloro-chemical 
containing compounds in different manufacturing industries is known to release a 
high level of dioxins and furans. It would appear that there is a direct correlation 
between the use of chloro-organic chemicals and the emissions of dioxins and 
furans. In an attempt to investigate the level of dioxins and furans emissions, Weber 
et al. (2008) revealed striking figures about the unprecedented release of dioxins and 
furans that resulted from the use of chloro-organics pesticides as well as the 

10 Dioxins and Furans: Sources, Impacts and Remediation



484

chlorine bleaches for wood treatment. Table 10.2 equally provides a summary of 
processes and quantities of dioxins and furans detected in a several regions.

10.2.3  Other Sources

There exists other sources of emissions of dioxins and furans in the atmosphere; 
these are at times referred as reservoirs. The reservoir source is often described as 
being the accumulation of dioxins and furans in soil, landfills and even vegetation 
and can eventually be redistributed in the atmosphere (Kulkarni et al. 2008). 
Basically, some of the reservoir sources are as follows.

Table 10.2 Sources of dioxins and furans incineration, metallurgical and chemical processes

Industrial process(es) Region Levels detected References

Incomplete combustion 
of medical waste

Taiwan In fly ash: 6.2 I-TEQ Wang et al. (2012)

Incomplete combustion 
of medical waste

Italy In exhaust gas: 0.29 ng  
I-TEQ/Nm3 and 31.5 mg 
I-TEQ/kg in fly ash

Mininni et al. (2007)

Incomplete combustion 
process cemetery 
waste

In exhaust gas 0.54 ng  
I-TEQ/Nm3 and 5.7 mg 
I-TEQ/kg in fly ash

Incomplete combustion 
of municipal solid 
waste

USA Less than 12 g TEQ per year 
since 2002

Psomopoulos et al. 
(2009)

Waste incineration Portugal 14.6 g TEQ per year Quina et al. (2011)
Incomplete coal 

combustion processes 
at high temperature 
in the steel and iron 
industry

Northern 
China

PCDD/Fs in summer  
0.74 pg/m3 and 1.97 pg/m3 
during winter

Li et al. (2011)

Iron sintering process China For the year 2007–2009 the 
level recorded are: 2,070 g, 
2,212 g, and 2,307 g 
WHO-TEQ, respectively.

Tian et al. (2012)

Iron ore sintering plant Poland 1.10–1.32 ng Grochowalski et al. 
(2007)

Metal production ferrous 
and non ferrous

Portugal 15.5 g TEQ per year Quina et al. (2011)

Pesticide manufacturing 
plant

China 964 pg I-TEQ/g Zhu et al. (2008)

Wood pulp chemical 
manufacturing

China 39.5 pg I-TEQ/g Zhu et al. (2008)

Manufacturing of 
pesticides

Australia Concentration range detected 
0.020–2,100 ng

Holt et al. (2010)

Heat and power 
generation

Portugal 20.1 g TEQ per year Quina et al. (2011)

E-waste recycling China 6,523 fg/m3 Wong et al. (2007)
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 Vegetation Sources

There have been several cases of incidental release of dioxins and furans, which has 
led to contamination of the food chain over the past decades. In 1998, Germany 
revealed relatively high levels of dioxins present in milk whilst Belgium, in 1999, 
was held responsible for the release high levels of dioxins and furans in poultry, 
bovine and pigs meat. The major source of contaminant in both cases was identified 
as the livestock fed to animals (Hays and Aylward 2003). This had led to massive 
destruction of poultry and other meat products. These historical evidences revealed 
the various sources of unknown exposure to high levels of dioxins in the food and 
hence threatened the food security. Reiner et al. (2006) reported that the highest 
level of dioxins and furans was recorded around the 1970s and could only be reduced 
in the 1990s with implementation of air pollution controls.

 Accidental Sources

Some natural sources of emissions dioxins and furans are namely, forest fires and 
fumes emanating from volcanoes eruptions as well as natural combustion processes 
such as open burning of materials (Kulkarni et al. 2008; Reiner et al. 2006). 
However, it has to be pointed that the contribution to dioxins and furans emissions 
from these sources are considered as being relatively insignificant when compared 
to the other the anthropogenic sources (Reiner et al. 2006).

 Biological and Photochemical Processes

McKay (2002) reported that dioxins and furans are also released in the atmosphere 
by the actions of microorganisms on chlorinated compounds under certain specified 
environmental conditions. Typical examples of these processes cited were mainly 
composting, sewage decomposition and photolysis of chlorinated compounds.

10.3  Health Effects and Environmental Impacts  
of Dioxins and Furans

10.3.1  Toxic Equivalency Factor (TEF)

As stated earlier, dioxins and furans, PCBs as well as other related halogenated 
aromatic compounds constitute a group of lipophilic, chemically stable environ-
mental contaminants with low volatility which have been identified in fatty tissues 
of animals and humans. In fact, it has been demonstrated that dioxins and furans 
species exhibit several toxic responses on human health and are detrimental to the 
environment (Ahlborg et al. 1994). The number of chlorine molecules in the dioxins 
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and furans species determines the level of toxicity; those with fewer chlorines lack 
dioxin-like toxicity as compared to species with higher chlorine content. The posi-
tion where the chlorine molecules are attached is also an instrumental factor that 
affects toxicity of dioxins and furans. Chlorine at positions 2,3,7 and 8 are critical 
for toxicity (Patel et al. 2003).

As dioxins and furans normally prevail in the environment in the form of com-
plex mixtures of congeners, the concept of toxic equivalents (TEQs) has been 
employed to simplify risk assessment and regulatory control in order to gauge the 
toxicity of such hazardous compounds. TCDD, being the most toxic congener, is 
rated as 1.0 whilst other less toxic congeners are expressed as a fraction of this 
reference value (Kulkarni et al. 2008). TCDD is classified as being a probable 
human carcinogen and reproductive toxin yet evaluated by the United States 
Environmental Protection Agency. The toxicity of dioxins and furans is mediated 
through the Ah receptor. The Toxic Equivalency Factor (TEF) which represents 
the ratio of the toxicity of dioxins and furans congeners to that of TCDD is used, 
assuming that the effects are additive and act via a common mechanism to exhibit 
toxicity (Boening 1998; Kerkvliet 2002; Kulkarni et al. 2008). In the 1990s, 
NATO/CCMS came up with the TEF system for dioxins and furans that was 
adopted internationally and termed as International – TEFs (I-TEFs), with the 
support of the United States Environmental Protection Agency. Various dioxins 
and furans species that are less potent than TCDD may be as toxic as TCDD 
depending on their respective concentrations. TEQ is generally obtained when the 
TEF is multiplied by the congener concentration level. The dioxins and furans are 
thus, converted to an equipotent concentration of TCDD; the product is com-
monly referred to as a “TCDD equivalent.” Although coplanar – PCBs have less 
potency than dioxins and furans, their concentrations can often exceed those of 
TCDD such that their contribution to total TEQ is significant (Kang et al. 1997; 
Patterson et al. 1994; Kulkarni et al. 2008). So far, only 7 of the 75 different diox-
ins, 10 of the 135 furans and 12 of the 209 PCBs have been reported to exhibit 
dioxin-like toxicity and were rated TEFs. Recently, World Health Organization 
(WHO) experts have been consensus TEFs to facilitate human and wildlife risk 
assessments (Kulkarni et al. 2008).

10.3.2  Health Effects

Human health effects from exposure to dioxins and furans have been studied by 
scientists for about two decades. Since the rate of degradation of dioxins and furans 
is very slow, they persist in the environment for a long period of time. PCDDs, 
PCDFs, and PCBs are ubiquitous environmental contaminants, which persist and 
bio-accumulate through the food chain in high fat foods such as dairy products, 
eggs, animal fats, and some fish. Table 10.3 reports the levels of dioxins and furans 
species in human body fluids and tissues. In 1990, a WHO working group con-
cluded that 90 % of the daily dioxin intake (from background contamination) results 
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from ingestion. Other exposures also include industrial accidents (Baccarelli et al. 
2002) and several miscellaneous exposures. Dr Linda S. Birnbaum (Director of the 
National Institute of Environmental Health Sciences of the National Institutes of 
Health (NIH), and National Toxicology Program; http://www.niehs.nih.gov/about/
od/director/index.cfm), a leading science expert on dioxins, led the United States 
Environmental Protection Agency’s dioxin assessment process, which concluded 
that no safe level of exposure for humans were detected for certain dioxins. The 
study on one particular dioxin, TCDD, concludes that it is a developmental toxicant 
that causes skeletal deformities, kidney defects and weakened immune responses in 
the offspring of animals exposed to it during pregnancy. Moirangthem et al. (2013) 
have found that exposure to environmental contaminants such as TCDD is proin-
flammatory in wounded tissues, disrupts normal healing and ultimately produces in 
a poorly healed wound. Chronic exposure to dioxin may result in various types of 
cancer and porphyria – a disorder in enzyme synthesis. People exposed to PCBs in 
the air for a long time have experienced irritation of the nose and lungs, and skin 
irritations, such as skin lesions. Other adverse effects associated with dioxins 
include bio chemical liver test abnormalities, soft tissue, sarcomas or elevated blood 
lipids (Mitrou et al. 2001). Industrial exposure to dioxin may lead to neuro-toxic 
effects involving polyneuropathy of lower extremities.

Table 10.3 Levels of dioxins and furans species in human body fluids and tissues

Species Living organism type TEQ (pg/g) References

2,3,7,8 
TCDD

In the blood Vietnamese 
Agent Orange exposed

101 Schecter et al. (2001), Schecter 
et al. (2006), and Srogi (2008)

In the fat of PCP-exposed 
person in USA

33 Ryan and Lizotte (1987), Schecter 
et al. (2006), and Srogi (2008)

In the blood of incinerator 
workers in Japan

6.4 Schecter et al. (1999), Schecter 
et al. (2006), and Srogi (2008)

PCDD In the blood Vietnamese 
Agent Orange exposed

7 Schecter et al. (2001), Schecter 
et al. (2006), and Srogi (2008)

In the fat of PCP-exposed 
person in USA

374 Ryan and Lizotte (1987), Schecter 
et al. (2006), and Srogi (2008)

In the blood of incinerator 
workers in Japan

96 Schecter et al. (1999), Schecter 
et al. (2006), and Srogi (2008)

PCDF In the blood Vietnamese 
Agent Orange 
Exposed

3 Schecter et al. (2001), Schecter 
et al. (2006) and Srogi (2008)

In the fat of PCP-exposed 
person in USA

202 Ryan and Lizotte (1987), Schecter 
et al. (2006), and Srogi (2008)

PCDD/PCDF In human adipose tissue 
from Turkish men

9.2 Çok et al. (2007)

In human adipose tissue 
from Finnish men

29 Kiviranta et al. (2005)

PCB In human adipose tissue 
from Turkish men

6.6 Çok et al. (2007)

In human adipose tissue 
from Finnish men

20.7 Kiviranta et al. (2005)
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Many scientists believe that dioxin exposure is responsible for developing breast 
cancer and reduced sperm count in men. Organic chemicals like PCBs, PCDDs and 
PCDFs, are known as “Gender bender”. Genetic, reproductive, and developmental 
effects have been observed in many animal studies although species differ dramati-
cally in sensitivity to these chemicals (Cole et al. 2006; Huff et al. 1994). Dioxins 
and furans also concentrate in breast milk so that human infants receive a dose of 
greater magnitude that can be endured by an average adult. Such exposure to 
new- borns is of great concern because it occurs at their most vulnerable stage of 
development. In Guiyu, China, an area famous for its informal electronics recycling 
activities, the WHO estimates that the daily intake of dioxins and furans by breast 
fed infants exceeds guidelines by 11–25 times (Chan et al. 2007).

Kogevinas (2001) has made an excellent review of the human health effects of 
dioxins. Kogevinas (2001) has concluded that dioxins are proven to be carcinogenic 
in animals and humans. In humans, excess risks were observed for all cancers, with-
out any specific cancer predominating. In specific cohorts, excess risks have been 
observed for reproductive cancers like breast female, endometrium, breast male, 
testes. However, but, overall, the pattern is inconsistent. In animals, endocrine, 
reproductive and developmental effects are among the most sensitive to dioxin 
exposure (Bruns-Weller et al. 2010). Decreased sperm counts in rats and endome-
triosis in rhesus monkeys occur at concentrations 10 times higher than current 
human exposure (Kogevinas 2001). Shen et al. (2009) conducted a study to analyze 
the speciation of polychlorinated dibenzo-dioxins/furans (PCDD/Fs) and polychlo-
rinated biphenyl contamination of human adipose tissue from China. Shen et al. 
(2009) found that the total PCDD/Fs concentrations in human adipose tissue ranged 
from 33.9 to 504 pg/g lipid. Corresponding values for dioxin-like PCBs ranged 
from 4.1 to 125 ng/g. The mean total WHO toxicity equivalent (TEQ) values for 
PCDD/Fs and PCBs in human adipose tissue were 9.22 and 16.2 pg/g lipid, respec-
tively. Everett and Thompson (2012) have found that pre-diabetes with glycohemo-
globin (A1c) was associated with PCB 126, PCB 118 and having one or more 
compounds elevated. Total diabetes was associated with six of the eight individual 
dioxin based compounds tested, and was associated with having four or more 
compounds elevated. Everett and Thompson (2012) also reported toxic equivalency 
≥81.58 TEQ fg/g was associated with total diabetes, but was not associated with 
A1c 5.9–6.4 %. Having multiple compounds elevated appeared to be important for 
total diabetes, whereas for pre-diabetes with A1c 5.9–6.4 %, having a single 
compound elevated appeared most important. Diabetes plus A1c ≥5.9 % was asso-
ciated with 34.16–81.57 TEQ fg/g and with ≥81.58 TEQ fg/g, indicating that half 
the population has elevated risk for this combination of conditions. The existence of 
a peripheral neuropathy after exposure to PCDDs is still discussed, as studies 
concerning dioxin effects on the peripheral nervous system are rare and contradic-
tory. Thömke et al. (1999) conducted clinical and neurophysiological examinations 
in 156 dioxin exposed workers from one pesticide producing plant. Thömke et al. 
(1999) found that workers having chloracne had a significantly higher exposure 
against PCDDs as documented by back calculated lipid levels. These workers com-
plained significantly more often of sexual impotence (28.6 % compared to 5.8 % of 
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workers without chloracne, P < 0.001), had significantly more frequent clinical 
signs of a sensory neuropathy restricted to the legs, had significantly more frequent 
neurophysiologic abnormalities, and had significantly lower mean amplitudes of the 
motor compound muscle potential of the peroneal nerve. Organochlorine chemicals 
may also contribute to an increased risk of non-Hodgkin lymphoma (NHL) within 
non-occupationally exposed populations. Among these chemicals, dioxins and 
furans were mainly released by municipal solid waste incinerators (MSWIs) until a 
recent past in France, a source of exposure that is of public concern. Viel et al. 
(2011) investigated organochlorines and the risk of NHL among neighbors of a 
French MSWI with high levels of dioxin emissions (Besançon, France), using 
serum concentrations to assess exposure. Evidence from Viel et al. (2011) indicated 
an increased NHL risk associated with cumulative WHO1998-toxic equivalency fac-
tor concentrations (dioxins, 95 % CI = 1.03–1.26; furans, 95 % CI = 1.03–1.35; 
dioxin-like PCBs, 95 % CI = 1.00–1.07; and total TEQ, 95 % CI = 1.01–1.05), as 
well as with non dioxin-like PCBs (95 % CI = 1.01–1.05, per 10 ng/g lipid). The 
study of Viel et al. (2011) provided strong and consistent support for an association 
between serum cumulative WHO1998-TEQ concentrations, at levels experienced by 
people residing in the vicinity of a polluting MSWI, and risk of NHL.

Food is contaminated by polychlorinated dibenzo-p-dioxins and furans, poly-
chlorinated biphenyls and polybrominated diphenylethers worldwide. Previous data 
show elevated intakes in children (Karjalainen et al. 2012). Karjalainen et al. (2012) 
have recently determined intakes of persistent organic pollutants (POPs) in Finnish 
children. Karjalainen et al. (2012) calculated that the long-term upper-bound dioxin 
intakes ranged between 0.1 and 12.8 pg WHOPCDD/F-PCB-TEQ/kg bw/d (min and 
max). An immediate tolerable daily intake (TDI) for WHOPCDD/F-PCB-TEQs of 4.0 pg/kg 
bw/d was exceeded by 2.5–7.5 % of the children. Congener-specific analyses indi-
cated a typical Finnish adult exposure pattern of the children to polychlorinated 
biphenyls and polybrominated diphenylethers (PBDEs). Long-term daily PCDD/
Fs, PCBs and PBDEs intakes among Finnish children varied greatly between indi-
viduals and ages. Karjalainen et al. (2012) also found that in each age group of the 
study population, there was a proportion of children with their WHOPCDD/F-PCB-TEQ 
intake exceeding considered safe limits set for adults. Based on the exposure profile 
reported herein, Karjalainen et al. (2012) advised that children should be clearly 
considered as a specific sub-population in food-mediated contaminant risk assess-
ment. Fish consumption has been classified as one of the primary pathways of expo-
sure to polychlorinated dibenzo-p-dioxins, dibenzofurans and biphenyls. Scott et al. 
(2009) have evaluated tissue levels of the 17 laterally substituted PCDD/Fs, 12 
dioxin-like PCBs, and 97 non-dioxin-like PCBs in a number of wild-caught and 
farm-raised catfish collected throughout southern Mississippi. Scott et al. (2009) 
found that the total lipid-adjusted TEQ and non-dioxin-like PCB concentrations in 
wild-caught catfish fillets were significantly higher than concentrations in farm- 
raised fillet samples. The percent contribution of PCDDs, PCDFs, and dioxin-like 
PCBs to mean total TEQ varied between wild-caught and farm-raised samples as 
well as by collection site for wild-caught catfish. Regardless of whether samples 
were farm-raised or wild-caught, estimated cancer risks associated with consumption 
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of these catfish were less than 27.0 × 10−6. Overall, results of Scott et al. (2009) 
indicated that levels of dioxin-like compounds and PCBs in Mississippi catfish were 
similar to those measured in more recent studies in the United States and that levels 
of these compounds appeared to be decreasing in this food source.

10.3.3  Environmental Impacts

In the post Second World War period, persistent organic pollutants (POPs) were 
recognised as chemical pollutants, capable of persisting in the environment for a 
long time, migrating in air, water, soil and sediments. These when accumulated to 
high levels may harm human health and wildlife (Manahan 2000; El-Shahawi 
et al. 2010). These chemical pollutants possess a combination of chemical and 
physical properties such that, once released into the environment, they remain 
stable for remarkably long periods of time due to their ability to resist photolytic, 
chemical and biological degradation (El-Shahawi et al. 2010). Organic pollutants 
such as dioxin are a good illustration of a persistent chemical in soil and capable 
of strongly sorbed onto mineral or organic solid phases due to their high hydropho-
bicity property. The widespread distribution of POPs across the globe results from 
the transportation at low concentrations by movement of fresh and marine waters 
and due to their semi-volatility property, they are transported over long distances, 
even to regions where they have never been used (El-Shahawi et al. 2010). POPs 
travel towards colder areas and they tend to settle due to colder temperatures. 
Since they cannot be easily broken down by the temperature effect, they are apt to 
remain in the area and move from the air and water into the soil and plants, then 
to animals and humans (El-Shahawi et al. 2010). In a study conducted in Korea, 
Ok et al. (2002) found that the dominant homologues of PCDD/Fs in pine needles 
were the lower chlorine-substituted compounds such as tetra chlorinated dibenzo-
p-dioxins and chlorinated dibenzofurans, and the distribution ratios of PCDD/Fs 
decreased with an increase of the number of chlorine substituents. Ok et al. (2002) 
equally observed that the homologue profiles of pine needle samples were similar 
to PCDD/Fs profiles of the vapor phase in the ambient air, and thus the pine nee-
dles absorbed the vapor phase of PCDD/Fs from air. The results from the study of 
Ok et al. (2002) suggested that pine needles could be used as an indicator of the 
atmospheric contamination for PCDD/Fs in the regions studied. Fries et al. (2002) 
detected concentrations of PCDD/Fs in wood as toxic equivalents ranged from 10 
to 320,000 pg/g. These concentrations were closely related to the concentrations 
of pentachlorophenol (PCP), indicating that analysis for PCP could provide an 
economical method to identify wood with high concentrations of PCDD/Fs. 
PCDD/Fs are also present in abundance in the environment, found throughout all 
primary media, namely, air, soil, waters and sediments, and secondary media such 
as fish, and sea food, meat, milk, and dairy products (Mukerjee 1998; Schuhmacher 
et al. 2000). However, the bulk of the environmental burden of PCDD/Fs exists in 
soils, the primary supply of which is by atmospheric deposition. Studies have 
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revealed that the PCDD/Fs in soils increase as a function of atmospheric deposition 
(Schuhmacher et al. 2000).

Pollution problems are often only belatedly recognised because their damage 
takes years to be noted. However, due to their widespread distribution in the envi-
ronment and their carcinogenicity, various remediation techniques have been developed 
and employed in the removal of environmental pollutants. Environmental pollution 
arising from electronic waste (e-waste) disposal and recycling has received consid-
erable attention in recent years. Treatment, at low temperatures, of e-wastes that 
contain polyvinylchloride and related polymers can release PCDD/Fs. Although 
several studies have reported trace metals and PBDEs released from e-waste recy-
cling operations, environmental contamination and human exposure to PCDD/Fs 
from e-waste recycling operations are less well understood. In a study conducted in 
the region of Taizhou, Eastern China, Ma et al. (2008) found that concentrations of 
total PCDD/Fs were high in all of the matrices analyzed and ranged from 30.9 to 
11,400 pg/g for shredder waste, 3,460–9,820 pg/g dry weight for leaves, 2,560–
148,000 pg/g dry weight for workshop-floor dust, and 854–10,200 pg/g dry weight 
for soils. After analysis of surface soils from a chemical industrial complex (a coke-
oven plant, a coal-fired power plant, and a chlor-alkali plant) in Shanghai, Ma et al. 
(2008) reported concentrations of total PCDD/Fs in surface soil (44.5–531 pg/g dry 
weight) from the chemical industrial complex were lower than the concentrations 
found in soils from e-waste recycling plants, but higher than the concentrations 
found in agricultural soils. Agricultural soils from six cities in China contained low 
levels of total PCDD/Fs and ranged 3.44–33.8 pg/g dry weight. Leung et al. (2007) 
have analyzed surface soils and combusted residue from a village located in south-
east China, which has been intensely involved in the dismantling and “recycling” of 
computer parts (e-waste) for the past decade for PBDEs and PCDD/Fs. Total PBDE 
concentrations were highest in combusted residue of plastic chips and cables 
collected from a residential area (33,000–97,400 ng/g, dry weight), in soils from an 
acid leaching site (2,720–4,250 ng/g, dry weight), and a printer roller dump site 
(593–2,890 ng/g, dry weight). Leung et al. (2007) identified e-waste activities, acid 
leaching and open burning as emitters of the highest concentrations of PBDEs 
and PCDD/Fs. The study of Leung et al. (2007) was a first in its kind to show 
conclusively that the crude processing of e-waste has become one of the major con-
tributors of PBDEs and PCDD/Fs to terrestrial environmental pollution.

Im et al. (2002) have reported total concentrations of PCDD/Fs and of 
2,3,7,8- tetrachlorinated dibenzo-p-dioxin (TeCDD) equivalents (TEQs) in soils 
from Changwon and Masan Cities, Korea ranging from 35 to 121 400 pg/g (dry 
weight) and from 0.2 to 3,720 pg of I-TEQ/g, respectively. 61 % of soils needed 
measures such as investigations of source identification, soil decontamination, 
and/or soil removal. Im et al. (2002) equally reported that total concentrations of 
PCDD/Fs were greater at or near four industrial sites, which were concerned with 
the steel industry, petrochemical-related industry, and industrial waste incineration, 
than other areas. Soil collected from a site 50 m from an open-burning industrial 
waste incinerator in an industrial complex was heavily contaminated, containing 
a total concentration of PCDD/Fs of 121,400 pg/g (dry weight). PCDD/Fs were 
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also detected in soils from the top of a 200 m mountain indicating a wide dispersal 
of PCDD/Fs by atmospheric transport from point source areas. Furthermore, Im 
et al. (2002) equally inferred from a wide range of PCDD/Fs isomers detected in 
soils from many other locations that multitude of sources such as incineration of 
industrial wastes (car tyres, scrap wires, plastics, papers, and emission of automo-
bile exhaust) accounted for these species. Andersson and Ottesen (2008) have 
identified a number of sources for PCDD/Fs in the soil samples through congener 
profiles. Their estimations showed that the municipal solid waste incinerator 
(MSWI) and domestic wood burning are the largest PCDD/Fs pollution sources 
within their study area (Trondheim, Norway). Bakoglu et al. (2005) made PCDD/
Fs analyses in soil and ambient air samples taken from Kocaeli, an industrialized 
area of Turkey. Their results showed that the levels of PCDD/Fs pollution were 
comparable to the levels observed in the various urban areas in the world. PCDD/
Fs concentrations in surface soils ranged between 0.4 and 4.27 pg I-TEQ/kg while 
those in ambient air were between 23 and 563 fg/m3. Bakoglu et al. (2005) later 
assessed combustion activities present in the area to be the most significant source 
of the PCDD/Fs pollution based on the congener and homologue profiles and 
statistical analysis of the data.

10.4  Removal of Dioxins and Furans

Due to the toxicity and chemical inertness of dioxins and furans and their subse-
quent impacts on health as well as the eco-system, their removal from polluted 
environments is considered to be one of the most challenging problems in environ-
mental technology. In the past, several attempts have been made to contain and 
destroy these hazardous persistent compounds by storage, burial and/or burning in 
combustion systems. Nevertheless, further and intensive research and development 
have led to the advent of new and more effective technologies with higher destruction 
and removal efficiencies of dioxins and furans.

10.4.1  Conventional Removal Technologies

Some of the main conventional techniques that have been addressed in this chapter 
are: landfill cap system and deep well injections, high temperature incineration and 
cement kilns, respectively.

 Landfill Cap System and Deep Well Injections

The most common alternative for dioxins and furans disposal is dredging a hazardous 
waste landfill with capping. Landfill capping is simply a multi complex barrier layer 
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system made up of soils and geosynthetic materials which is used to contain the 
hazardous dioxins and furans compounds. This technique thus reduces the potential 
for redistribution and circulation of dioxins and furans compounds in the environ-
ment by minimizing the infiltration and generation of leachate. However, landfill 
capping is only considered as a containment method rather than a destruction tech-
nology. It is not totally effective as it allows certain constituents to escape either by 
leaching in ground water or by vaporising in the air. Compounds such as PCBs are 
known to escape from landfills by volatilizing into the surrounding air and to evapo-
rate more rapidly with increased moisture in soils, sediments and even with an 
increase relative humidity of air (Chiarenzelli et al. 1998). Hence, this containment 
method is considered as being unsuitable when dealing with for high persistent 
compounds such as dioxins and furans.

Deep well injection is a liquid waste disposal technique that is used for dioxins 
and furans removal. The hazardous materials are simply forced deep into the ground 
between two impermeable layers far below fresh water aquifer. However, once these 
hazardous chemicals are injected into these layers, it is practically impossible to 
track their movement. Their traces are detectable only when they have already con-
taminated ground water. The long term chemical impacts of these injected sub-
stances are still unknown. They may react with underground rocks; clay, sand water 
brines, oil or gas and the subsequent effect of these reactions on the natural biota are 
still unknown. In fact, United Nation Food and Agriculture Organization (1996) 
designated deep well injection as “unsuitable because of the environmental risk and 
lack of control”. It should also be noted that contaminants that are injected in the 
environment tend to return back to affect human beings. In addition, a study under-
gone by United States Environmental Protection Agency reveals there is certain 
earthquake hazard associated with such technology. For these reasons, the use of 
deep well injection technique is less appealing and is nowadays rarely used.

 High Temperature Incineration

High temperature incineration is the most applied remedial technology for the 
treatment of dioxins and furans. It is a destructive ex situ method of treatment. 
The contaminated soil or dioxins and furans contaminated waste is fed into an 
incinerator, under controlled condition, at a temperature between 870 and 1,200 °C 
and in the presence of oxygen. The high temperature medium will enhance the 
breaking down of dioxins and furans which will thus combust into innocuous sub-
stances. According to research done by the United States Environmental Protection 
Agency, the destruction and removal efficiency of dioxin in treated waste, using 
such technology, may exceed 99.9999 % (United States Congress 1991). The United 
States Environmental Protection Agency has also approved high efficiency incinerators 
to destroy PCBs with concentrations above 50 ppm (Rahuman et al. 2000). Technical 
requirements like 2-s residence time at 1,200 °C and 3 % of excess oxygen, and 
1.5-s residence time at 1,600 °C and 2 % of excess oxygen in the stack gases 
(Rahuman et al. 2000), should be met for the treatment of liquid dioxin. The most 
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noteworthy incineration technologies, in relation to dioxin treatment are rotary 
kilns, liquid injections, fluidized bed/circulating fluidized bed and high-temperature 
fluid wall destruction (advanced electric reactor). Only incineration has been fully 
tested and approved for use at specific sites by the regulators. Extensive research is 
being made in the development of incineration technologies and there are nowadays 
new promising technologies such as infrared thermal destruction, plasma arc pyrol-
ysis, supercritical water oxidation, and in situ vitrification.

 Cement Kilns

Cement kilns have been used for destruction of hazardous wastes for many years. 
Such practice is most common in countries that lack space for landfill site, such as 
Japan, Norway and Switzerland. More recently, modern kilns have also been used 
in some developing countries that lack of waste disposal and incineration infra-
structure for economic reasons. Cement kiln provides high temperature (about 
1,450 °C), long residence time and a carefully facility capable of high destruction 
efficiency. The highly alkaline conditions, provided mainly by the limestone, are 
ideal for the decomposition of chlorinated organic waste. Thus, chlorinated liquids, 
chlorine and sulphur are neutralized in the form of chlorides and sulphates. There 
are no liquid or solid residuals formed since all the residuals are bound within the 
product. The contaminated waste can be fed into the cement kiln either in dry form 
or wet slurry form. In general, additional modification should be made to the design 
of cement kiln. The contaminated waste should be fed at the middle of the kiln by 
a properly designed hopper. It cannot be fed into the cold end of the kiln as con-
taminant will vaporise, resulting to low destruction efficiency. In case the waste is 
fed into the firing end of the kiln, an appropriate pre-treatment process, such as 
thermal desorption, is required, thus increasing the operating cost. The use of 
cement kilns for waste destruction may be less desirable than other approaches, 
such as recycling or reprocessing, but is a useful alternative to landfill capping. 
However, waste destruction in cement kilns must meet strict environmental, health 
and safety standards and must not impair the quality of final product. The process 
must be precisely controlled when destroying such wastes and emissions regularly 
measured. According to a study done at Norwegian cement kiln (a dry cement 
process), the destruction level of PCBs was found to be at least 99.999 % with no 
adverse effect on the quality of the exhaust gas (Benestad 1989). However, the 
contribution of these PCBs contaminated wastes to the exhaust gases can be said to 
be relatively minor only if the portion of the wastes used to the main energy or raw 
material stream is in minor quantity.

Karstensen (2008) studied the formation, release and control of dioxins in cement 
kilns and reported that PCDD/Fs emissions vary considerably among different 
kilns, ranging from 0.004 to 50 ng TEQ/m3. However, the author also found out that 
among more than 2,000 PCDD/F cement kiln measurements evaluated in the study, 
the data indicated that modern cement kilns can meet an emission level of 0.1 ng 
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I-TEQ/m3. Ames et al. (2012) investigated the profiles of PCDD/Fs congener in 
cement kiln emissions and reported that the emissions vary considerably depending 
on the design and operating conditions of the kiln and the fuels and raw materials 
fed into the kiln. Among a total of 152 stack-tests performed, the authors reported 
that the use of coal to fuel the kilns was found to generate significantly different 
emission-profiles relative to the use of petroleum coke but the addition of hazardous 
wastes, as a supplemental fuel, did not significantly alter profiles. Loo (2008) evalu-
ated around 2,200 dioxin/furan stack emission measurements collected from various 
sources and reported that most cement kilns can meet an emission level of 0.1 ng 
TEQ/Nm3 if primary measures such as process-integrated measures are applied. 
The author also reported that the reduction of the temperature at the inlet of the air 
pollution control system below 200 °C was found to limit dioxin formation and 
emission in all types of cement kilns.

10.5  Emerging Technologies

Research have revealed that the main modes of entry of dioxins and furans into 
the eco-system are from flue gas and fly ash originating from combustion and 
incineration processes and from contaminated soils, sediments or water bodies 
due to industrial and other sources. In this context, various state-of-the-art tech-
nologies have been studied for the destruction, removal, remediation and preven-
tion of toxic dioxins and furans release based on the media through which they 
prevail in the environment. Table 10.4 provides a useful summary of some of the 
technologies and/or techniques which have been employed to destroy a variety of 
dioxins and furans species. More details of these destruction methods are pro-
vided downstream in this chapter.

10.5.1  Treatment of Flue Gas

Flue gas generated from incineration and combustion processes are major and 
potential sources of bulk dioxins and furans emissions in the environment. Some of 
the main techniques that have studied for the treatment of flue gas are, namely: the 
electron beam technology, selective catalytic destruction and carbon adsorption 
removal technologies.

 Electron Beam Technology

Since the late 1980s, the electron beam technology for volatile organic compounds 
removal from flue gases has been investigated for industrial applications (Kim et al. 
2003a). The technology of electron beam has the following features namely: 
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Table 10.4 Destruction of dioxins and furans using thermal desorption, plasma technology, 
supercritical water oxidation, and vitrification

Species
Destruction 
technique Key features References

PCBs and PCDD/Fs 
contaminated 
sediments

Thermal 
desorption

PCB congeners were removed by 
more than 99.9 and 32 % from 
sediments and effluent gas 
respectively. 98.4 and 90.3 % 
of PCDD/Fs removal 
efficiencies were attained 
mainly via vaporization and 
degradation from sediments 
and effluent gas respectively, 
while the high concentrations 
of PCDFs resulting from the 
process triggered an increase 
in the TEQ values

Zhao et al. (2012)

PCDD/Fs in soil bed 
(laboratory scale)

Thermal 
desorption 
based on a 
zone 
combustion 
process

98.6 % decomposition of OCDD, 
used as model homologous 
model was reached using 
stable combustion of coke in 
the soil bed. No conversion to 
other homologues of PCDDs 
was noted. The decomposition 
process was found to increase 
by pre-treating the soil 
(drying, pre-granulation and 
addition of limestone)

Harjanto et al. 
(2002)

PCBs contaminated 
sediments

Thermal 
desorption

48–70 % PCBs were degraded 
from the sediments, however, 
the formation of PCDFs from 
thermal desorption led to an 
increase in TEQ values. 
Volatilization of the PCDFs 
was found to decrease with 
increasing number of chlorine 
atoms

Sato et al. (2010)

Dioxins and furans 
contaminated 
feedstock

Plasma arc 
pyrolysis

Very high destructive efficiencies 
were achieved (six to eight 
times). Resulting emissions of 
dioxins and furans after 
plasma arc pyrolytic treatment 
were found to comply with 
emissions norms of 0.1 ngNm3

Rae (2003)

PCDD/Fs in 
simulated flue 
gas (bench scale)

Non-thermal 
plasma 
(Gliding 
arc plasma)

Results obtained are as follows: 
25–79 % destruction of 
PCDD/Fs; 64 and 62 % 
reduction of total concentra-
tion; TEQ values were 
decreased by 62 and 61 %

Yan et al. (2007)

(continued)
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Species
Destruction 
technique Key features References

PCBs waste mixture 
from conven-
tional 
incinerators

Plasma 
pyrolysis 
(Non- 
transferred 
DC steam 
(H2O) 
plasma)

Conversion of a mixture of 27 % 
PCB and 73 % CCl4 led to a 
total toxic concentration of 
around 0.056 ng TEQ/Nm3 of 
PCDD/PCDF, indicating the 
efficiency of the steam plasma 
torch process as compared to 
conventional incineration 
processes in minimizing 
production of dioxins and 
furans as toxic by-products

Kim et al. (2003a, b)

Dioxins contained 
fly ash

Non-thermal 
nanosecond 
plasma

The extent of detoxification was 
found to increase as a function 
of increasing toxicity of the 
dioxin congeners. Around 
20–80 % destruction 
efficiencies was achieved on 
an overall. The highly toxic 
2,3,7,8-TCDD showed 81 % 
destruction

Zhou et al. (2003)

Gaseous dioxin-like 
compounds

Dielectric 
barrier 
discharge 
(DBD) 
plasma

20 % water vapour in the 
simulated gas stream resulted 
in around 74 % of PCDDs and 
89 % of PCDFs conversion. 
The destruction process 
proceeded via UV, electrons 
and OH radicals generated by 
the DBC plasma process. All 
these destruction pathways 
significantly promoted 
destruction of PCDD/Fs

Hung et al. (2010)

PCBs Supercritical 
water 
oxidation 
using 
hydrogen 
peroxide

With hydrogen peroxide as 
oxidant, the final concentra-
tion of 3-PCB in collected 
effluent was 0.3 ppb, attaining 
99.9 % conversion of H2O2 
while conversion of oxygen 
was found to be 14.3 %. Over 
99 % 3-PCB was destroyed by 
SCWO in a flow-reactor 
system by more than 
stoichiometric demand of 
hydrogen peroxide

Hatakeda et al. 
(1999)

PCBs Supercritical 
water 
oxidation in 
the 
presence of 
methanol

The extent of biphenyl disappear-
ance ranged from 3 to 97 % 
under different SCWO 
conditions. The degradation 
process was found to follow 
second-order kinetics

Anitescu and 
Tavlarides(2005)

Table 10.4 (continued)

(continued)
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Species
Destruction 
technique Key features References

Decachlorobiphenyl 
(10-CB)

Supercritical 
water 
oxidation 
with and 
without 
Na2CO3

Greater than 93 % dissolution of 
10-CB was obtained in micro 
reactors in excess oxygen. 
Higher degradation was 
obtained in SCW- Na2CO3 
treatment strategy (100 %) as 
compared to system without 
Na2CO3 where 99.2 % 10-CB 
was destroyed

Fang et al. (2004)

PCB-contaminated 
mineral 
transformer oil

Supercritical 
oxidation in 
excess 
oxygen

The organic content of the 
complex mixture of hydrocar-
bons and PCBs was decreased 
up to 99.6 %. PCB concentra-
tion after SCWO treatment 
was below the detection limit

Marulanda and 
Bolaños (2010)

PCBs, PCDD/Fs 
from solid-waste 
incinerator.

Plasma 
vitrification

High removal efficiency, greater 
than 99.9 % of dioxins and 
furans was noted. High 
immobilization of heavy 
metals was also achieved in 
the silicate matrix

Tu et al. (2010)

PCDD/Fs contami-
nated fly ash 
from municipal 
solid waste 
incinerators

Plasma 
vitrification

Complete destruction of PCDD/Fs 
was observed. Vitrification by 
thermal plasma furnace 
resulted in 100 % destruction 
efficiency in terms of toxic 
equivalent unlike vitrification 
carried out by conventional 
resistance furnace

Wang et al. (2010)

Table 10.4 (continued)

secondary pollution is completely eliminated as there is direct decomposition of diox-
ins and the temperature does not need to be controlled. Additionally, the process is 
simple and can be easily installed in existent incinerators (Kulkarni et al. 2008).

A preliminary investigation on the influence of electron beam irradiation on 
polycyclic aromatic hydrocarbons (PAH) as organic pollutants has been carried out 
in Poland. The results indicated a remarkable reduction of PAH concentration under 
electron beam influence (Chmielewski et al. 2002). The decrease of PAH concentra-
tion in the flue gas can be explained by PAH destruction in the oxidation processes, 
adsorption on the surface of by-products and new compound formation in radical 
process (Ostapczuk et al. 2008).

During the electron beam treatment, fast electrons penetrate through a material 
while continuously transferring their energy to it. Upon gaining energy the molecules 
in the material become excited and ionized. Free radicals like the OH• are formed 
(Kikuchi and Pelovski 2008). However, in the electron beam process, other reactions 
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are also possible, like the charge transfer reactions where M can be N+, N2
+, O+, O2

+ 
or NO+ formed in primary ionization of the flue gas molecules by the electron beam:

 PAH M PAH M+ → ++ +
 

The PAH molecules show a strong tendency to adsorb on the dust surface and with 
the addition of ammonia in the electron beam flue gas treatment, powdered fertilizer 
is formed. In the irradiation chamber, the precipitation process is initiated. The PAH 
concentration in the gas phase is decreased by being adsorbed on the surface of 
aerosols there (Ostapczuk et al. 2008). Consequently, the reduction of PAH concen-
tration is caused mainly by the oxidation process initialised by irradiation and the 
decomposition process becomes much more rapid and effective due to the higher 
concentration of the active species (Ostapczuk et al. 2008).

 Selective Catalytic Reduction

Liljelind et al. (2001) showed that selective catalytic reduction catalysts are effective in 
the decomposition of PCDD/Fs. The catalysts used are vanadium and tungsten oxides 
on titanium or platinum based substrate to reduce NOx emissions via selective catalytic 
reduction (Yang et al. 2008). The V2O5/TiO2 catalysts offer high total oxidation activity 
and excellent resistance against chlorine poisoning (Debecker et al. 2011). When the 
selective catalytic reduction catalysts are applied, NOx and PCDD/Fs are removed 
simultaneously. This occurs by increasing the oxidation potential of the catalysts by 
increasing the vanadium content (Liljelind et al. 2001). Ide et al. (1996) showed that the 
TiO2-based V2O5-WO3 catalysts are applied to control NOx, via the selective catalytic 
reduction of NO with NH3 injection and they are also effective in the decomposition of 
PCDD/Fs (Chang et al. 2007). Goemans et al. (2004) proposed the following reactions 
for the oxidation of PCDD/Fs over a TiO2/V2O5/WO3 catalyst:
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2 2

n n n
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− + +( ) → ( )

→ −( ) + + −
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C (( )
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−
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Ti WOC H C O O O V O
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1
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n n n

n 4

. . / /

22 2CO HCl+ −( )8 n
 

Kim et al. (2008) found that dechlorination of PCDD/Fs by zerovalent iron (ZVI) 
is thermodynamically feasible, but useful rates of reaction have not been previously 
reported. In their work, Kim et al. (2008) have showed that ZVI (both micro- and 
nanosized ZVI, without palladization) could dechlorinate PCDD congeners with 
four or more chlorines in aqueous systems, but the reaction was too slow to achieve 
complete dechlorination within a practical period of time. In contrast, palladized 
nanosized ZVI (Pd/nFe) rapidly dechlorinated PCDDs, including the mono- to 
 tetrachlorinated congeners. The rate of 1,2,3,4-tetrachloro dibenzo-p-dioxin 
(1,2,3,4-TeCDD) degradation using Pd/nFe was about three orders of magnitude 
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faster than 1,2,3,4-TeCDD  degradation using unpalladized ZVI. Cobo et al. (2009) 
examined the reducing power of 2-Propanol and molecular H2 (in methanol (MeOH) 
and MeOH-water) for the liquid phase hydrodechlorination of dioxins over 2 wt% 
Pd/γ-Al2O3. Different amounts of NaOH were added to the reaction mixtures. The 
2-propanol and H2(g)/MeOH systems presented similar hydrodechlorination activ-
ity. Notwithstanding, Pd sintering and graphitic carbon directly bonded to Pd on 
catalyst surface was observed on samples used with H2(g)/MeOH. Cobo et al. 
(2009) found that the addition of water to H2(g)/MeOH decreased Pd sintering and 
favored dissolution of sodium compounds. However, dioxin degradation efficiency 
diminished. By contrast, 2-propanol acting both as reducing agent and solvent pro-
vided hydrogen to the hydrodechlorination reaction, avoided metal sintering and 
Pd-C formation. Besides, almost complete dioxin degradation under mild reaction 
conditions was obtained.

In pilot plants, a temperature lower than 210 °C might be sufficient for the effec-
tive catalytic destruction of the PCDD/Fs but in field tests, higher temperatures of 
240–260 °C are generally required (Ide et al. 1996; Liljelind et al. 2001). It is indi-
cated by the study of Weber et al. (2001) that the catalytic decomposition and 
removal efficiencies of semi-volatile compounds like the PCDD/Fs depend on the 
volatility and oxidative behaviour of the compounds. These two properties are 
closely related to the chlorination level of the compound. As the chlorination level 
increases, the volatility of the PCDD/Fs decreases (Yang et al. 2008). It is indicated 
by Finocchio et al. (2006) that the adsorption and absorption techniques of activated 
carbon applied to industrial flue gas streams only transfer the PCDD/Fs from the 
vapour phases to solid or liquid phases. However, the application of catalytic sys-
tems leads to the real destruction of the PCDD/Fs with the formation of carbon 
oxides and HCl. Hence, the technology of selective catalytic reduction is a promis-
ing alternative for the end-of-pipe treatment (Chang et al. 2007).

 Carbon Adsorption Removal Technology

The carbon adsorption technology is one of the most common dioxins and furans 
removal technology current used in the treatment of flue gases emanating from 
incineration processes. Basically, the adsorption process can be described as 
being the accumulation of molecules on free surface area of provided by adsor-
bents of carbon sources (Everaert and Baeyens 2004). In an attempt to improve 
the performance of this particular treatment, several studies ranging from the 
variation of operating parameters to be modifications of the adsorption process 
on a pilot plant scale. This experiment has led to three mains types of carbon 
adsorption technologies over the years. These are classified as follows: the fixed 
bed adsorption, the moving bed adsorption and the entrained bed adsorption 
(Everaert and Baeyens 2004). All these three techniques have the same adsorp-
tion mechanism yet the difference between them lies in the type of adsorbent bed 
(Table 10.5). Different types of adsorbents are readily available on the market; 
typical cited examples are lignite, activated carbon and coke (Everaert et al. 
2002). The most recurrent absorbent which is used in flue gas treatment is 
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activated carbon (Table 10.5). Research (as summarized for some representative 
studies in Table 10.5) demonstrates that the use of activated carbon as adsorbents 
offered a better adsorption ability when compared to the other types of adsor-
bents (Inoue and Kawamoto 2005). Likewise, the activated carbon’s popularity is 
mainly due to its high removal efficiency reaching almost 99 % and its relatively 
low capital cost. Everaert et al. (2002) claimed that the size of the adsorbents is 
one of the factors which greatly affect the adsorption ability. Porous adsorbent 
are generally used for this process and the adsorption ability is generally governed 
by the available surface area of the pores. 

Fixed Bed Adsorption

The fixed bed adsorption, often characterised as a complex technology, consists of 
passing the flue gas through a fixed layer of adsorbent for the adsorption of the 
dioxins and furans to occur. In this particular process, the absorbents are used on a 
continuous basis and are only disposed of when the saturation point of the absor-
bents is reached (Everaert and Baeyens 2004). This method of adsorption was pre-
viously used in the past for the removal of dioxins and furans in stack gas; it is 
however, currently being used to a lesser extent. Its unpopularity was mainly due 
to its adsorption problems encountered. The removal efficiency of the fixed bed 
adsorption process is known to reach about 83 % (McKay 2002), However past 
studies revealed that the actual removal efficiency of dioxins and furans using this 
technology could only reached on average 60 %. Kulkarni et al. (2008) and McKay 
(2002) accounted for this drop in removal efficiency by the moisture content pres-
ent. These gases react with the activated carbon and hence absorb the moisture 
present in the flue gas. Moisture is also known to cause some blocking problems 
over the fixed adsorption bed. It was also reported that, pressure drop is likely to be 
encountered in across fixed bed adsorption resulting from the use of deep adsor-
bents beds. However, this pressure drop effect can be reduced by using granular or 
pelletized absorbents having particle sizes ranging from 1 to 4 mm (Everaert and 
Baeyens 2004).

A multilayer bean shaped activated carbon adsorption process was recently 
investigated by Pao et al. (2010a). This innovative technique was proposed in the 
attempt to reduce the dioxins and furans emissions while monitoring the amount of 
contaminants present in the ash. In this particular process, the solid phase present in 
the flue gas was first removed using fibre glass and then passed through multilayers 
of bean shaped activated carbon. The overall efficiency of the adsorption process 
was found to be greater than 99 %.

Moving Bed Adsorption

This type of adsorption process became a popular means of air pollution control 
device on the market once the limitations of the fixed bed adsorption process were 
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identified (McKay 2002). The moving bed adsorption consists ensuring turbulent 
contact either in the cross flow or in the counter current direction of the system 
between the adsorbents and the flue gas. This method is generally considered as 
being a batch wise process, in which the absorbents are replaced after a given 
adsorption time. An effective adsorption of contaminants has been observed using 
this method (Everaert and Baeyens 2004). The average removal efficiency that 
could be achieved using a moving bed adsorption process was about 98.8 %. 
However, the use of a moving bed adsorption process could lead to the formation of 
fine sorbent particles and eventually increase the amount of dioxins in the stacks. 
McKay (2002) mentioned that particular emphasis should be laid on this technique 
to avoid the formation of such fine sorbent particles.

Entrained Bed Adsorption

The entrained bed adsorption technology is the most common type of treatment that 
is currently being used in municipal waste incineration for gas polishing and is often 
described as being a relatively simple treatment process when compared to others 
(Everaert and Baeyens 2004). This technology consists of uniformly injecting acti-
vated carbon into the flue gas prior to a filtration step. The solid phase impurities 
present in the flue gas are retained in the filter bed, while the gas phase contaminants 
are then adsorbed on the surface of the activated carbon and hence changed to a 
solid phase and are recovered in the bag filter in the form of cake. The partitioning 
of the gas and solid phase in a flue gas stream is of prime importance when dealing 
with the entrained flow adsorption process. A change in the gas to solid phase ratio 
is likely to alter the removal efficiency of the adsorption process.

Various studies revealed that a relatively high removal efficiency of dioxins and 
furans of about 96–98 % can generally be achieved with the entrained flow acti-
vated carbon adsorption (McKay 2002; Pao et al. 2010a). Authors also claimed that 
improvements in the Entrained bed adsorption process could be made to achieve 
much higher removal efficiency. The injection of a mixture of AC and mixed lime 
under controlled amounts could in fact lead to removal efficiency greater than 
99 % (Aristizábal et al. 2008). Kim et al. (2006) proposed an innovative use of 
activated carbon adsorption for dioxins and furans removal using dual filter bags 
on a pilot scale. This technique consist of passing the flue gas through a first filter 
bag to remove the fly ash present and injecting the activated carbon at the entrance 
of the second filter bag. This type of filter bag is known to have a much high effi-
ciency of dioxins and furans removal. Although, the activated carbon injection is 
considered as a proven technology and can achieve high relatively high removal 
efficiency, its use has recently been questioned. Concerns were raised about the pos-
sibility of having high level of dioxins and furans in the fly ash as well as flue gas. 
Pao et al. (2006) demonstrated that the entrained flow activated carbon only adsorbs 
the dioxins and furans present in the vapour phase which are later collected in solid 
phase. This only shifts the dioxins and furans emission problems from the vapour 
phase to the solid phase.
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It can be noted that the entrained flow adsorption remains one of the most 
 preferred method on the market. This can be explained by the fact that the 
entrained flow has a process time which is 10 times smaller than that of the other 
two carbon adsorption techniques (Kulkarni et al. 2008). It also has to be pointed 
out that the use of the moving and fixed bed adsorption have been restricted for 
the small and medium gas treatment scale mainly because of recurring clogging 
problems encountered (Everaert and Baeyens 2004). It remains a fact that, the 
entrained flow adsorption technique not only owes its popularity to its rather sim-
plistic design but also to its highest adsorption ability when compared to the two 
other techniques. This high adsorption capacity can be explained by the size of 
pulverised particles used. The smaller the particle size the higher is the internal 
porosity and hence the higher is the adsorption of dioxins and furans. The entrained 
flow uses particle size of 0.1 mm whilst the two other of 4 mm (Everaert and 
Baeyens 2004).

10.5.2  Treatment of Fly Ash

Fly ash refers to the thick solid residues that are produced as a result of incineration 
processes of hazardous wastes, municipal solids, medical wastes and sewage sludge 
amongst others. They contain high levels of dioxins and furans that are detrimental 
to the eco-system as they bio-accumulate in the food web. Kulkarni et al. (2008) 
reported that fly ash are classified as a potential hazardous material as per the envi-
ronment protection legislation of many countries. The main methods for the destruc-
tion of dioxins and furans in fly ash are as follows: plasma technology, supercritical 
water oxidation, mechanochemical destruction technologies and UV irradiation 
(photolytic destruction).

 Plasma Technology

Plasma is considered to be the fourth state of matter, consisting of a mixture of 
electrons, ions and neutral particles, although overall it is electrically neutral. The 
degree of ionisation of a plasma is the proportion of atoms that have lost (or gained) 
electrons and, in the case of thermal plasmas of interest for this review, this is con-
trolled mostly by temperature (Gomez et al. 2009). Plasma technology involves the 
creation of a sustained electrical arc by the passage of electric current through a gas 
in a process referred to as electrical breakdown. Because of the electrical resistivity 
across the system, significant heat is generated, which strips away electrons from 
the gas molecules resulting in an ionised gas stream, or plasma (Gomez et al. 2009). 
At 2,000 °C gas molecules dissociate into the atomic state and when the temperature 
is raised to 3,000 °C, gas molecules lose electrons and become ionised. In this state, 
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gas has a liquid-like viscosity at atmospheric pressure and the free electric charges 
confer relatively high electrical conductivities that can approach those of metals 
(Gomez et al. 2009). Plasma technology is considered as being a promising emerging 
technology in the treatment of dioxins and furans. Yan et al. (2007) described the 
plasma technology as being promising technique for the destruction of the dioxins 
and furans. Plasma technology with regards to waste and dioxins and furans reduc-
tion can be characterised into two main categories which are thermal plasma and 
non-thermal plasma.

Thermal Plasma

Thermal plasma can be described as the use of heat to melt fly ash produced from 
waste reduction into usable products such as slag (Yan et al. 2007). However this 
type of plasma technology is known to be energy intensive and is often characterised 
as a complex one. Typical cited examples of thermal plasma technology are the 
plasma pyrolysis, plasma gasification and plasma vitrification.

Plasma Pyrolysis/Plasma Gasification

Vyas et al. (2011) described both plasma gasification and plasma pyrolysis as pro-
cesses that involving the thermal reduction of carbonaceous solids to simpler mol-
ecules such as methane, carbon dioxins and hydrogen. The only difference arising 
between these two methods is that plasma pyrolysis takes place in an oxygen starved 
environment whilst, the gasification occurs in a very limited amount of air to 
prevent combustion to occur. These methods are often described as a state of art 
technology used for the safe disposal of medical waste as well as plastic waste 
(Vyas et al. 2011). A simple comparison between the various dioxins and furans 
treatments methods revealed that plasma pyrolysis has higher removal efficiency. It 
also offers a higher solid reduction together with the production of syn gases which 
can be subsequently reused (Vyas et al. 2011).

Plasma Vitrification

Plasma vitrification is a good illustration of a thermal treatment method. In thermal 
plasma vitrification, the heat generated from plasma is used to process hazardous 
wastes containing metals, inorganic oxides and/or organics at temperatures above 
1,500 °C (Cheng et al. 2002). Metal bearing wastes are melted and organic con-
taminants are thermally destroyed. The plasma vitrification yields a glass-like, 
leach-resistant monolith slag, which is environmentally safe for landfill disposal 
and/or can be reused as glass-ceramic for construction materials, such as interior 
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and exterior wall cladding or ordinary floor tile applications (Cheng et al. 2002). 
The volume of the vitrified product is typically 20–45 % less than the original 
volume of the waste (Bonizzoni 1999).

PCBs are destroyed by the high temperatures used during vitrification.. The elec-
tron flame of a plasma vitrification breaks down the electron bonds of dioxins and 
furans and separates them into their basic chemistry (inorganic simple compounds 
and elements i.e. chlorine, sulphur, metal vapors, metal liquids, glass and carbon 
etc.). This is called disassociation, it is like electrolysis, and it is a reduction oxida-
tion reaction where oxygen leaves one molecule and attaches to another. Thus, the 
dioxin molecules cease to exist.

The high temperature conditions that are reached in plasma gasification result in 
the decomposition of organic compounds into their elemental constituents, forming 
a high-energy synthesis gas, consisting mainly of hydrogen and carbon monoxide. 
On the one hand, tar, char and dioxins are broken down, resulting in a synthesis gas 
that is cleaner compared to conventional gasification processes. The inorganic 
fraction (glass, metals, silicates, heavy metals) on the other hand, is melted and 
converted into a dense, inert, non-leaching vitrified slag. The synthesis gas can be 
used for efficient production of electricity and/or heat, or second generation liquid 
(bio)fuels (e.g. Fischer Tropsch diesel) (Malkow 2004). The vitrified slag should be 
inert for leaching processes and consequently applicable as, for example, a building 
material additive (Lapa et al. 2002).

Non-thermal Plasma

The non-thermal plasma is described as the pollution control method which uses elec-
tron beams and corona discharges. This method when compared to the other types of 
treatment has been found to be much cheaper with higher removal efficiency. Pao 
et al. (2010b) revealed that the use of a non-thermal dielectric barrier discharge could 
lead to the reduction of dioxins and furans reduction. Likewise, it also has to be noted 
that non thermal plasma can have a destruction efficiency ranging from 80 to 20 % 
depending on the different dioxins and furans isomers (Zhou et al. 2003).

Gliding Arc Plasma Technology

This technology is described as innovative non thermal plasma method which offers 
various advantages with regards the control of dioxins and furans, volatile organic 
compounds (VOCs, SOx and NOx) emissions (Yan et al. 2007). Plasma gliding arc 
is used for the formation of energetic radicals are then made to collide with dioxins 
and furans molecules. These collisions hence, help to break down the dioxins and 
furans molecules. The potential reduction of the dioxins and furans using the glid-
ing arc technology was found to vary from 25 to 79 % on a pilot scale study (Yan 
et al. 2007). In an attempt to further improve the efficiency of removal, a multistage 
gliding are reactor is now under studies.
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Supercritical Water Oxidation

Supercritical water oxidation is the oxidation process in which the water occurs 
above its critical point. It uses the supercritical water as a reaction medium to exploit 
the unique solvating properties to provide enhanced solubility of reactants and per-
manent gases a single phase entrainment free of interphase, mass transfer limita-
tions, and faster reaction kinetics and increased selectivity to complete oxidation 
products. (Super critical water oxidation is a promising technology for the clean and 
efficient decontamination of many organic wastes. It can rapidly and efficiently 
destroy organic substances into H2O and CO2. Furthermore a typical supercritical 
water oxidation process does not produce any NOx or SOx since the prevailing tem-
peratures of the reactor is too low and does not favour the production of these com-
ponents. Even if the incoming pollutant contains any ammonia or any other nitrogen 
compound the latter will be converted to N2 and N2O). The main disadvantages of 
the supercritical water oxidation process are namely: corrosion and plugging prob-
lems that occur in the reactor vessels and the equipment. The corrosion is mainly 
due to formation of acid by product in the reactor. Plugging occurs due to the forma-
tion of salt precipitates in the reactor vessels.

The existing supercritical water oxidation systems comprise:

 1. Batch system: The reactor in this system has two temperature zones namely an 
upper part and a lower part to keep the reactor above critical temperature and the 
lower part to dissolve the salt precipitant at subcritical temperature

 2. Continuous flow: It is the most common for the treatment of organic waste mat-
ter. It has been developed from tubular designs.

 3. Transpiring wall reactor: It consists of a dual shell having an outer pressure resistant 
vessel and an inner porous vessel. The porous wall will allow the passage of super-
critical water to form a thin protecting water film in the inner walls of the reactor. The 
system liner is used to protect the reactor against corrosion and salt deposition.

 4. Floating type reactor: It consists of a pressure resistant vessel and an inner porous 
vessel. The supercritical water oxidation degradation occurs in the inner non- 
porous vessel.

Effectiveness of the treatment of dioxins and furans through the supercritical 
water oxidation process in oils and wastewater sludge has been demonstrated 
(Donghai et al. 2012). Supercritical water oxidation treatment can also be applied to 
the treatment of transformer oils heavily laden with PCBs. PCBs are persistent 
organic pollutants that degrade into the atmosphere to form dioxins and furans. 
Supercritical water oxidation processes have been successfully implemented in 
South-Korea for the treatment of such waste.

Mechanochemical Destruction

Mechanochemical destruction of dioxins and furans describes the physical and 
chemical changes that occur during the aggregation caused by mechanical energy 

10 Dioxins and Furans: Sources, Impacts and Remediation



510

(Xiuying et al. 2010) Mechanical energy is transferred from milling bodies to the 
solid bodies through shear stresses, compression and milling. A significant part of 
the milling energy is converted to the heat and a minor part is used to induce breaks, 
stretches and compression at microscopic and macroscopic levels. Mechanochemical 
degradation can be easily performed using ball mills that are available in different 
sizes (Zheng et al. 2010). Pollutants are eliminated directly inside the contaminated 
material regardless of the complex nature and structure of the material.

Ultraviolet Irradiation

Ultraviolet light is a powerful and clean oxidising agent that can be used for the 
treatment of dioxins and furans. The process is also known as photolytic oxidation. 
It makes use free radicals from ultraviolet irradiation which brings the pollutants 
molecules to an excited state. A chain reaction then occurs with the participation of 
an oxygen (O2) molecule to degrade the dioxins and furans.

It works properly to remediate contaminated groundwater but not soils directly 
because the photodegradation of dioxins, for example, is negligible. In order to be 
suitable for soil treatment, it needs to be performed in conjunction with a solubility- 
enhancement method such as extraction using surfactants or solvent-washing. The 
photodegradation is fast when used in combination with ethanol or catalyst such as 
Titanium oxide film. Photolytic oxidation can also be performed in conjunction 
with other oxidative techniques, using Fenton’s reagent for example (Pérez et al. 
2002; Lee et al. 2005).

Ultraviolet irradiation has been successfully implemented in the removal of 
dioxins and furans from liquid lab wastes. Typical destruction efficiencies of 89 % 
can be typically achieved with these treatment processes. This technique is also 
used in fly ash treatment as well. According to a study done on polychlorinated 
dibenzothiophenes (PCDTs) from sediment, soil, and fly ash samples collected in 
Japan (Satoshi et al. 2006), PCDTs can be photodegraded by ultraviolet radiation. 
The photodegradation process was accompanied by dechlorination. The same study 
was also done on polychlorinated dibenzofurans and it has been found that the pho-
todegradation rates of PCDTs isomers such as 2,3,7,8-TeCDT and OCDT were 
lower than the rates for the corresponding PCDF isomers (2,3,7,8-TeCDF and 
OCDF) (Satoshi et al. 2006). Hence, it can be concluded that PCDTs are more sta-
ble than PCDFs to photodegradation.

10.5.3  Remediation of Dioxins- and Furans-Contaminated 
Soil and Sediments

Remediation techniques aim at lessening the degree of contamination at a hazard-
ous water site or land and most importantly to prevent further deterioration of the 
environment and limit exposure of hazardous pollutants to human and other forms 
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of life. Remediation technologies depend on the type of soils, the type and extent of 
contamination and also the natural processes that may occur at the site. Due to the 
various sources of pollution faced, numerous soils and sediments are contaminated 
with dioxins and furans and various researches have been made to address to these 
environmental problems. Some of innovative remediation technologies that have 
been addressed in this chapter include solvated electron technology, bioslurry, 
enhanced bioremediation technologies, subcritical water treatment, base catalysed 
dechlorination and thermal desorption amongst others.

Bioslurry

According to Lodolo et al. (2001), bioslurry consists of a proper technique for sites 
that necessitates greater process control, more complete and faster degradation 
rates. A slurry is formed by mixing the contaminated soils with water, hence, allowing 
the microorganisms to come into contact with the contaminants. The slurry is then 
fed into a bioreactor whereby a controlled amount of air is provided for mixing and 
aerating; inoculation may be carried out in order to improve the treatment.

As per Rahuman et al. (2000), slurry processes can be conducted faster than bio-
logical processes with the optimization of conditions such as temperature, nutrient 
concentration and aeration. It has been reported that the treated slurry is convenient 
for direct land application, similar to composted soils. In addition, the time taken for 
clean-up has turned out to be less than 12 months. Slurry-phase bioreactors find their 
applications in the remediation of soils and sludge contaminated with explosives, 
petroleum hydrocarbons, petrochemicals, solvents, pesticides among others. Studies 
conducted by Lodolo et al. (2001) and Rahuman et al. (2000) have demonstrated that 
bioslurry is favoured over in-situ biological techniques for heterogeneous soils, low 
permeability soils and areas where underlying groundwater is hard to capture.

Bioremediation

Bioremediation consist of the transformation of contaminants into fewer complex 
and possibly less toxic molecules by naturally occurring microbes, by enzyme sys-
tems, or by genetically engineered microorganisms. This process can be conducted 
in situ or in a reaction vessel, under anaerobic or aerobic conditions, and alone or 
together with other treatment methods; however, it may take several months or years 
to achieve complete contaminant removal. A suitable microbial population and 
appropriate characteristics such as moisture and oxygen levels, organic content, 
temperature, pH, food source availability and possible degradation pathways should 
be taken into consideration to ensure the survival of the microorganisms and conse-
quently, the success of a bioremediation project. Nevertheless, there are few studies 
which demonstrate that contaminants have been destroyed or removed at levels 
higher than 90 % although considerable laboratory and field work has been reported 
in each of these major areas (United States Congress 1991).
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Enhanced bioremediation, also known as bio-augmentation or bio-stimulation, 
comprises of a process during which the biodegradation rate of contaminated soil 
is increased by the addition of nutrients and oxygen. Stimulation of the activity of 
microflora and fauna may be caused by circulating water-based solutions through 
the contaminated soils and/or addition of indigenous/inoculated microorganisms, 
engineered microbial species or seeding with pollutant degrading bacteria in order 
to improve biodegradation of contaminants or immobilization of inorganic con-
taminants. Despite the fact that this process could be carried out in anaerobic condi-
tions, it is more beneficial when oxygen is not limiting and therefore preventing the 
formation of persistent by-products such as vinyl chloride resulting from the anaer-
obic degradation of trichloroethylene. This technique can be used in situ to treat 
soils contaminated with different pollutants such as petroleum hydrocarbons, sol-
vents, pesticides, wood preservatives and/or nitrotoluenes. (Lodolo et al. 2001; 
Rahuman et al. 2000).

Biodegradation of dioxins has been extensively studied in several microorganisms, 
and details concerning biodiversity, biodegradation, biochemistry and molecular 
biology of this process have accumulated during the last three decades (Chang 
2008). There are several microbial mechanisms responsible for biodegradation of 
dioxins, including oxidative degradation by dioxygenase-containing aerobic bacte-
ria, bacterial and fungal cytochrome P-450, fungal lignolytic enzymes, reductive 
dechlorination by anaerobic bacteria, and direct ether ring cleavage by fungi con-
taining etherase-like enzymes (Chang 2008). Many attempts have been made to 
bioremediate PCDD/Fs using this basic knowledge of microbial dioxin degradation. 
Nam et al. (2008) have examined the ability of a microbial biocatalyst which is a 
mixture of four bacterial and five fungal dioxin-degrading strains to bioremediate 
PCDD/Fs from contaminated municipal solid waste incinerator (MSWI) fly ash 
under laboratory solid-state fermentation conditions. Nam et al. (2008) deduced that 
treatment of MSWI fly ash with the microbial biocatalyst for 21 days resulted in a 
68.7 % reduction in total toxic PCDD/Fs. Further analyses revealed that the micro-
bial biocatalyst also removed 66.8 % of the 2,3,7,8-substituted congeners from the 
fly ash. Denaturing gradient gel electrophoresis also showed that all of the bacterial 
and fungal strains composing this dioxin-degrading microbial mixture were main-
tained under the dioxin treatment conditions. Angular dioxygenase, cytochrome 
P450, lignin peroxidase, and dehalogenase are known as dioxin-metabolizing 
enzymes (Sakaki and Munetsuna 2010). All of these enzymes have metal ions in 
their active centers, and the enzyme systems except for peroxidase have each dis-
tinct electron transport chain. Dehalogenase system appeared to be quite promising 
because dehalogenases are capable of degradation of PCDDs with more than four 
chlorine substituents, whereas the other three enzyme systems prefer low- chlorinated 
PCDDs. On the other hand, protein engineering of angular dioxygenase, lignin per-
oxidase, and cytochrome P450 based on their tertiary structures has great potential 
to generate highly efficient dioxin-metabolizing enzymes (Sakaki and Munetsuna 
2010). Sakaki and Munetsuna (2010) have recently successfully generated 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-metabolizing enzyme by site-directed 
mutagenesis of cytochrome P450. Jaiswal et al. (2011) have enriched and isolated 

A. Mudhoo et al.



513

an alkalotolerant Pseudomonas strain from effluent of the pulp and paper industry. 
Jaiswal et al. (2011) found this strain was able to degrade dibenzofuran and utilize 
it as a sole source of energy and carbon. The gas chromatography-mass spectrometry 
based detection of various intermediary metabolites of biodegradation suggested 
the involvement of angular as well as lateral pathway of dibenzofuran biodegrada-
tion. This strain was found to have an optimum utilization (~85 %) of dibenzofuran 
(200 mg/L) within 36 h at pH 10 at 40 °C. The growth of the strain was supported 
by a wide range of environmental conditions supporting that it could be used for in 
situ bioremediation of dioxin-like compound. Nakamiya et al. (2002) investigated 
the potential of denitrifying activated sludge to degrade highly chlorinated dioxins 
from a landfill leachate treatment plant in Japan. Denitrifying activated sludge was 
cultivated in a 700-mL bioreactor under denitrifying conditions by adding 2.0 ng of 
a mixture of 4- to 8-chlorinated dioxins from fly ash. After 7 days cultivation, the 
authors reported about 90 % of dioxins were degraded. Nam et al. (2005) studied 
the ability of Sphingomonas wittichii strain RW1 to remove PCDDs from fly ash 
and reported that incubation of real fly ash collected from municipal waste incinera-
tors with strain RW1 for 15 days resulted in a 75.5 % reduction in toxic PCDDs 
while dead strain RW1 cells caused a 20.2 % reduction in toxic PCDDs, indicating 
that adsorption onto biomass was an important factor in dioxin elimination. Cathum 
et al. (2006) investigated the usefulness of cyclodextrins (CDs) for the removal of 
PCDD/Fs in soil and water. Five CDs were selected and evaluated for their ability 
to trap PCDD/Fs in soil and water over a 28-day period. Among the 5 CDs used, 
hydroxypropyl-γ-cyclodextrin removed maximum of PCDD/Fs (80 % of the total) 
while α-cyclodextrin and β-cyclodextrin removed only 45 and 50 % of the total 
PCDD/Fs after 28 days. Hidayat and Tachibana (2013) have recently studied the 
degradation of 2,4,8-trichlorodibenzofuran (2,4,8-TCDF) by the isolate F0607, 
identified as belonging to the genus Cerrena in liquid culture medium. Strain F0607 
showed good decolorization and production of ligninolytic enzymes. The degrada-
tion of 2,4,8-TCDF per-unit biomass was observed to increase during the incubation 
period in presence of 1 or 10 mg/L 2,4,8-TCDF and the mycelial biomass increased 
with the increase in 2,4,8-TCDF concentration.

Solvated Electron Technology

This technology makes use of solvated electron solutions which are produced by 
dissolving alkali or alkaline earth metals such as sodium, lithium or calcium in 
liquid anhydrous ammonia at room temperature but in a pressurized system. 
(Lodolo et al. 2001) An alternative way of preparing the reagent is at sub-ambient 
temperatures with lower pressure control requirements (McDowall et al. 2004). As 
the electrons are freed, a dark blue solution of solvated electrons is produced; these 
electrons act as dehalogenating agents and are also known to be the most powerful 
reducing agents. Halogenated compounds, which have a powerful affinity for free 
electrons, are mixed with the solvated solution and are instantaneously neutralized. 
Furthermore, this method has been claimed to be applicable to treat halogenated 
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hydrocarbons, pesticides, dioxins, PCBs, herbicides, chlorofluorocarbons, and 
chemical warfare agents. Lodolo et al. (2001) have also reported that waste have 
been successfully treated in bulk pure material, soils, sludge, sediments, porous 
and non-porous surfaces, oils, contaminated vessels, hardware, and contaminated 
clothing. The process design makes use of a cement mixer like reactor in which 
contaminated material and liquid ammonia are mixed. The soil and clays are com-
pletely dispersed by the ammonia and hence, the contaminants are washed from 
the soil. A reactive metal charge, usually calcium is added after a brief mixing. 
Subsequently, the contaminants are rapidly dehalogenated by the electrons which 
are released from the calcium (Mitoma et al. 2009). Ammonia is recovered for 
further use, and the soil is deodorized. The decontaminated soil is appropriate for 
return to the site. Interestingly, treated soil (assuming that there is no other 
contaminant such as heavy metals) is not only cleaned but also nitrogen-enriched 
from the ammonia bath. Thus, the soil is suitable for agricultural use since is 
enriched in nitrogen from trace amounts of residual ammonia (Lodolo et al. 2001; 
Rahuman et al. 2000; McDowall et al. 2004).

Subcritical Water Treatment

Processes occurring in aqueous phase under subcritical conditions have gained 
much research interest because of the relatively lower costs and lower consumption 
of energy for extraction of pollutants when compared to other methods (Nose et al. 
2007; Hashimoto et al. 2004; Teo et al. 2010; Chang et al. 2011). During subcritical 
water treatment, water is held in liquid state above a temperature of 100 °C by 
applying a pressure known as subcritical water. It has properties which are similar 
to the organic solvents and can also act as a benign medium. Applications of sub-
critical water treatment include the extraction of dioxins and furans and other 
organic pollutants from soil and sediment (Kulkarni et al. 2008). According to 
Kulkarni et al. (2008), 99.4 % extraction of dioxins was observed at a temperature 
of 350 °C within 30 min. Nevertheless, the treatment was more time consuming at 
lower temperatures.

It has been reported that solubility dioxins increases by several orders of mag-
nitude when temperature is raised from 20 to 250 °C (Shelepchikov et al. 2005; 
Yang et al. 1998; Soyfer et al. 1999). In such cases water has a high tendency in 
becoming a good solvent for extraction of these chemicals from soil. The photo-
lytic or another dechlorination reaction may be then used for detoxication 
(Choudhry and Webster 1985). Shelepchikov et al. 2005 proposed that a combined 
extraction/dechlorination process in subcritical conditions could be more benefi-
cial for the detoxification of dioxins. Yak et al. (1999) have reported positive and 
conclusive results of dechlorination of PCBs supported on iron powder in an 
aqueous phase at 250–300 °C and Yang et al. (1998) equally showed that water 
in subcritical conditions could be used for the extraction of PCDD/Fs from soils 
through desorbing dioxins from soil particles and transferring them to the surface 
of the reducing agent.
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Zero valent iron has been accepted as one of the most efficient means of 
environmental remediation. In addition, it is inexpensive, easy to handle and 
effective in treating a wide range of chlorinated compounds or heavy metals. It 
has been broadly applied in-situ, ex-situ or as part of a controlled treatment 
process in wastewater, drinking water soil amendment stabilization and mine 
tailing applications (Kulkarni et al. 2008). Kluyev et al. (2002) have developed 
an efficient method for reductive dechlorination of PCDDs and remediation of 
contaminated soils using zero valent iron as the dechlorination agent and sub-
critical water as reaction medium and extractive solvent. It is found that the 
zerovalent iron could be applied for stepwise dechlorination of octachlorinated 
dibenzo-p-dioxin (OCDD) on various matrices in subcritical water. By using 
iron powder as matrix higher chlorinated congeners were practically completely 
reduced to less than tetra-substituted homologues. A significant part of residual 
OCDD, when spiked in soils, formed less chlorinated congeners. The solubility 
of OCDD was increased by a 4–6 orders over its solubility at ambient conditions.

Base-Catalysed De-chlorination

The base-catalysed de-chlorination is a chemical de-halogenation process which 
involves the addition of an alkali or alkaline earth metal carbonate, bicarbonate or 
hydroxyl to the contaminated medium (Oku et al. 1995; Taniguchi et al. 1997; Chen 
et al. 1997; Kulkarni et al. 2008). The base-catalysed decomposition is normally 
carried out as a batch process where destruction of POPs are effected under reductive 
conditions with no production of dioxins and furans, or existing quantities of these 
are destroyed (Rae 2003). Base-catalysed de-chlorination is initiated in a medium 
temperature thermal desorber at temperature ranging from 315 to 426 °C and the 
alkali is added in proportions ranging from 1 to about 20 % by weight (Kulkarni 
et al. 2008). The process involves the addition of a hydrogen donor compound in 
order to provide hydrogen ions for the reaction in case these are not previously pres-
ent in the contaminated medium. The purpose of adding a metal carbonate or bicar-
bonate to the reaction is to promote lower temperature desorption and to partially 
destroy the chlorinated organics (Rahuman et al. 2000). The base- catalysed de-
chlorination process chemically detoxifies the chlorinated organic contaminants by 
transferring the hydride ions from the rich hydrogen donor substance to the chlori-
nated molecules. Thus, the chloride ions are expulsed from the contaminated 
medium and replaced by hydrogen (Kulkarni et al. 2008).

Base-catalysed de-chlorination can be effectively used to treat contaminated 
soils containing organic pollutants which are hazardous such as dioxins and furans 
(Rahuman et al. 2000). Compounds such as PCBs which at elevated temperatures, 
may react with oxygen resulting in formation of even more hazardous materials 
such as dioxins are especially suitably treated by base-catalysed de-chlorination. 
However, high clay or water content, acidity or high natural organic content of the 
soil may limit or interfere with the treatment effectiveness (Rahuman et al. 2000). 
Studies have shown that Na/NH3 treatment can be used to enhance base-catalysed 
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de-chlorination and hence successfully remediate PCBs and dioxin- contaminated 
soils which depend on the amount of water present and the concentration of the 
hazardous substrate. Ca/NH3 treatment can also be used for the same effect. 
However, laboratory studies revealed that Ca is less efficient than Na in the case 
where the contaminated soils contain considerable amount of water (Pittman and 
He 2002; Kulkarni et al. 2008). Studies conducted on the treatment of PBCs by 
base-catalysed de-chlorination have reported that concentration of these pollutants 
in contaminated soil were reduced from as high as 4,000 ppm to less than 2 ppm.

Base-catalysed de-chlorination process can normally involve direct de- halogenation 
or can be linked to a pre-treatment such as thermal desorption. Combined thermal 
desorption and base-catalysed de-chlorination processes yield a relatively small 
quantity of a condensed volatile phase for separate treatment by the base-catalysed 
de-chlorination process (Lodolo et al. 2001). Ukisu and Miyadera (2004) reported 
that the dechlorination of 1,2,3,4-tetrachlorodibenzo-p-dioxin proceeded com-
pletely with Pd/Al2O3 at 35 °C to give a chlorine-free product, dibenzo-p- dioxin. 
However, the same reaction catalyzed by Pd/C was not complete since un-reacted 
substrate and partially dechlorinated products remained on the catalyst. Mitoma 
et al. (2004) found that the concentration for each isomer of PCDD/Fs and co-PCBs 
was reduced by 98.32–100 % conversions. 

Mechano-chemical Dehalogenation Degradation

Mechano-chemical dehalogenation degradation can efficiently be used to treat 
high strength wastes containing POPs. In this technology, mechanical energy is 
used to initiate reaction for removal of pollutants from the contaminated medium. 
Mechanical energy is produced by milling bodies and is transferred to the solid 
system by compression or shear stress, depending on the device used. Most of the 
energy generated is converted into heat, with a minor amount being used for 
performing a reaction or to induce breaks, stretches and compression. Usually, 
mechano- chemical dehalogenation degradation can be easily performed using 
ball mills. Depending on the amount of materials to be treated, these are avail-
able in different sizes and designs (Kulkarni et al. 2008). Intimate contact among 
particles is brought about by the intense mixing occurring in the ball mills. 
Energy for local chemical reactions is provided by a highly localized tribo-
plasma which is formed at the point of contact between two grinding balls during 
collision. This grinding has the effect of reducing the particle sizes and increases 
surface areas for reaction to occur. Also, new reactive surfaces are exposed during 
particle fraction and by the introduction of dislocations, thus, increasing surface 
reactivity. Free radicals are also produced during milling and these can react with 
neighbouring compounds. Removal of pollutants is done directly inside the con-
taminated matrix, regardless of the complex structure and the pollutant’s nature 
(Kulkarni et al. 2008).

Mechano-chemical dehalogenation is one of the degradation techniques, carried 
out ex-situ in an enclosed ball bill, for destruction of poly-halogenated compounds. 
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In this technology, mechanical energy is used to promote reductive halogenation of 
contaminants by utilizing a base metal (typically aluminium, zinc or iron) and a 
hydrogen donor (alcohols, ethers, hydroxide and hydrides) to generate non- 
hazardous organics and metal salts as by-products. Mechano-chemical dehalogena-
tion degradation can successfully be used for treating contaminated compounds as 
well as pure or extremely concentrated contaminants and their mixtures at moder-
ately low temperatures, irrespective of their state. Experiments conducted on a 
laboratory scale showed that poly-halogenated pollutants such as PCBs, PCP were 
degraded to their parent hydrocarbons, that is, biphenyl and phenols respectively, in 
high yield by using magnesium, aluminium or sodium metals with a low acidic 
hydrogen source. For instance, the use of magnesium as a base metal contributes in 
dechlorinating PCBs in soils to harmless chloride and their parent hydrocarbon 
biphenyls with removal efficiency above 90 % (Kulkarni et al. 2008). Co-grinding 
POPs with calcium oxide or other metal oxides/hydrides is another means of 
Mechano-chemical dehalogenation degradation referred to as mechano-chemicalde- 
chlorination. Electron transfer from O2

− sites on the CaO particles’ surfaces to 
the organic compounds is induced by the mechanical stresses caused by the ball 
mills. This then allows the organic anion particles to undergo self-dissociation of 
the chlorine- carbon bond effectively. There are several factors upon which the de- 
chlorination process is dependent of, for example, moisture and quartz addition. 
This method has proven to be a successful one in destroying halogenated organic 
compounds, namely, POPs including chlorinated benzene, PCDD/Fs, PCBs and 
pentachlorophenol, as compared to dehalogenation by mechanochemical reac-
tion, which aims only at achieving detoxification by stripping off the organic halo-
gens without destroying the molecule.

Mechano-chemical dehalogenation degradation techniques offer several eco-
nomic and ecological benefits. No harmful emissions are released into the atmo-
sphere since the toxic compounds can be converted into usable products by the 
strikingly benign reaction conditions and the ball mills do not require much of 
energy input. It is considered as a very flexible method since it comprises of a 
portable mill and a washing tank with a filter which can be utilize at any location for 
disposal of organic pollutants (Kulkarni et al. 2008).

Soil Washing

Soil washing is a remediation process in which contaminants are separated from the 
contaminated matrix by transferring them into another medium, for example, from 
contaminated soil to a liquid, or from a contaminated liquid to an adsorbent by mak-
ing use of suitable solvents (Jonsson 2009). It is basically an ex-situ technology 
wherein fine soil (clay and silt) is separated from coarser soil (sand and gravel) by 
this water-based process based on the fact that most contaminants tend to bind, 
either physically or chemically and, sorb to clay, silt and organic particles, that is, to 
the fine soil. These particles are in turn attached to the coarser particles by compaction 
and adhesion (Pavel and Gavrilescu 2008). In so doing, the contaminants are 
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concentrated only into a smaller volume of soil, thus significantly reducing the 
volume of most contaminated materials. Soil washing is most commonly used in 
combination with other technologies such as incineration or bio-remediation as 
means of further treatment for the smaller volume of contaminated soil. Else, the 
latter can be disposed of according to federal environmental regulations. The larger 
volume on the other hand, is considered to be free from toxic components and can 
be returned clean to the site (Pavel and Gavrilescu 2008). This separation is accom-
plished by mechanically mixing, washing and rinsing the soil so as to remove the 
contaminants. The solvents used (usually water, occasionally combined with other 
solvents) are based on their ability to solubilize specific group of contaminants, tak-
ing into consideration their environmental and health impacts (Asante-Duah 1996; 
Feng et al. 2001; Chu 2003; Urum et al. 2003). The use of low molecular weight 
alcohol solvents has been proven to be a feasible extraction method for removal of 
dioxins from contaminated soils (Nam et al. 2001; Lee and Hosomi 2001; Jonsson 
2009). The combined use of water and ethanol at room temperature extracting about 
85 % of PCPs has been shown by Amid et al. (1994). The use of liquid propane as 
solvent can extract 98 % of PCBs from contaminated soil. Another study showed 
that liquefied propane and dimethyl other has decreased the dioxins level in soil by 
98.8 % (Sahle-Demessie et al. 2000; Kunichika et al. 2003). Temperature effects 
also play an important role in soil washing and this has been shown in a study for 
treating PCDD/Fs- contaminated soil, in which ethanol at its boiling point, that is, 
78.3 °C, extracted about 76 % of dioxins from the soil (Kunichika et al. 2003). 
Recently, the use of surfactants and other additives, such as cyclodextrins, as alter-
native soil washing processes have been developed and found to be feasible for 
extraction of more hydrophobic compounds from the soil, such as organic contami-
nants. These additives act as flushing solutions for dioxins and furans removal from 
the soil by substantially increasing desorption and solubilization through micelliza-
tion and surface tension reduction (Saichek and Reddy 2004), with cyclodextrins 
being non-toxic, biodegradable and has low sorption to the solid phase at a wide 
range of pH range, as compared to regular surfactants (Maturi and Reddy 2006).

Fenton’s Reagent Oxidation

Chemical oxidation has proved to be a useful destruction technique for a wide range 
of organic pollutants including octa-chlorodibenzo-p-dioxins, nitrophenols, petro-
leum hydrocarbons, chlorinated ethylene, chlorophenols and chlorinated biphenyls 
(Aunola 2004; Mariñosa 2007). Advanced oxidation processes (AOPs) have been 
developed which make use of ozone, Fenton’s reagent, permanganate and persul-
phate. It should be noted that all AOPs are characterised by the same chemical feature 
which is the production of hydroxide radicals, however the only difference lies in 
chemistry in producing these. Fenton process is based on the use of oxidizing agents 
such as hydrogen peroxide and/or oxygen and a catalyst which is commonly iron 
salt or oxide. Oxidation of Fe2+ to Fe3+ and highly reactive hydroxyl radicals (OH•) 
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are formed by the oxidation of iron and H2O2 in acidic solution (Mariñosa 2007). 
These free radicals are able to attract dioxins- contaminated environmental media 
by heterogeneous catalytic oxidation. In soil remediation, despite the fact that iron 
oxide is present naturally in the ground, addition of iron slats or solid iron may be 
required. However, this process is highly affected by the type of soil (Mariñosa 
2007). Studies have revealed the efficiency of Fenton reactions when used for 
organic pollutants removal and especially dioxins and furans species as illustrated 
by data in Table 10.6. More than 80 % of reduction when treating PCDD/Fs has 
been showed by Fenton’s oxidation with a ratio of 8:1 for Fe2+/H2O2 (Mariñosa 
2007). Fenton has also been proven effective in PCBs removal, with an 87 % 
removal in treatment of contaminated lake sediments, with its pH adjusted with 
SO4

2− instead of Cl− (Manzano et al. 2001; Aunola 2005; Fronduti 2005; Mariñosa 
2007). The treatment, however, has a high dependency on the ratios and nature of 
PCBs mixtures (Dercovà et al. 1999; Tuhkanen 2001; Arienzo et al. 2000; Mariñosa 
2007). Other advances of Fenton treatment have also been developed including 
photo-Fenton process, the most commonly used, in which a reaction is initiated by 
irradiation of light of wavelength around 18–400 nm; electrochemical Fenton pro-
cess which is combined with dechlorination by zero-valent iron with Fenton’s 
reagent to supply soluble Fe2+ ions by using electric current and sacrificial elec-
trodes; ethanol-Fenton whereby hydrogen peroxide and iron are added to a liquid 
phase of ethanol which improves the reaction for hydrophobic contaminants 
(Mariñosa 2007).

In-situ Photolytic Destruction Technologies

Photolysis is potentially an essential process for the removal and destruction of diox-
ins and furans from soils and sediments. In-situ photolysis refers to the photodegra-
dation of dioxins and furans species in soils and sediments upon exposure to a light 
source – normally sunlight under specific conditions of time- and through the use of 
appropriate solvents. As per Choi et al. (2000), dioxins and furans have a strong UV 
absorption band in the range of 230–290 nm, making it possible to use sunlight as 
radiation source to favour the excitation of dioxins and furans molecules. The excited 
state may also be reached by accepting energy from an excited donor molecule by 
sensitized photolysis. Reactions may also occur with reactive oxygen species such as 
singlet oxygen or hydroxyl radicals (OH•) that are formed by the photochemical 
interactions with other organic molecules such as humic acid (Kim and O’Keefe 
2000). The primary degradation pathway for photolysis of dioxins and furans 
involves the absorption of UV radiation and followed by the subsequent cleavage of 
C–Cl and C–O bonds, resulting in the formation of aryl radical species. Dechlorination 
reactions take place leading to the production of innocuous non- chlorinated dioxins 
and furans products (Wu and Ng 2008). The toxicity of dioxins and furans is thus 
reduced. The influence of the degree of chlorination on dioxins and furans molecules 
during photodegradation suggests that more rapid photodegradation occurs for lower 
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Table 10.6 Oxidative degradation of dioxins and furans species using Fenton’s reagent oxidation

Species
Experimental 
conditions Degradation performance References

Polychlorinated Biphenyls 
(PCBs): PCB28, PCB52, 
PCB101, PCB138

Fenton’s reagent 
(Fe2+: H2O2 
molar ratio  
1: 1000)

Complete disappearance  
was observed for  
PCB28 and PCB52; high 
removal > 99.5 % were 
achieved after 96 h of 
process. Complete 
mineralisation was not 
reached signifying 
moderate effectiveness of 
Fenton process. Penta-
chlorinated biphenyl 
PCB101 was reported to 
degrade faster than 
hexa- chlorinated PCB138; 
a residual of 23 % of the 
latter compound indicated 
more rapid degradation of 
low-chlorinated 
compounds

Prządo et al. 
(2007)

PCBs contaminated loamy 
soil

Modified Fenton’s 
reagent

Catalysed H2O2 propagation 
used for ex situ treatment 
was found to be more 
effective in treating soil 
with higher iron oxide 
and manganese oxide

Ahmad et al. 
(2011)

2,3,7,8-tetrachlorodibenzo- 
p-dioxin (TCDD) 
contaminated soils

Combined  
Fenton and 
bioremediation

Up to 99 % TCDD was 
oxidised into chloro 
phenols and chloro 
benzenes after pre-treat-
ment with Fenton’s 
reagent. Under anaerobic 
conditions alone, 53 % 
TCDD degradation was 
achieved while no 
degradation occurred in 
the aerobic conditions

Kao and Wu 
(2000)  
and Venny 
et al. (2012)

Artificial mixture of 
DELOR 103 mixture  
of polychlorinated 
biphenyls (Mono,  
di-, tri- and 
tetra-chloro-biphenyls)

Fenton’s reagent 
followed by 
bioremediation

The best result was obtained 
in a solution of DELOR 
103, containing Fe2+/H2O2 
with a molar ratio of 
1:1,000. The oxidation 
effect of Fenton’s reagent 
on PCB congeners was 
noted to decrease with 
increasing number of 
chlorine substituents in 
the biphenyl molecule and 
molecular weight but 
decreased with lower 
octanol/water partition 
coefficient
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Species
Experimental 
conditions Degradation performance References

PCDDs and PCDFs 
contaminated landfill 
leachates arising from a 
municipal solid waste

Electrokinetic- 
Fenton (EK) 
technology

Chemical oxidation demand 
reduction was approxi-
mately 90 % in both 
methods individual after 
180 min. However, the 
behaviour of PCDD/Fs 
varied in terms of 
oxidation efficiency.73 
and 71 % destruction of  
1, 2, 3, 4, 6, 7, 8-HpCDD 
and OCDD were achieved 
by EK respectively and 
total toxic equivalent 
value dropped by 58 %. 
However, an increase in 
the concentration of 
several PCDD/Fs was 
detected

Vallejo et al. 
(2013)  
and Venny 
et al. (2012)

Table 10.6 (continued)

chlorinated dioxins and furans. Antonaraki et al. (2002) explains that the increase in 
chlorine atoms in the dioxins and furans species blocks favourable positions suscep-
tible for OH attacks as well as decreases the electron density on benzene rings, making 
the species less likely for electrophilic OH attack. The rate of photodegradation 
hence decreases with an increase in number of chlorine atoms.

Photodegradation rates are slower in the soil as compared to photolytic reactions 
in the atmosphere and water bodies (Isosaari 2004; Kieatiwong et al. 1990; McPeters 
and Overcash 1993). As reported by Miller et al. (1989), photodegradation of diox-
ins and furans in soils is restricted to the surface layers less than 0.2–1 mm deep 
(Isosaari 2004). Most photolysis has been recorded in the depth of 0.06–0.13 mm; 
direct photolysis is limited to a photic depth of soil of 0.2–0.4 mm whilst indirect 
photolysis occurs a little deeper (Sinkkonen and Paasivirta 2000; Hebert and Miller 
1990; Miller et al. 1989). Such behaviours can be accounted by the fact that the 
dioxins and furans molecules are strongly bonded to the solid surfaces and by the 
shielding effect of particles (Isosaari 2004; Kieatiwong et al. 1990; McPeters and 
Overcash 1993). Consequently, solvent addition becomes necessary to promote 
solubilisation and transport of the dioxins and furans species into the solvent prior 
to the photodegradation process. A low-toxicity organic solvent is generally sprayed 
on the soil surface for this purpose (Kulkarni et al. 2008).

The selection of an appropriate solvent depends on the solubility and interaction 
of the dioxins and furans, its diffusive properties, its environmental acceptability 
and its UV absorption. Strongly absorbing solvents tend to absorb most of the UV 
light within a few mm or even less (Isosaari 2004). Several investigations have 
revealed that direct photolysis of dioxins and furans takes place in hydrogen donor 
organic solvents (Kim and O’Keefe 2000; Crosby et al. 1971; Dobbs and Grant 
1979). The hydrogen atoms supplied by the hydrogen donors has the capability of 
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stabilizing photolytically generated aryl radicals (Isosaari 2004; Hung and Ingram 
1990). It has been found that dioxins and furans on soil surfaces decompose rapidly 
after being sprayed with various organic solvents such as hexane, cyclohexane and 
isooctane amongst others (Kulkarni et al. 2008; Balmer et al. 2000; Goncalves et al. 
2006). The major transport mechanism of the dioxins and furans in in-situ photoly-
sis occurs by the diffusive and convective upward movement of dioxins and furans 
as the volatile solvents are evaporated. The effectiveness of this process is depen-
dent on the sunlight available for photodegradation and the convective transport to 
the surface. These two factors are rate determining (Kulkarni et al. 2008). The trans-
port mechanism determines whether any reduction of dioxins and furans take place 
in deeper solvent layers or in solvent-amended soils. Great importance has also 
been attributed to correct timing for solvent additions to avoid downward migration 
of dioxins and furans and optimize photodegradation on the soil surface (Isosaari 
2004; Dougherty et al. 1993). Furthermore, the irradiation time plays a crucial role 
in the photodegradation of dioxins and furans and affects the efficiency of the pro-
cess. Experimentally determined results have shown that the longer the irradiation 
time, the higher the degradation of dioxins and furans (Isosaari 2004). Nevertheless, 
the efficiency of the photolysis process is lower when direct sunlight is used 
compared to laboratory induced UV radiations. Additionally, the degradation period 
of dioxins and furans is longer (measured in days) with the application of direct 
sunlight than induced black light in laboratories.

Other factors that are bound to affect the photolysis process are the soil proper-
ties and the presence of photochemical sensitizers and semiconductors in the soil 
amongst others. Photochemical sensitizers such as humic acid, enhance the photo-
degradation process whilst the presence of semiconductors such as titanium dioxide 
(TiO2), catalyses the photochemical reaction. It has been reported that furans 
degrade more rapidly than dioxins. Furans have different photodegradation rates 
compared to dioxins in particular solvents by virtue of the difference in their molec-
ular structures as well as the hydrogen donor potential of the solvents (Isosaari 
2004; Niu et al. 2003). Kim and O’Keefe (2000) have demonstrated that polychlo-
rinated dibenzofurans have lower photodegradation rates in pure water rather than 
in an acetonitrile/water solvent. The reverse applies for PCDDs which have 
higher photodegradation rates in an acetonitrile/water solvent compared to pure water. 
A probable explanation to such a phenomenon would be due to the structure of 
PCDFs which have only one oxygen atom and are more polarized than PCDDs; the 
former are therefore more reactive in pure water than in polar solutions such as 
acetonitrile/water solvent. PCDDs consist of more delocalized electrons and are less 
polarized resulting in lower reactions with pure water.

Isosaari (2004) investigated the possibility of using vegetable oil as solvent for 
the photolysis of dioxins and furans. Indeed, it was proven that vegetable oils are 
efficient at dissolving soil-bound dioxins and furans, transporting them towards 
the surface and acting as hydrogen sources for reductive dechlorination. 
Dissolution of dioxins and furans occurs relatively fast. It was noted that the 
hydrogen donor properties of vegetable oils made them better solvents for dioxins 
and furans photodegradation in comparison with toluene and hexane. A rapid 
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photodegradation rate of dioxins and furans was demonstrated by vegetable oils 
through longer contact time and periodical mixing of the soil-vegetable oil mix-
ture. The most effective photodegradation occurred at an efficiency of 99 % over 
22 h. Nevertheless, the type and cost of vegetable oil could eventually influence 
the photodegradation process. In-situ photolysis offers a good substitute for 
energy intensive conventional treatment methods as it entails the use of free 
renewable and pollution-free solar energy. It is a rapid, efficient and economically 
feasible technique for rendering toxic  dioxins and furans innocuous thus minimiz-
ing their health and environmental impacts.

Thermal Desorption

Thermal desorption is the separation process whereby the soil is heated for either 
in-situ or ex-situ remediation. The process involves heating the soil at high tempera-
tures to allow constituents of organic pollutants – PCBs, chlorinated solvents and 
organochlorine pesticides – to volatize and desorb from the soil. This technique is 
normally coupled with a post treatment-destruction technology such as an after-
burner, a catalytic oxidation chamber, a carbon adsorption unit or a condenser to 
subsequently treat any volatile component or toxic emission emanating from the 
soil, prior to discharge into the atmosphere. Afterburners and oxidisers ensure com-
plete destruction of the organic compounds while the carbon adsorption units and 
condensers trap the organic constituents for subsequent treatment or disposal.

Ex-situ treatment processes have been most commonly practised, but have 
often resulted in the generation of potentially toxic products of incomplete com-
bustion which eventually led to the formation of dioxins and furans, either as air 
emission or particulates collected in an off-gas treatment system or even as residu-
als remaining in the soil. On studying the thermal desorption of soil contaminated 
with PCBs, Sato et al. (2010) demonstrated that despite a decrease of 48–70 % 
was recorded in the PCBs levels, thermal desorption triggered the formation of 
high levels of dioxins and furans, causing the TEF of the products to increase. It 
was also noted that furans with high number of chlorine atoms volatized less read-
ily as compared to those with lower chlorine atoms. A possible explanation to this 
phenomenon was based on the positive correlation that was developed between 
the vapour pressure and ratio of volatilized furans from soil sediments. Consequently, 
it was deduced that vapour pressure correlated positively with the number of chlo-
rine atoms, thus confirming that furans with lower chlorine atoms are more likely 
to be volatilized first.

In-situ thermal desorption is an innovative technology, aimed at minimizing 
the emission of toxic dioxins and furans and ensuring their complete destruction. It 
involves treating contaminated soil through a combination of heat and vacuum; an 
array of vertical or horizontal thermal wells is used to heat the soil up to 900 °C 
resulting in heat transfer by thermal conduction, causing VOCs and semi-volatile 
species (SVOCs) in the soil to vaporize due to evaporation, steam distillation and 
boiling in the soil layers. As vaporized water and contaminants are drawn 
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counter- currently to the heat flow, the soil acts as a packed-bed reactor that ensures 
complete destruction of VOCs, SVOCs and dioxins and furans in-situ by oxidation 
and pyrolysis. According to Baker and Lachance (2003), typical destruction effi-
ciencies of contaminants in the soil reach up to 99 %. Most of the contaminants are 
destroyed in the soil before the vapour reaches the extraction wells and is conveyed 
to the surface. In-situ thermal desorption are generally connected to an air quality 
control system (AQC) whereby any untreated contaminants in the extracted vapour 
stream undergo complete destruction. AQC systems usually consist of a thermal 
oxidizer, a heat exchanger, an acid-gas scrubber, granulated activated carbon adsorb-
ers (GAC) and vacuum blowers.

The composition and chemical structure of the organic compounds, the temperature 
of the desorber systems and the residence for vapours travelling through the hot soil 
layers to the extractor wells influence the decomposition of the organic pollutants, 
causing some of the constituents to decompose completely or partially (Kulkarni 
et al. 2008). The temperature of the system influences the volatility of the organic 
constituents. The chemical structure of the contaminants affects their volatility as 
explained by Sato et al. (2010). Whilst ex-situ treatment are performed in reactors 
within few seconds or minutes, its in-situ counterpart necessitate longer residence 
times ranging from hours to days as large volumes of soil can be effectively treated. 
Longer residence time ensures complete destruction of the dioxins and furans in the 
system by pyrolysis and oxidation (Stegemeier and Vinegar 2001).

When comparing the in-situ and ex-situ technologies, it has been observed that 
the ex-situ process involves exposing the soil to high temperatures for a short time 
period, resulting in the production of off gases at high rates and temperatures 
whereby technologies such as GAC become expensive to be employed. Additionally, 
toxic dioxins and furans are generated and are not fully treated. The in-situ process 
eliminates the above mentioned lacunae as they have the ability to completely 
destroy (in-situ) and not generate dioxins and furans. Any dioxins and furans per-
sisting in the extracted vapours are efficiently eliminated in the AQC system. In-situ 
thermal desorption have proved to be more robust and effective relative to dioxins 
and furans treatments in comparison to ex-situ thermal desorption.

Catalytic Hydrogenation

Catalytic hydrogenation represents a convenient method for the destruction of chlo-
rinated wastes or the dehalogenation of aryl halides through the use of hydrogen gas 
over noble metal catalysts under mild conditions. The experimental simplicity, good 
yields and high purity of products of this technique have made it one of the most 
promising and innovative technologies for the disposal of toxic waste streams 
containing chlorinated organic compounds (Xia et al. 2009).

The process involves rapid and high conversion of dioxins and furans or toxic 
organic chloride in solutions consisting of an organic solvent and a base (usually 
NaOH) in the presence of carbon-supported noble metal catalysts under ambient 
conditions (Ukisu and Miyadera 2002). The chemistry that underlies the process 
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is based on the sorption of the dioxins and furans species in the solvent and the 
hydrogen particles onto the active site of the catalyst followed by the gradual 
substitution of the chlorine atoms in the dioxins and furans species by hydrogen. 
This process is also commonly known as detoxification. An almost chlorine-free 
product is normally yielded and hydrogen chloride (HCl) is generated as a by-
product. The organic solvents act as a reaction medium for the dissolution of 
dioxins and furans or chlorine compounds and represent a hydrogen donor which 
generates hydride species (H−) that displaces the chloride anions (Cl−). HCl pro-
duced during the reaction is adsorbed and accumulated onto the surface of the 
catalyst, eventually blocking its active site. The base is therefore added to the 
organic solvent to neutralize and eliminate HCl to minimize its inhibitory effects 
(Xia et al. 2003).

A wide variety of organic solvents may be employed, including alcohols (ethanol 
and isopropanol), alkanes (cyclohexane and n-heptane) and arenes (benzene, tolu-
ene, and pyridine) amongst others. A study on the catalytic hydrogenation of triclosan 
which has similar structures as dioxins and furans, by Xia et al. (2003), demon-
strated that the rate of dechlorination in the catalytic hydrogenation process generally 
decreases in order of alcohols > alkanes > arenes when used as solvents. This is 
explained by the electronic effect of the solvents whereby the donation of a lone pair 
of electron by the organic solvent triggers a strong chemical action on the catalyst 
surface. Alcohols such as isopropanol can provide a lone pair as well as act as a 
hydrogen donor, at high dechlorination rates.

Ukisu and Miyadera (2002) investigated the impact of several catalysts on the 
rate of dechlorination and compared the efficiency of palladium-carbon (Pd/C) 
and rhodium-carbon (Rh/C) catalysts. It was observed that milder conditions 
were required for Pd/C to achieve a dechlorination efficiency of greater than 
75 % at 23 °C as compared to Rh/C which yielded higher chlorine free species at 
a higher temperature of 35 °C. A change in temperature of the reaction affected 
the dechlorination yield substantially (Ghaffar and Tabata 2009). Normally, an 
increase in temperature increases the yield of the reaction while the reaction time 
is decreased. Typically, the use of Pd/C catalysts at a temperature of 50 °C under 
normal pressures may achieve a complete destruction of over 99 % of dioxins 
and furans (Xia et al. 2003). Nevertheless, noble metal catalysts are particularly 
susceptible to poisoning by a range of elements found in the contaminated spe-
cies. Nitrogen atoms, for instance, are notorious poisons for many catalytic pro-
cesses. Eventually, hydrogenation catalysts based on metal sulphides have been 
developed for PCBs destruction as they have proven to be robust and tolerant 
against catalyst poisoning (Rahuman et al. 2000). Aresta et al. (2008) proved that 
highly chlorinated dioxins and furans or chlorine compounds have a slower rate 
of dehalogenation as compared to those of low chlorinated compounds. Catalytic 
hydrogenation can be aptly used to detoxify soils, wastewater streams as well as 
fly ash or incinerator wastes that have been contaminated with dioxins and furans 
or toxic chlorine compounds such as PCBs. Furthermore, the separation and 
recovery of the catalyst is easily accomplished in such systems making them 
more effective.
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Vitrification

A newly developing technology that could be potentially used for the destruction 
dioxins and furans in contaminated soils is the in-situ vitrification method also known 
as Geomelt (Rae 2003). It has been widely used for contaminated site and waste treat-
ment, including mixed low-level radioactive wastes, PCBs, pesticides and a wide 
range of heavy metals. Thompson (2002) stated that this technology can be applied in 
several configurations ranging from deep subsurface in-situ treatment to above ground 
batch plants. Basically, vitrification involves the electric melting of contaminated soils 
and wastes that result in the destruction, removal or permanent immobilization of the 
hazardous species. The melting process is initiated by the passage of an electric 
current in the contaminated soil by means of graphite electrodes at relatively low volt-
age. As dry soil is a poor electrical conductor, the process also involves introducing a 
conductive path through a mixture of graphite and glass frite. Normally, square arrays 
of graphite electrodes are placed at regular distances in the soil. The voltage is regu-
lated to achieve the desired melt and the melting temperature typically ranges from 
1,400 to 12,000 °C depending on the materials being treated. The melt grows out-
wards and downwards until the power is switched off once the waste volume or con-
taminated zone has been treated. The melt is then allowed to cool.

Thompson (2002) explained that organic contaminants like PCBs and pesticides 
are destroyed by pyrolysis and dechlorination reactions at elevated temperatures 
in reducing conditions around the melt and that no organic residuals are left 
behind at the high temperatures involved. Indeed as verified by the Environmental 
Protection Agency, no PCB migration takes place from the zone of contamina-
tion into surrounding soils. It has been demonstrated that vitrification of organic 
species in the soil has attained typical destruction and removal efficiencies of 
99.99 %. Pollutants, such as heavy metals and radionuclide wastes that cannot be 
destroyed by heat are encapsulated within the glass and are permanently immo-
bilized in the resulting vitrified product, so that they cannot leach into the sur-
rounding soil or groundwater (Kulkarni et al. 2008). Any volatile components 
such as mercury or VOCs are captured by an off-gas treatment system. The vitri-
fied product consists of a mixture of glass and crystalline materials and resem-
bles volcanic obsidian. It is typically five to ten times stronger than concrete and 
is extremely leach resistant.

Two other configurations have been developed based on the conventional in-situ 
vitrification process, namely: the subsurface planar configuration and in-container 
vitrification, respectively. The subsurface planar configuration is used to treat sub-
surface contamination in-situ, including buried wastes or structures such as buried 
tanks. Two planar melts are normally formed and both grow horizontally attacking 
the wastes and structures from the sides (Thompson 2002). Contaminants located 
above the planar melts down into the melts during the treatment providing a bot-
toms- up type of treatment approach. In-container vitrification consists of treating 
the contaminated zone in batches or stages in refractory-lined steel containers. 
After each batch treatment, the melted waste is allowed to cool and solidify in the 
container prior to being discharged to a disposal site. Both extensions of the 
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vitrification technique are to be far more effective for waste treatment as compared 
to the conventional method. The in-container vitrification technique was effec-
tively applied in Japan, to treat an abandoned waste incinerator that was heavily 
contaminated with dioxins and furans and PCBs. High destruction and removal 
efficiencies were achieved and the technology has proven to be relatively simple 
and robust. In-situ vitrification therefore represents an essential alternative for the 
treatment of dioxins and furans.

APEG PLUS Technology

APEG PLUS technology is a successful technology used to detoxify soil, contami-
nated with dioxins and PCBs. This technology has been approved by Environmental 
Protection Agency’s Office of Toxic Substances. APEG is an alkoxide formed dur-
ing the reaction between alkali metal hydroxide (‘A’) and polyethylene glycol 
(PEG). The overall process reaction is known as glycolate dehalogenation. The gly-
colate dehalogenation process is achieved through five steps namely: preparation, 
reaction, separation, washing and dewatering. APEG hence stands for alkali 
polyethylene glycolate.

The preparation stage consists of sieving the excavated contaminated soil to 
remove any debris or large extraneous material. The sieved soil is then trans-
ferred to a reactor vessel where it is blended and heated up to 300 °F (United 
States Congress 1991) for several hours with APEG. During the reaction phase, 
chlorine atoms from halogenated aromatic compounds are removed to form 
products that are less harmful and safer in the environment. In particular, APEG 
reacts with the PCBs in a dimethyl sulphoxide carrier to form glycol ether and an 
alkali metal salt, which are both water soluble and relatively non-toxic. Vapour 
produced during the reaction, is condensed to water and gaseous contaminants. 
The water is reused in later process whereas the gaseous contaminants are pro-
cessed through activated carbon filter for safe emission. The contaminated carbon 
from filter is normally incinerated.

The product slurry leaving the reactor is further processed though a separator to 
remove any excess APEG reagent remaining which can be recycled back into the 
system. It then washed with recycling water from condenser, to remove the water 
soluble products (ether and metal salts). Finally, the soil is sent to a dewatering unit 
for oil and water separation. The resulting supernatant effluent from dewatering unit 
and washed water are treated prior to discharge. The clean soil obtained is tested to 
evaluate the contaminant concentration and will be transferred to initial location 
only if the concentration is within the required norms, or else it is recycled back to 
the system again.

APEG-PLUS process is a proven successful technology for treating PCBs to con-
centrations less than 2 milligram per kilogram (mg/kg) and dioxins to concentrations 
less than 1 microgram per kilogram (14 μg/kg) (United States Congress 1991). Other 
advantages of this technology include the low emission from treatment process and 
the mobility and self-containment of process equipment. In addition, emissions from 
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the treatment process are minimal. Since, the main products are in nontoxic water-
soluble forms, there is no need for incineration with subsequent air emissions.

In the past, critics claimed that such APEG technology was too costly for soil 
bioremediation According to hypothetical scenarios developed by Gilson 
Remediation Corp. and Environmental Protection Agency’s RREL, the costs 
incurred from APEG treatment is nearly $300 per ton of soil treated, with about 
two-thirds of this resulting from the purchase of reagents (United States Congress 
1991). However, there is significant advances to improve the process economy in 
terms reagent by employing water rather than costly reagent to wet the soil. In gen-
eral, APEG-PLUS processing costs ranged between $100 and $800 per ton for 
PCB-contaminated soil. However, this process costs may vary depending on factors 
such as the nature and volume of soil treated, characteristics of the site, and clean-up 
levels required (United States Congress 1991). Base-catalysed de-chlorination 
process is cheaper and faster than APEG. In addition, APEG is not an appropriate 
method to remediate soil contaminated with dioxins, while base-catalysed de- 
chlorination can be used to treat aqueous dioxin-contaminated soils (Haglund 
2007). Although, APEG technology is converting dioxins and furans to less harmful 
and safer form, the proven effectiveness of the technology for a particular site or 
waste does not ensure that it will be effective at all sites.

10.6  Conclusion

The occurrence, sources and transport of dioxins and furans into the environment 
with their associated adverse effects are major issues that give rise to concerns. 
Being highly stable compounds that persist in the environment, dioxins and furans 
are bound to lead to chronic widespread human exposure and have severe adverse 
impacts on the ecosystem. The most common and severe health problems include 
birth defects and impaired child development, cancer, endocrine disruption, endo-
metriosis, immune system damage, neurological damage and reproductive system 
damage amongst others. Among the various routes of occurrence of dioxins, incin-
eration, combustion processes and reservoirs are the major and important ones. 
Contamination of soils, sediments or groundwater with PCBs mostly originates 
from hazardous waste disposal sites, municipal landfills, accidental spills and inap-
propriate underground storage. Thus, due to high environmental concerns of POPs, 
attempts to avoid generation of dioxins have been made by the implementation of 
stringent regulations. For instance, high levels of contaminants such as dioxins ema-
nating from the production of substances such as pesticides were banned in an effort 
to lessen the adverse effects associated with the toxic emissions. Initiatives have 
also been taken by chemical plants wherein processes have been reviewed and 
altered thereby revealing significant reduction in the release of toxic pollutants. 
Among the various corrective techniques adopted, state-of art remediation technol-
ogies have also been developed for reducing dioxins and furans formation and emis-
sions. The main technologies that have been studied are summarised below.
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The selective catalytic reduction system can effectively reduce the PCDD/Fs 
emissions. The process, being a simple one, can be designed to meet almost any 
specific requirement like the installed catalyst volume. No residues, apart from a 
very small amount of spent catalyst, after several years, are formed and this can be 
also recycled. The electron beam flue gas treatment technology has been applied in 
the full industrial scale. This system contributes to the environmentally friendly use 
of lignite; thus ensuring global stability, as well as agricultural productivity via the 
fertilizer supply. The carbon adsorption removal technique remains one of the most 
commonly used technique. Researchers have been able to demonstrate that a high 
removal efficiency can be achieved using this removal techniques while at the same 
time monitoring the operating parameters such as temperature, particle size. 
Emphasis is also being laid on the research sector for innovative and efficient 
removal adsorption process. The most widely used the carbon adsorption technique 
is the entrained flow bed adsorption when compared to the other types of adsorp-
tion. As far as the innovative sector is concerned, the use of the dual filter bags and 
the multilayer been shaped offers a promising for the removal of dioxins and furans.

However, the use of this technology has been openly criticised in the past. This 
particular technology has proved to be very effective in terms to purifying the gas 
streams containing dioxins and furans. A relatively high removal efficiency can be 
easily achieved at low cost with activated carbon, yet it also has to be pointed out 
that, this technique can only can be considered as temporary solution to the dioxins 
and furans treatment, as the impurities present in the flue gas is only transferred 
from the gas phase to the solid phase. The disposal of residual solids in the long run 
can be a problem. Therefore, further research field could thus be explored to provide 
permanent treatment possibilities and limiting the effects of dioxins and furans on 
the environment. The use of plasma technology on the market for treatment of diox-
ins and furans is still limited when compared to other technology such as adsorption 
or remediation. It would appear that its relative high capital investment, complexity 
and energy usage contributes to its unpopularity. However, it has to be noted that 
this treatment offers the complete destruction of dioxins and furans and aims at 
recycling optimum products.

Supercritical water oxidation is a promising technology which allows for the 
efficient decontamination of organic wastes containing dioxins and furans. The 
supercritical water oxidation provides an added advantage in the sense that it does 
not produce any toxic byproduct while treating toxic wastes. The problems associ-
ated with the supercritical water oxidation process are mainly corrosion that might 
arise in the reactor vessels and in the case oxidants are used in the process the 
possible high cost of these oxidants. This process is highly efficient in the destruc-
tion of dioxins and furans. However little research exists on the applicability of 
mechanochemistry as a treatment option, more emphasis has been laid on the 
possible aggregates that could be used in the enhancement of the mechanochemical 
process efficiency. The disadvantage of this process lies in the prohibitive mainte-
nance and purchase cost of the equipment that are used.

Little research exists in the potential of the ultraviolet irradiation as a possible 
treatment option for dioxins and furans removal. However, ultraviolet irradiation 
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treatment technology remains a powerful and clean option. Studies have shown 
that Bioslurry can effectively be used in the remediation of soils and sludge which 
are contaminated with explosives, petroleum hydrocarbons, petrochemicals and 
pesticides. Furthermore, bioslurry has proved to be favorable over in-situ biologi-
cal techniques for soils which are heterogeneous and have low permeability. 
However, it should be noted that dewatering soil fines after treatment can be expen-
sive. Enhanced bioremediation can successfully be used in-situ to treat soils which 
are contaminated with pollutants such as petroleum hydrocarbons, pesticides and 
nitrotoluenes. Nevertheless, this technique is not suitable for low permeability soil 
and this technology is not effective at low temperatures. The environmental risk 
associated with this technology is that some POPs may be formed under anaerobic 
conditions. In addition, the mobilization of contaminants may affect surrounding 
environment (air and groundwater).

At present, the Solvated electron technology is a well-developed technology 
working at commercial scale. Furthermore, it has proved to be successful in reducing 
the level of dioxins and furans in soil. Nevertheless, the cost of this technology is 
still high compared with other technologies to treat POPs and the technology is 
available only through one provider, hence, limiting access to the market place. An 
extraction of 99.4 % of dioxins has been achieved with the subcritical water treat-
ment at a temperature of 350 °C within 30 min. However, it should be noted that this 
technique is less efficient at lower temperatures. Since, subcritical water treatment 
is still considered to be an innovative technology. Further studies need to be carried 
out in order to conclude that it can successfully be used for the reduction or removal 
of dioxins and furans.

Base-catalysed de-chlorination processes have demonstrated to be effective in the 
remediation of liquids, soils, sludge and sediments contaminated with chlorinated 
organic compounds most particularly dioxins and furans and PCBs, taking into 
account also the factors which may influence or interfere with the treatment effi-
ciency. It is an easily portable process and safely operated which employs off the 
shelf equipment and thus utilizing less space and less time consuming. Base- catalysed 
de-chlorination processes coupled with thermal desorption has also been proved to 
work effectively. Mechano-chemical dehalogenation could be a novel innovative ex-
situ dioxins remediation and decontamination process. The application of this par-
ticular technique can effectively and readily treat wastes containing wide range of 
organic pollutants in one step only, reducing the need of waste handling with its risks 
associated with it. Operating at low temperatures has the advantage of decreasing the 
potential for dioxins and other toxic organic formation as wells as increasing safety 
and reducing energy consumption. Soil washing processes possess potential as reme-
diation method for a wide range of soils. It is an effective, efficient and fast treatment 
technology. Nevertheless, although it can be applied to a limited quantity of soils, it 
also offers the potential for application to soils contaminated with organic and inor-
ganic contaminants, radionuclides and heavy metals.

The Fenton reaction has demonstrated to rapidly degrade many organics via 
hydroxyl radicals. However, optimal conditions for Fenton oxidation should clearly 
be determined. Such type of chemical treatment is typically cost effective, not 
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energy intensive and can be easily completed in short periods of time with relatively 
small amount of energy utilization. The application of photolytic techniques for the 
removal of dioxins and furans from soil and sediments is economical but its effec-
tiveness relies on the availability of the sun for photodegradation. The selection of 
appropriate organic solvents and the irradiation time are equally essential parame-
ters that affect the efficiency of the process. In-situ photolysis, nevertheless, repre-
sents an important process to render toxic dioxins and furans innocuous. Thermal 
desorption has proved to be an effective in-situ treatment technology that ensures 
complete destruction of dioxins and furans and prevent their formation during the 
destruction process. Although the ex-situ process is common, the latter causes more 
pollution through formation of dioxins and furans of high TEF. Research has dem-
onstrated that the in-situ thermal desorption technology is gradually gaining impe-
tus as compared to the conventional process due to its high treatment efficiency.

The potential of destroying toxic chlorinated compounds in fly ash, organic 
wastes, contaminated soil sediments and wastewater streams by catalytic hydroge-
nation has been recognized for many years. Further research and development have 
shown that this technology can be effectively used to treat dioxins and furans using 
Pd/C catalysts under mild conditions or it may be coupled with other removal tech-
niques such as thermal desorption. The yield and rate of the reaction are dependent 
on the selection of an appropriate organic solvent, catalyst, the reaction temperature 
and the number of chlorine atoms in the contaminant species.

In-situ vitrification is an interesting developing technology that could treat soils 
contaminated with dioxins and furans. Its ability to heat and melt contaminants at 
very high temperatures and allowing them to cool to form glass is an asset to trap 
any toxic pollutant within the glass to prevent them from leaching the soil. The high 
temperatures involved are excellent means to ensure complete destruction of diox-
ins and furans. The two emerging techniques subsurface planar configuration and 
in-container vitrification have proven to be more effective than the conventional 
method and could further be investigated for the removal of dioxins and furans. 
APEG-PLUS is able to detoxify materials containing dioxin and PCBs. It has been 
tested in a number of sites, but it is still viewed as a highly experimental technology. 
APEG was highly efficient under laboratory conditions and more work is still 
required in the field.

Based on critical analysis made for the different remedial techniques discussed, 
it can be inferred that the technology to be used is governed by various essential 
factors. dioxins and furans sources, control measures and the potential impact of the 
remedial technique are determining factors for the choice of remediation strategy 
which should be economical, yet effective. Techniques of dioxin reduction such as 
selective catalytic removal of dioxins and furans, supercritical water oxidation, pho-
tolytic degradation, vitrification, mechanochemical processes and bioremediation 
seem to have high potential and more emphasis should be laid for more research for 
new approaches and development of sustainable remedial technologies.
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