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   Series Preface   

 The ISEKI-Food book series was originally planned to consist of six volumes of 
texts suitable for food science students and professionals interested in food safety 
and environmental issues related to sustainability of the food chain and the well-
being of the consumer. As the work progressed, it soon became apparent that the 
interest in and need for texts of this type exceeded the topics covered by the fi rst six 
volumes published by Springer in 2006–2009. The series originated in work con-
ducted by the European thematic network ISEKI-Food   , an acronym for “integrating 
safety and environmental knowledge into food studies.” Participants in the ISEKI-
Food network come from most countries in Europe, and most of the institutes and 
universities involved with food science education at the university level are repre-
sented. Some international companies and nonteaching institutions have also partici-
pated in the program. The network was expanded in 2008 with the ISEKI_Mundus 
program, with 37 partners from 23 countries outside Europe joining the consortium, 
and it continues to grow, with approximately 200 partner institutions from 50 coun-
tries from all over the world in 2011. Both networks are coordinated by Prof. Cristina 
Silva at the Catholic University of Portugal, College of Biotechnology (Escola), in 
Porto. The program has a Web site at https://www.iseki-food.eu/drupal/. The main 
objectives of ISEKI-Food have been to improve the harmonization of studies in food 
science and engineering in Europe and to develop and adapt food science curricula, 
emphasizing the inclusion of safety and environmental topics. The program has been 
further expanded into the ISEKI Food Association (IFA)    (https://www.iseki-food.
net/), an independent organization devoted to the objectives of the ISEKI consor-
tium to further the safety and sustainability of the food chain through education. 

 The ISEKI-Food book series is now continued with several new volumes to be 
published soon. The seventh volume in the series will be  Novel Technologies in 
Food Science: Their Impact on Products, Consumer Trends and The Environment , 
edited by Anna McElhatton and Paulo Sobral. The book is intended for food scien-
tists and engineers and readers interested in the new and emerging food processing 
technologies that are intended to provide foods that are safe, but maintain most of 
their original freshness. All 16 chapters are written from a safety and environmental 
standpoint with respect to the emerging technologies. Volume eight in the series 
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will be  Food Processing , a textbook edited by Kristberg Kristbergsson and Semih 
Ötles, intended for senior undergraduate students and junior graduate students, pro-
viding a comprehensive introduction to food processing. The book should also be 
useful to professionals and scientists interested in food processing from both the 
equipment and the process approach as well as in the physicochemical aspect of 
food processing. The book will contain fi ve sections, starting with chapters on the 
basic principles and physicochemical properties of foods, followed by sections with 
chapters on conversion operations, preservation operations, and food processing 
operations, with separate chapters on most common food commodities. The fi nal 
section will be devoted to postprocessing operations. The ninth volume,  Applied 
Statistics for Food Technology and Biotechnology , edited by Gerhard Schleining, 
Peter Ho, and Saverio Mannino, is intended for graduate students and industry per-
sonnel who need a guide for setting up experiments so that the results will be statis-
tically valid. The book will provide numerous samples and case studies on how to 
use statistics in food and biotechnology research and testing. It will contain chapters 
on data collection, data analysis and presentation, handling of multivariate data, 
statistical process control, and experimental design. 

 Followed by these professional-oriented texts, there will be a trilogy on tradi-
tional foods that will be written for food science professionals as well as for the 
interested general public. The trilogy will be volumes 10, 11, and 12 in the ISEKI-
Food book series and will be in line with the recent internationalization of the ISEKI 
consortium and will offer more than 140 chapters dedicated to different traditional 
foods from more than 40 countries all over the world. The trilogy will start with a 
text offering general descriptions of different traditional foods and topics related to 
consumers and sensory aspects. Volume 10 will be entitled  Traditional Foods; 
General and Consumer Aspects , edited by Kristberg Kristbergsson and Jorge 
Oliveira. The second book in the trilogy will be  Modernization of Traditional Food 
Processes and Products , edited by Anna McElhatton, Paulo Sobral, Mustapha 
Missbah El Idrissi, and Ferruh Erdogdu. The chapters will be devoted to recent 
changes and modernizations that have been made in the processing of specifi c tra-
ditional foods, focusing on the processing and engineering aspects of the processes. 
Finally,  Functional Properties of Traditional Foods  will be devoted to functional 
and biochemical aspects of traditional foods and the benefi cial effects of bioactive 
components that may be found in some traditional foods. 

 The ISEKI-Food book series draws on expertise form universities and research 
institutions all over the world, and we sincerely hope that it may offer interesting 
topics to students, researchers, professionals, and the general public. 

 Kristberg Kristbergsson   
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   Series Preface to Volumes 1–6   

 The single most important task of food scientists and the food industry as a whole is to 
ensure the safety of foods supplied to consumers. Recent trends in global food produc-
tion, distribution, and preparation call for increased emphasis on hygienic practices at 
all levels and for increased research in food safety in order to ensure a safer global food 
supply. The ISEKI-Food book series is a collection of books where various aspects of 
food safety and environmental issues are introduced and reviewed by scientists spe-
cializing in the fi eld. In all of the books special emphasis was placed on including case 
studies applicable to each specifi c topic. The books are intended for graduate students 
and senior undergraduate students as well as professionals and researchers interested 
in food safety and environmental issues applicable to food safety. 

 The idea and planning of the books originates from two working groups in the 
European thematic network ISEKI-Food, an acronym for “integrating safety and 
environmental knowledge into food studies.” Participants in the ISEKI-Food net-
work come from 29 countries in Europe, and most of the institutes and universities 
involved with food science education at the university level are represented. Some 
international companies and nonteaching institutions have also participated in the 
program. The ISEKI-Food network is coordinated by Prof. Cristina Silva at the 
Catholic University of Portugal, College of Biotechnology (Escola), in Porto. The 
program has a Web site at http://www.esb.ucp.pt/iseki/. The main objectives of 
ISEKI-Food have been to improve the harmonization of studies in food science and 
engineering in Europe and to develop and adapt food science curricula, emphasiz-
ing the inclusion of safety and environmental topics. The ISEKI-Food network 
started on October 1, 2002, and has recently been approved for funding by the 
EU for renewal as ISEKI-Food 2 for another 3 years. ISEKI    has its roots in an 
EU-funded network formed in 1998 called Food Net, where the emphasis was on cast-
ing a light on the different food science programs available at the various universities 
and technical institutions throughout Europe. The work of the ISEKI-Food network 
was organized into fi ve different working groups with specifi c tasks all aiming to 
fulfi ll the main objectives of the network. 

 The fi rst four volumes in the ISEKI-Food book series come from WG2 coordi-
nated by Gerhard Schleining at Boku University in Austria and Kristberg Kristbergsson. 
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The main task of WG2 was to develop and collect materials and methods for teaching 
safety and environmental topics in the food science and engineering curricula. 
The fi rst volume is devoted to food safety in general, with a practical and a case-
study approach. The book is composed of 14 chapters which were organized into 
three sections on preservation and protection, benefi ts and risk of microorganisms, 
and process safety. All of these issues have received high public interest in recent 
years and will continue to be in the focus of consumers and regulatory personnel for 
years to come. The second volume in the series is devoted to the control of air pol-
lution and treatment of odors in the food industry. The book is divided into eight 
chapters devoted to defi ning the problem, recent advances in analysis, and methods 
for prevention and treatment of odors. The topic should be of special interest to 
industry personnel and researchers owing to recent and upcoming regulations by the 
EU on air pollution from food processes. Other countries will likely follow suit with 
more stricter    regulations on the level of odors permitted to enter the environment 
from food processing operations. The third volume in the series is devoted to utili-
zation and treatment of waste in the food industry. Emphasis is placed on sustain-
ability of food sources and how waste can be turned into by-products rather than 
pollution or landfi lls. The book is composed of 15 chapters, starting with an intro-
duction to problems related to the treatment of waste, and an introduction to the ISO 
14001 standard used for improving and maintaining environmental management 
systems. The book then continues to describe the treatment and utilization of both 
liquid and solid waste, with case studies from many different food processes. The 
last book from WG2 is on predictive modeling and risk assessment in food products 
and processes. Mathematical modeling of heat and mass transfer as well as reaction 
kinetics is introduced. This is followed by a discussion of the stoichiometry of 
migration in food packaging, as well as the fate of antibiotics and environmental 
pollutants in the food chain using mathematical modeling and case study samples 
for clarifi cation. 

 Volumes fi ve and six come from work in WG5 coordinated by Margarida Vieira 
at the University of Algarve in Portugal and Roland Verhé at Ghent University in 
Belgium. The main objective of the group was to collect and develop materials for 
teaching food-safety-related topics at the laboratory and pilot plant level using prac-
tical experimentation. Volume fi ve is a practical guide to experiments in unit opera-
tions and processing of foods. It is composed of 20 concise chapters each describing 
different food processing experiments, outlining theory, equipment, and procedures, 
and containing applicable calculations and questions for students or trainees, fol-
lowed by references. The book is intended to be a practical guide for the teaching of 
food processing and engineering principles. The fi nal volume in the ISEKI-Food 
book series is a collection of case studies in food safety and environmental health. 
It is intended to be a reference for introducing case studies into traditional lecture-
based safety courses as well as being a basis for problem-based learning. The book 
consists of 13 chapters containing case studies that may be used, individually or in 
a series, to discuss a range of food safety issues. For convenience the book was 
divided into three main sections, with the fi rst devoted to case studies in a more 
general framework with a number of specifi c issues in safety and health ranging 
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from acrylamide and nitrates to botulism and listeriosis. The second section is 
devoted to some well-known outbreaks related to food intake in different countries. 
The fi nal section of the book considers food safety from the perspective of the 
researcher. Cases are based around experimental data and examine the importance 
of experimental planning, design, and analysis. 

 The ISEKI-Food book series draws on expertise from close to 100 universities 
and research institutions all over Europe. It is the hope of the authors, editors, coor-
dinators, and participants in the ISEKI-Food network that the books will be useful 
to students and colleagues to further their understanding of food safety and environ-
mental issues. 

 Kristberg Kristbergsson   
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   Preface   

  Novel Technologies in Food Science: Their Impact on Products, Consumer Trends 
and the Environment  is the seventh volume of the ISEKI-Food book series. This 
book describes how novel food technologies are connected to the production of 
foods and how the products and processes impinge on our daily lives. Topics include 
waste and waste management, hazard analysis and critical control points, safety 
considerations in the use of nutraceuticals and functional foods, and the use and 
development of green(er) technologies to produce novel products. Consumers’ 
selection and behavior towards products placed on the market have also been con-
sidered in this book to emphasize the fact that products must be both safe and shown 
to be of good quality. 

 The issues addressed in this book were selected to showcase situations that are 
encountered in modern food production. The book seeks to inform readers about 
both the issues and the means used to address them. The major themes running 
through all the chapters are the search for quality processes that are sustainable and 
the search for processes and products that the consumers would feel most comfort-
able using. Furthermore, if products are to succeed in a highly volatile and competi-
tive market, they must most certainly appeal to the end users. 

 Like the other books in the series, this volume has chapters written by scientists 
specializing in the fi eld. This book is intended for graduate students and senior 
undergraduate students as well as professionals and researchers interested in both 
food and environmental issues applicable to sustainable food production. 

 Anna McElhatton     
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  Environmental Aspects         
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Integrating Food Science and Engineering Knowledge Into the Food Chain 7, 
DOI 10.1007/978-1-4419-7880-6_1, © Springer Science+Business Media, LLC 2012

           1.1   Introduction 

 The management of waste as been an issue that has affected societies, where people 
have lived in organized and in suffi cient numbers to cause stress to local resources. 
In the past, in most countries, and presently in poorer countries, domestic and indus-
trial waste could be dealt with by removal to nonengineered dumps, where it could 
be buried, eaten by animals, and burned. Progress taking the form of increased 
fi nancial and technical complexity has led to increased pressure on the environment. 
Progress has also been the catalyst for signifi cant increase in awareness of environ-
mental issues at both national and international levels which has led to the develop-
ment of waste management policy and practice in industrialized countries, mostly 
in the second half of the twentieth century. These policies were intended to safe-
guard both public and occupational health and to ensure that environmental 
resources are used rationally. Indeed, waste management policies have evolved to 
take on board the social, economic, and environmental dimensions of sustainable 
development (Strange  2002  ).   

 Waste comes in many different forms, from many different sources, and is dis-
charged in many different ways. The common end result is this: material that is no 
longer of use is set aside or otherwise ends up in the natural environment and affects 
the general quality of life. Some sources of waste can be measured, but the impact 
on the environment is less easily quantifi ed. Two signifi cant sources of waste gen-
eration are  municipal solid waste  and  hazardous waste  from industrial sources 
(Calvert-Henderson  2006  ).  

 Waste is directly linked to human development, both technologically and 
socially. The composition of different wastes has varied over time and with location, 

    A.   McElhatton   (*) •     A.   Pizzuto  
     University of Malta ,   Msida   MSD2090 ,  Malta    
e-mails:  anna.mcelhatton@um.edu.mt  ;   anton.pizzuto@gmail.com   

    Chapter 1   
 Waste and Its Rational Management       

       Anna   McElhatton       and    Anton   Pizzuto        
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with industrial development and innovation being directly associated with the 
 quantity and type of waste materials generated. Examples of this include plastics 
and nuclear technology. 

 In the EU, every year, some two billion metric tons    of waste – including hazardous 
waste – is produced in the member states, and this fi gure is rising steadily (European 
Institutions     2010  ) . Furthermore, 2006 data from EUROSTAT show that there is a 
great variation in the generation of waste per inhabitant across the EU (Fig.  1.1 ).  

 The US environmental protection agency (EPA) reports waste generated per 
capita in a somewhat different manner. The EPA reports categories of waste and is 
not obliged to publish overall generated waste statistics; indeed most data are found 
published in a sectorial fashion. In 2008 alone, 249.6 million tons of municipal solid 
waste was generated, of which 82.9 million tons (33.2%) was recovered (EPA 
 2008  ) . 

 Hazardous wastes are somewhat more complicated to defi ne and quantify (EPA 
 2008b  ) . The EPA has a classifi cation scheme that categorizes waste according to 
source and type of material or product and has a specifi c process of identifi cation 
based on principles drafted and implemented as a consequence of the Resource 
Conservation and Recovery Act, an amendment to the Solid Waste Disposal Act, 
that was enacted in 1976 to address the general waste issue that was, as in other 
developed societies, growing in the USA (EPA  2009  ).  

 The developed economies such as the US and European economies are based on 
a high level of resource consumption. This includes raw materials (such as metals, 
construction minerals, and wood), energy, and land. The main driving forces of 
Europe’s resource consumption are economic growth, technological developments, 
and changing consumption and production patterns. About one third of resources 
used are turned into waste and emissions. Around 4 tons of waste per capita is 

  Fig. 1.1    Total waste generation per inhabitant in 2006 (kilograms per inhabitant)       
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generated every year in the EEA member countries. Every European citizen, on 
average, throws away 520 kg of household waste per year, and this fi gure is expected 
to increase. 

 In the EU-15, use of materials has changed little over the past two decades, and 
remains at about 14.8–15.8 tons per capita per year. However, this number differs 
considerably from country to country, from some 11.8 tons per capita in Italy to 
37.4 tons per capita in Finland. Construction materials have the largest share in this, 
followed by fossil fuels and biomass. Effi ciency of resource use is several times 
higher in the EU-15 than in the new EU member states or the countries of southeast-
ern Europe. Projections to 2020 indicate that resource use in the EU will continue 
to increase. Resource use is also increasing in other regions of the world. This is 
partly due to increased consumption of goods and services in Europe, often based 
on resources extracted from these other regions (EEA  2010  ).  

 The alternative scenario is either prevent the production of such waste or reintro-
duce it into the product cycle through recycling of component parts using ecologi-
cally friendly and economically viable processes (European Institutions  2010  ).  

    1.1.1   What Is Waste? 

 Waste is sometimes a subjective concept, because items that some people discard 
may have value to others. It is widely recognized that waste materials are a valuable 
resource, whereas there is debate as to how this value is best exploited and 
managed. 

 Waste includes all items that people no longer have any use for, which they 
either intend to get rid of or have already discarded. Additionally, wastes are such 
items which people are obliged to discard because legislation has categorized 
them as hazardous. Many items can be considered waste, from household rubbish, 
sewage sludge, wastes from manufacturing activities, packaging items, discarded 
cars, old televisions, garden waste, and old paint to containers, etc. All our daily 
activities can effectively be a source of different wastes arising from different 
sources. 

 Over 1.8 billion tons of waste is generated each year in Europe, which may be 
expressed as 3.5 tons per person and which is mainly made up of waste coming from 
households, commercial activities (e.g., shops, restaurants, hospitals), industry (e.g., 
pharmaceutical companies, clothes manufacturers), agriculture (e.g., slurry), con-
struction and demolition projects, mining and quarrying activities, and the genera-
tion of energy. With such vast quantities of waste being produced, it is of vital 
importance that it is managed in such a way that it does not cause any harm to either 
human health or the environment (Eionet  2010  ) . 

 Waste and its management are governed by a series of defi nitions intended to 
describe the process. Waste may therefore be defi ned as any substance or object 
which the holder discards or intends or is required to discard. Waste management is 
considered as the collection, transport, recovery, treatment, and disposal of waste. 
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The term also encompasses the supervision of such operations and the aftercare of 
disposal sites; these processes also include actions taken as a dealer or broker. 
Prevention may be considered as those measures taken before a substance, material, 
or product has become waste. Recovery is defi ned as any operation of which the 
principal outcome is that the material retrieved from the waste serves a useful pur-
pose. Recycling is any recovery operation by which waste materials are reprocessed 
into products, materials, or substances whether for the original or other purposes. 
(European Parliament  2008  ).   

    1.1.2   Types of Waste 

 There are numerous defi nitions available for what constitutes waste, and also many 
classifi cations that attempt to segregate and categorize waste materials, the most 
common of which is based on classifi cation according to the source of the waste 
materials. Thus, one may say that there are agricultural, industrial, civic amenity, 
household, commercial, and sewage wastes (Read et al.  1998  ) . 

 Waste with a chemical composition or other property that makes it capable of 
causing illness, death, or harm to humans and other life forms when mismanaged 
or released into the environment is termed “hazardous waste.” Uncontrolled dump-
ing of wastes, including hazardous industrial wastes, was commonplace in history. 
To combat this habit, the European Commission issued a directive (91/689/EEC) 
on the controlled management of such waste which contained a defi nition for haz-
ardous waste based on a listing of materials called the List of Wastes, formerly 
known as the European Waste Catalogue, drawn up under that directive (Eionet 
 2009  ) . The  Global Waste Management Market Report 2007  states that rapid 
increase in the volume and types of solid and hazardous waste as a result of con-
tinuous economic growth, urbanization, and industrialization is becoming a huge 
problem for national and local governments to ensure effective and sustainable 
management of waste. 

 Waste is produced by all activities of industry and commerce, with important 
waste streams including construction/demolition, mining, quarrying, manufactur-
ing, and municipal waste (Fig.  1.2 ).  

 Municipal solid waste is the most widespread waste stream and is produced by 
millions of people. It requires major fi nancial and logistical resources to collect it, 
recycle it, and arrange fi nal disposal. Industrial waste generally has a greater ton-
nage than municipal solid waste, but its management is the responsibility of rela-
tively small and specifi c sectors of society. Environmentally acceptable waste 
management practices are essential if damaging consequences are to be avoided, 
such as those due to toxic/hazardous waste, greenhouse-gas emissions, water pollu-
tion, air pollution, and noise/visual impact (of recycling/waste disposal facilities). 
Incinerators provide an effective means of reducing the bulk of municipal waste, but 
it is important that they do not emit harmful gases, compounds, and particles. 
(UNEP  2009  ).  
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    1.1.2.1   Liquid 

 Liquid waste includes any liquid material that has been generated and or modifi ed 
as a consequence of human activity. Wastewater consists of liquid waste discharged 
by domestic residences, commercial properties, industry, and/or agriculture and can 
include a wide range of potential contaminants and concentrations from a variety of 
sources. This term is commonly taken to mean the municipal wastewater that is 
generated through the mixing of wastewaters from different sources. On the other 
hand, sewage is specifi cally a type of wastewater that is contaminated with feces or 
urine, but the term is often used to mean any wastewater. Sewage may also be con-
sidered as any wastewater which includes domestic, municipal, or industrial liquid 
waste products that require removal, through the use of a physical infrastructure 
consisting of pipes, pumps, screens, channels, etc., to treatment facilities. European 
legislation such as Council Directive 91/271/EEC of 21 May 1991 deals specifi -
cally with the requirements for urban wastewater treatment. Over the years this has 
led to improved general water quality as a consequence of lesser quantities of 
 components that promote eutrophication of waters and its adverse effect on the 
environment (EEA  2005  ) .  

    1.1.2.2   Solid Waste 

 Solid waste may be considered as all discarded material that is not water-based. 
This material may originate from various sources, but generally municipal solid 
waste is the major contributor.  

  Fig. 1.2    Generation of waste by source, EU-27, 2004 (million tonnes)       
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    1.1.2.3   Industrial Waste 

 Industrial waste includes all the by-product material that is generated through man-
ufacturing and processing activities. Whether or not the materials are considered 
hazardous depends on the waste material composition and the legislation governing 
this form of waste.  

    1.1.2.4   Municipal Waste 

 Increased levels of municipal solid waste may not have the catastrophic potential of 
either global warming or stratospheric ozone depletion, but they have long posed 
threats to environmental quality and human health that are reasonably well under-
stood and typically of great local and immediate concern. Huge quantities of munic-
ipal solid waste are being generated around the world. Although much of it is 
collected and disposed of through controlled incineration or burial in sanitary land-
fi lls, a good deal of the rest continues to be burned in the open or dumped haphaz-
ardly, especially in developing countries. Such practices are putting increasing 
pressure on land, air, and water quality, and posing threats to human health that will 
be exacerbated by projected increases in total waste generation (Beede and Bloom 
 1995  ) .  

    1.1.2.5   Household Waste 

 “Household waste” is at best a very vague term. The reason for this is that most 
households utilize a wide variety of substances as a direct consequence of the varied 
activities that occur in homes. Many hazardous and nonhazardous materials from 
the kitchen, laundry, garage, and garden shed can be identifi ed as potentially haz-
ardous to human health and safety and/or the environment. Household hazardous 
materials are products that are likely to be poisonous (toxic), corrosive, fl ammable, 
explosive, and reactive. Paints, pesticides, waste oils, cleaners, solvents, pool chem-
icals, drain cleaners, degreasers and other car care products, batteries, and polishes 
are all examples of household materials that could be hazardous if stored, used, or 
disposed of improperly. The used containers and leftover contents of such consumer 
products are known as household hazardous wastes. Such waste, if carelessly man-
aged, can result in risks to human health and the environment. In the same way that 
the products should be used carefully, it is extremely important for everyone to 
manage these hazardous wastes in a responsible manner to minimize the risks.  

    1.1.2.6   Sources of Waste and Its Classifi cation 

 Municipal waste is part of the total waste stream; it consists of waste collected by or 
on behalf of municipal authorities and disposed of through the waste management 
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system. Waste generated by households is an important part of municipal waste, but 
 depending on the national waste management system, it can also include part of the 
waste generated by commerce, offi ces, and public institutions. Wastes which are 
considered particularly dangerous for humans and the environment have been clas-
sifi ed as hazardous waste. Specifi c rules are established for the collection, handling, 
and recycling of this type of waste (Schäfer  2008  ) .    

    1.2   How Is Waste Managed 

 Waste management has evolved from primitive origins through the development of 
open dumps in ancient Rome to the sophisticated collection and disposal systems 
that are in use today. Waste management is the collection, transport, processing, 
recycling or disposal, and monitoring of waste materials. The term usually relates to 
materials produced by human activity, and waste management is generally under-
taken to reduce their effect on health, the environment, or aesthetics. Waste manage-
ment is also performed to recover resources. Waste management can involve solid, 
liquid, gaseous, or radioactive substances, with different methods and fi elds of 
expertise for each. 

 Waste management practices differ for developed and developing nations, for 
urban and rural areas, and for residential and industrial producers. Management of 
nonhazardous residential and institutional waste in metropolitan areas is usually the 
responsibility of local government authorities, whereas management of nonhazard-
ous commercial and industrial waste is usually the responsibility of the generator. 

 There are a number of different options available for the treatment and manage-
ment of waste, including prevention, minimization, reuse, recycling, energy recov-
ery, and disposal. Under EU policy, land fi lling is seen as the last resort and should 
only be used when all the other options have been exhausted, i.e., only material that 
cannot be prevented, reused, recycled, or otherwise treated should be landfi lled. 
(Eionet  2010  ).   

    1.3   An Overview of Means of Disposal 

    1.3.1   Recycling 

 Recycling is the reprocessing of materials into new products. Recycling prevents 
useful material resources from being wasted, reduces the consumption of raw 
 materials, and reduces energy usage and, therefore, greenhouse-gas emissions. 
Recycling reduces the volume of garbage that is sent for disposal (Misra et al.  2006  ) . 
Waste materials that can be recycled include newspapers, cardboard, plastic, alumi-
num, steel, glass, and polystyrene, to name just a few items. To have a successful 
recycling program it is necessary to collect the recyclable component of municipal 
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solid waste, separate the materials by type (before or after collection), process the 
materials into a reusable form, and purchase and use the goods made from 
 reprocessed materials. Obviously, separation of the recyclable fraction of the waste 
disposed of has to be conducted under stringent cost and quality standards to make 
the process attractive  ( Nemerow et al.  2009  ) .  

    1.3.2   Landfi lls 

 Since time immemorial human settlements and communities have discarded their 
waste in dumps and landfi lls, usually some distance away from the living quarters. 
This method of “waste management” is both easy and inexpensive, especially where 
land is available. However, limitations in available areas for landfi ll purposes have 
led waste managers to look more closely and modify land fi lling practices. Despite 
the efforts of modern waste management practices such as the introduction of low-
waste technology, the increase in recycling capabilities, and the implementation of 
incineration, some of the waste produced has to be disposed of in landfi lls. Initially, 
landfi lls consisted of a hole or geographical depression where all kinds of mixed 
waste were dumped. However, with the realization that there were inherent dangers 
to health resulting from leachates contaminating water tables, obnoxious fumes 
emanating from organic decomposition and spontaneous burning, and the prolifera-
tion of vermin, it soon became imperative to modify land fi lling practices. 

 Landfi lls may be placed into three main categories: the inert landfi lls, the sani-
tary landfi lls, and the mono landfi lls. The inert landfi lls are used primarily for the 
deposit of construction and demolition waste and other carefully screened inert 
materials. 

 Sanitary or engineered landfi lls make use of a sophisticated lining system with 
long-term reliability. For this reason, as a minimum, four basic conditions should be 
met by any site design and operation before it can be regarded as a sanitary 
landfi ll:

    1.     Full or partial hydrogeological isolation : If a site cannot be located on land 
which naturally contains leachate security, additional lining materials should be 
brought to the site to reduce leakage from the base of the site (leachate) and help 
reduce contamination of groundwater and surrounding soil. If a liner – soil or 
synthetic – is provided without a system of leachate collection, all leachate will 
eventually reach the surrounding environment. Leachate collection and treat-
ment must be stressed as a basic requirement.  

    2.     Formal engineering preparations : Designs should be developed from local geo-
logical and hydrogeological investigations. A waste disposal plan and a fi nal 
restoration plan should also be developed.  

    3.     Permanent control:  Trained staff should be based at the landfi ll to supervise site 
preparation and construction, the depositing of waste, and the regular operation 
and maintenance.  
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    4.     Planned waste emplacement and covering:  Waste should be spread in layers and 
compacted. A small working area which is covered daily helps make the waste 
less accessible to pests and vermin.     

 Mono landfi lls are those facilities usually reserved for waste from industry; they 
include waste of one separated waste stream only. This restriction makes such a 
structuring easier to design, monitor, and maintain. If the need arises to move or 
“mine” the contents, knowing the characteristics of that one type of waste makes the 
operation that much simpler and potentially safer. 

 In Germany and Austria and other European countries, landfi ll bans on biode-
gradable and recyclable wastes have been implemented to encourage more waste 
separation, leading to more composting and recycling. One of the most successful 
stories of landfi ll bans is that in Germany, which had 50,000 uncontrolled landfi lls 
in 1972, but in 2007 had only about 120 pretreated waste landfi lls thanks to legisla-
tion passed in 1996 (Weimer  2007  ).  

 In England and Wales, there are no fewer than 461 offi cial landfi lls. Of these, 
24 are for hazardous waste 265 for nonhazardous waste, and 172 for inert waste; 
there are also 254 licensed landfi lls in Scotland (Anon  2010  ) . 

 The environmental impact of landfi lls is such that in April 1999 The EU issued 
Council Directive 1999/31/EC on the landfi ll of waste. 

 The landfi ll impact on the environment can be summarized as follows:

    1.    Total destruction of fl ora and fauna in the area.  
    2.    Risk of underground water pollution caused by leaching.  
    3.    Risk of underground water pollution caused by runoff after rainfall.  
    4.    Production biogas, which could be explosive.  
    5.    Production of toxic gases as a result of spontaneous/combustion.  
    6.    Odors, particulate matter, and scattering of light waste caused by wind.  
    7.    Proliferation of rodents and insects.     

 The directive’s overall aim is “to impede or diminish as far as possible negative 
effect that landfi lls have on the general environment with special emphasis on con-
tamination and pollution of surface water, groundwater, soil and air. The directive 
also encompasses effects on the global environment including the greenhouse effect 
and any other risk to human health that arise from the land fi lling of waste during 
the whole life cycle of the landfi ll”    (DEFRA  2009  ) .  

    1.3.3   Thermal Technologies 

 When considering the appropriate technology to employ to treat a specifi c type of 
waste, the fi rst step is to determine whether the waste is hazardous or if it is simply 
a solid waste. The technologies employed to manage hazardous and solid wastes fall 
into four general categories: thermal treatment, biological treatment, physical/
chemical treatment, and methods for containment/disposal. The effectiveness of the 
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application of each of these technology groups to a specifi c type of waste differs 
depending on the type of waste, the concentration and mixture of individual compo-
nents of the waste, the physical phase (solid or liquid) of the material, the medium 
(if any) in which the waste is contained, the desired level of treatment, and the fi nal 
method of disposal of any remaining residue. Another consideration in selecting a 
treatment technology is where the wastes are to be treated. Wastes may be treated in 
place (in situ), within the confi nes of the site, or at a facility off-site (ex situ). The 
fi nal major consideration is whether the waste is being treated as a virtually homo-
geneous stream emanating directly from a manufacturing process or is being 
removed from an earlier disposal site for additional treatment. 

 Other than the application of the traditional containment methods (land fi lling 
and capping), use of some type of thermal process has, until recently, been the most 
common form of treatment for hazardous wastes. Thermal treatments have lost 
some popularity recently because of the threat of emissions from incomplete com-
bustion. Except for vitrifi cation, thermal technologies are ex situ processes, requir-
ing the wastes to be transported to the processing unit. 

    1.3.3.1   Incineration 

 When most people think of thermal treatment, they think of incineration, which may 
be defi ned as the burning of substances by controlled fl ame in an enclosed area. 
Incineration detoxifi es hazardous wastes by destroying organic compounds, reduces 
the volume of the wastes, and converts liquid wastes to solids by vaporizing any 
fl uids present in the wastes. Incinerators have been extremely capable of destroying 
organic compounds in waste. Removal effi ciencies as high as 99.9999% have rou-
tinely been achieved (this is often referred to as the “six-9’s” treatment level). 

 Incinerators can be designed to handle wastes in any physical state and have 
proven effective in treating solids, liquids, sludges, slurries, and gases. The effec-
tiveness of an incinerator depends on three factors:

    1.    Temperature of the combustion chamber.  
    2.    Residence time of the material in the chamber.  
    3.    Amount of mixing of the material with air while the material is in the chamber.     

 Normal combustion temperatures range between 900 and 1,500°C, and in some 
instances are much higher. Many incinerators for hard-to-burn compounds employ 
two combustion chambers. The fi rst chamber converts the compounds to gas and 
initiates the combustion process. In the second chamber, combustion of the gases is 
completed. The inert portion of the wastes remains as ash after incineration. For 
liquids, the amount of ash remaining is generally insignifi cant. For solid wastes, the 
volume of ash is as much as 30% of the original volume. If the ash contains metals 
or radioactive material, it must be further treated prior to disposal. The most 
 frequently employed method of treating the ash remaining from the incineration 
process is solidifi cation/stabilization. 

 Several types of incinerators are available for treating wastes. The most common 
is the rotary kiln. The kiln of a rotary kiln incinerator is a cylindrical shell mounted 
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on its side on a slight incline. As the kiln rotates, the wastes pass through and are 
combusted. Rotary kiln incinerators are capable of accepting wastes in all phases. 
Liquid injection incinerators introduce the material under high pressure through a 
nozzle which atomizes the wastes. This allows air to mix with the waste and the 
combustion process to take place. 

 Fluidized bed incinerators burn fi nely ground solids or liquids in a bed of inert 
material suspended above the fl oor of the combustion chamber. Any ash remaining 
after combustion is removed when the bed is changed. 

 A recent development has been the use of infrared incineration technology. This 
system uses electrically powered silicon carbide rods to raise the wastes to combus-
tion temperatures in the primary combustion chamber. Infrared incinerators can 
accept solids and sludges. Liquids must be mixed with sand or soil prior to introduc-
tion into the combustion chamber. 

 Although incineration remains one of the most effective methods of treating 
organic wastes, its application has always been the subject of debate and some-
times resistance. This is mainly due to the public’s fear of hazardous emissions 
escaping from the incinerator’s chimneys and being deposited in the surrounding 
communities.  

    1.3.3.2   Thermal Desorption 

 Thermal desorption is the process of heating a waste in a controlled environment, 
thereby volatizing any organic components. Thermal desorption works especially 
well for volatile organic compounds but can also be employed for semivolatile 
organic compounds. Removal effi ciencies ranging between 65% and 99% have 
been achieved depending on the type of waste. 

 The waste is screened to eliminate coarse pieces prior to it entering the thermal 
desorption unit. Any excess moisture is also removed. The wastes are then passed to 
a furnace operating in a temperature range of 300–600°C. The gaseous organic 
compounds volatilized by this process are then either collected on a medium such 
as activated charcoal or passed through an incinerator connected in-line with the 
thermal desorption unit. 

 Because of its low energy requirements and lower running costs, this technology 
is gaining popularity over conventional incineration. Public acceptance of thermal 
desorption has been better since combustion does not occur and the fi nal treatment 
of the compound may take place off-site, thereby lessening the fear of release of 
dangerous compounds.  

    1.3.3.3   Pyrolysis 

 Pyrolysis is a chemical change brought about by the action of heat. This differs from 
incineration, which is the combustive destruction of a material in direct fl ame in 
the presence of oxygen. Pyrolysis can be thought of as destructive distillation in the 
absence of oxygen or other oxidant. It converts wastes containing organic material 
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to combustible gas, charcoal, organic liquids, and ash/metal residues. The organic 
liquid fraction produced during pyrolytic action has the potential to form the basis 
of synthetic crude oil. An advantage of this technique is that most of the gases 
resulting from pyrolysis do not pose a hazard to workers. 

 Pyrolysis units run under optimal conditions at a temperature ranging between 
500°C and 800°C have achieved 99.99% destruction removal effi ciencies and 
 volume reductions in excess of 50%.  

    1.3.3.4   Plasma Torch 

 Plasma torch technology applies the principles of pyrolysis but at high temperatures 
(5,000–15,000°C). The wastes are fed into the thermal plasma and become disas-
sociated into their basic atomic components. The atoms recombine in the reaction 
chamber to form carbon monoxide, nitrogen, hydrogen, and small quantities of 
methane and ethane. Acid gases that are formed in the process can be removed by 
scrubbers. Any solids produced are either incorporated into the molten bath at the 
bottom of the chamber or removed from exhaust gases by scrubbers or fi lters. 
Plasma torch technology is currently applicable only to fi ne particulate wastes, 
 liquids, and pumpable wastes.  

    1.3.3.5   Vitrifi cation 

 The vitrifi cation process can be applied to both organic and inorganic waste streams. 
Unlike other thermal treatments, vitrifi cation is versatile and can be applied both in 
situ and ex situ. 

 The principles applied in vitrifi cation are essentially those underlying the pro-
duction of glass. High-temperature electrodes are used to melt the wastes. Organic 
matter is transformed by pyrolysis, collected, and destroyed in secondary processes. 
The inorganic component is immobilized in the resulting glass matrix. 

 Ex situ applications closely resemble typical glass production plants. The wastes 
are introduced into the furnace along with silica, soda, and lime. The organic com-
ponent is driven off, captured, and treated, and the inorganics are incorporated into 
the glass. 

 In situ technology involves insertion of large electrodes into the soil. Graphite is 
spread on the soil surface between the electrodes to complete the circuit. A nega-
tively pressurized hood is placed over the site to collect any off-gases for later treat-
ment. High voltage is applied across the electrodes to produce temperatures reaching 
3,600°C. The vitrifi cation process has shown great promise for treating radioactive 
and mixed wastes. The radioactive wastes are immobilized in the glass matrix and 
can then be stored until the radioactivity has decayed to a safe level. In the case of 
mixed wastes, the vitrifi cation process drives off the nonradioactive components, 
allowing them to be treated as hazardous wastes, and immobilizes the radioactive 
component.    
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    1.4   Basic Principles of Waste Management 

 There are a number of schools of thought that deal with waste management and 
these differ in their usage between countries or regions. The waste hierarchy remains 
the cornerstone of most waste minimization strategies. The process is based on the 
premise that maximum practical benefi ts from materials should be obtained with the 
intention of generating the least possible amount of waste. The waste hierarchy 
refers to the “3Rs” reduce, reuse, and recycle, which classify waste management 
strategies according to their desirability in terms of waste minimization. The 3Rs in 
the sequence are meant to be a hierarchy, in order of importance. 

 The waste hierarchy has taken many forms over the past decade, but the basic 
concept has remained the cornerstone of most waste minimization strategies. The 
aim of the system is to extract the maximum practical benefi ts from products and to 
generate the minimum amount of waste. Waste management is not a uniform pro-
cess, and various solutions may be applicable to different communities. For this 
reason a “fourth R” (“rethink”) has been suggested. This has the implied meaning 
that the basic 3Rs would benefi t from further attention and that a thorough effective 
system of waste management may need an entirely new way of looking at waste. In 
many EU member states, waste management is the single largest environmental 
expense. Policy analysis to help improve economic soundness can potentially 
release signifi cant sums for competing needs (Rasmussen et al.  2005  ) . 

 Waste source reduction is one such important issue. Source reduction involves 
efforts to reduce hazardous waste and other materials by modifying industrial pro-
duction. Source reduction methods involve changes in manufacturing technology, 
raw material inputs, and product formulation. At times, the term “pollution preven-
tion” may refer to source reduction. 

 Another method of source reduction is to increase incentives for recycling. Many 
communities are implementing variable-rate pricing for waste disposal (also known 
as “pay as you throw”), which has been effective in reducing the size of the munici-
pal waste stream (Reichenbach  2008  ) . Source reduction is typically measured by 
effi ciencies and reductions in the amount of waste. Toxics use reduction is a more 
controversial approach to source reduction that targets and measures reductions in 
the upstream use of toxic materials. Toxics use reduction emphasizes the more pre-
ventive aspects of source reduction but, owing to its emphasis on toxic chemical 
inputs, has been opposed more vigorously by chemical manufacturers. 

 In Europe, toxics use reduction is regulated by the    European regulatory frame-
work for the registration, evaluation and authorization of chemicals (REACH) 
(European Commission  2010  ) . In the mid-1990s, the US EPA considered toxics use 
reporting or materials accounting as an expansion of public right-to-know on toxic 
chemical use. The EPA issued an advanced notice of proposed rulemaking in 1996, 
but toxics use reporting was not adopted. 

 Extended producer responsibility is a strategy designed to promote the integra-
tion of all costs associated with products throughout their life cycle (including end-
of-life disposal costs) into the market price of the product. Extended producer 
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responsibility is meant to impose accountability over the entire life cycle of  products 
and packaging introduced to the market. This means that fi rms which manufacture, 
import, and/or sell products are required to be responsible for the products after 
their useful life as well as during manufacture. 

 The polluter pays principle is a principle where the polluting party pays for the 
impact caused to the environment. With respect to waste management, this gener-
ally refers to the requirement for a waste generator to pay for appropriate disposal 
of the waste.  

    1.5   Trends in Waste Management 

 Current societal issues are forcing the reevaluation and reutilization of otherwise 
unwanted material often loosely referred to as waste. Waste is an expensive and at 
times unavoidable result of human activity, and if not managed well can result in 
dire effects on the environment, quality of life, and public health. Waste and society 
are interrelated. In wealthier communities the concepts of environmental and prod-
uct stewardship are also gaining favor. As economic actors, the ecologically con-
scious consumers in these communities can demand more environmentally friendly 
products from their retailers, with the resultant relationship between the service 
 sector and environmentalism becoming symbiotic. The degree of environmentalism 
in a community is also interlinked with disposable income, which may infl uence 
growth of the service sector (Clement  2009  ) . 

 The management and utilization of waste is a means of promoting environmental 
safety and rational use of resources in a world that is generating large quantities of 
unwanted material that must be disposed of in a manner that will not adversely 
impact the environment. Many traditional technologies and policies are not able to 
cope with current demand (Okonko et al.  2009  ) . In an effort to minimize the effects 
of waste on the quality of life and the environment, various practices are considered, 
one such practice being remanufacturing. This involves the return of old products to 
the factory to be dismantled, thoroughly cleaned, and used again. The proponents of 
this technology claim that the exact material specifi cation is already known and 
often requires little extra manufacturing; hence, the old products are a secure source 
of materials for products the manufacturer plans to sell. In a world where material 
and energy prices are so volatile, this makes a lot of sense and also means security 
of supply. Naturally, the environmental benefi ts accruing from this activity cannot 
be underestimated, nor can the economic ones. 

 A common issue persisting within industry is whether a material suitable for 
reuse or further processing (whether a market currently exists for it or not) is waste 
or a by-product. To ensure accurate reporting of reduction and recycling targets, 
there is need for clarity on what can be reduced or recycled. Unclear or ambiguous 
waste defi nitions are a common phenomenon throughout the world, leading to 
courts of justice having to resolve waste governance issues. A clear defi nition of 
waste should promote environmental protection through the application of the 
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 precautionary principle, with the possibility of discouraging the implementation of 
the waste hierarchy, because of the bureaucratic processes involved. On the other 
hand, adoption of a narrow defi nition of waste will support implementation of the 
waste hierarchy, but may undermine environmental protection. 

 Irrespective of the defi nition adopted, some trade-off between protection and 
reuse is envisaged. The result has been a paradigm shift towards waste as a resource, 
and a resultant change in the governance of waste from protection to reuse. The 
debate on the defi nition of waste is far from concluded. It is clear, however, that 
broad defi nitions of waste create a minefi eld of regulatory requirements and associ-
ated red tape. The approach to viewing material as a renewable resource rather than 
waste may provide an alternative solution to promoting waste reuse. Regulation of 
resource use, extended to renewable resources, will favor reuse and recycling initia-
tives as well as give due regard to virgin resource conservation. It may even lead to 
the replacement of the waste hierarchy with a resource-based hierarchy. Such a 
resource hierarchy would typically focus on minimization of the use of virgin 
resources, followed by waste minimization, and renewable resource reuse, recy-
cling, and energy recovery. This could be considered in conjunction with the protec-
tion of environmental and human health, to ensure the least impact through waste 
recycling and reuse (Oelofse and Godfrey  2008  ) .  

    1.6   Public Perceptions and Attitude 

 Ineffective solid waste management practices make an unfavorable impression on 
foreign investors and tourists. They may result in loss of both investment and reve-
nues from these sources. In terms of physical impacts, pollution causes psychologi-
cal stress and fear of health risks (Petts and Eduljee  1994  ) . The urgency to tackle 
and solve issues associated with this ongoing and ever-growing state of affairs is 
widely recognized by governments all over the world. The management of such 
issues has to include the application of scientifi c principles while understanding the 
mindsets of the communities in which the management processes have to be intro-
duced and implemented. 

 Progress in the form of industrialization and urbanization has meant that waste 
generation has to be monitored and managed. Waste management, in general, is a 
global problem and more so is solid waste management, where the display of trash, 
garbage, or litter, as it may be referred to in different environments, in urban areas 
is most unwelcome. The many changes in waste generation in recent times, such as 
the emergence of electronic waste among others, are highly topical. However, of all 
types of pollution, solid waste is considered the most visible form of mundane pol-
lution and most of the common forms of disposal have the potential to cause serious 
damage to the environment if they are not effectively handled. Understanding the 
social forces driving variation in refuse generation can help further illuminate both 
the social and the environmental dimensions of waste management in general 
(Clement  2009  ).   
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    1.7   Real or Perceived Health Risks and Future Needs 

 Management of solid waste (mainly landfi lls and incineration) releases a number of 
toxic substances, most in small quantities and at extremely low levels. Because of 
the wide range of pollutants, the different pathways of exposure, long-term low-
level exposure, and the potential for synergism among the pollutants, concerns 
remain about potential health effects, but there are many uncertainties involved in 
the assessment. It is said that the various published studies suffer from many limita-
tions caused by poor exposure assessment, poor ecological level of analysis, and 
lack of information on relevant confounders. These issues further confuse and com-
plicate a scenario that is already by its nature highly complex. If anything, it is clear 
that the design and implementation of future research has to seriously consider and 
allow for and seek to overcome current limitations (Porta et al.  2009  ).  

 Uncertainty regarding waste generation, waste management practices, data on 
emissions, exposure characterization, and in particular, the health risk associated 
with the different types of waste management methods is the main cause of the 
extensive market failure in the management of waste disposal. Several population 
studies document (scientifi cally) that the mismanagement of waste disposal can 
have serious effects on the health and well-being of the population (Guerriero and 
Cairns  2009  ) . The future of waste management therefore lies in the delicate balanc-
ing act of diplomacy, science, availability of information to the public, and above all 
the good will to want to make a difference.      
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    2.1   Introduction 

 The present economic situation and global market conditions have led companies to 
look for ways to increase competitiveness by improving production processes, 
reducing production costs, and improving product quality. In terms of the food 
industry, two other factors should also be included: the need to ensure    food safety 
and the need to protect consumers’ health. Therefore, the existence of a system that 
ensures food safety is crucial to preserve a company’s image and reputation and to 
increase local and international market shares. 

 Food safety has become a common concern worldwide, making public health 
agencies and governments of several countries look for more effi cient ways to mon-
itor production chains (Makiya and Rotondaro  2002  ) . 

 The hazard analysis and critical control points (HACCP) system is widely recog-
nized as a management tool capable of ensuring food safety. The keyword of the 
system is “prevention” (Mortimore and Wallace  1998  ) , by means of the identifi ca-
tion of possible contaminations before they occur, and of the defi nition of control 
measures to maximize food safety in every step of the process (Cullor  1997 ; Leitão 
 1993  ) . Compared with traditional methods of inspection and quality control based 
on the analysis of fi nished products, HACCP facilitates a stricter control of contami-
nations (Stevenson  1990  ) . 

 The HACCP system is recognized as an important tool in the reduction of food-
borne diseases (FBDs), and it is a global reference in terms of food safety control. 
It is recommended by the World Health Organization, the International Commission 
on Microbiological Specifi cations for Foods, the  Codex Alimentarius , and food 
regulatory agencies in various countries.  
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    2.2   The HACCP System 

    2.2.1   General Principles and Defi nitions 

 HACCP is a preventive system for the production of safe food products. It is based 
on technical and scientifi c principles applicable to every step of the food production 
chain, from growing/breeding activities, to production and distribution systems, to 
the moment the food reaches the fi nal consumer (ICMSF  1991  ) . 

 HACCP systematic analysis identifi es raw materials and processed foods that 
may contain toxic substances or agents of FBDs, or that are potential sources of 
contamination. It may also determine the possibility that microorganisms survive or 
grow during food production, processing, storage, and preparation (ICMSF  1991  ) . 

 HACCP was developed by Pillsbury Company, after a request from the National 
Aeronautics and Space Administration in the 1960s, to ensure the safety of foods 
used in the American space program (Bauman  1990  ) . The system has its own spe-
cifi c concepts and terminology, as follows (Bryan  1993 ; Silva  1999  ) :

     – Hazard : unacceptable biological (growth or survival of microorganisms), chemi-
cal (pesticides, antibiotics, heavy metals, cleaning products), or physical (pieces 
of glass, metal, or other materials) contamination, rendering the food unfi t for 
consumption.  
    – Severity : magnitude of the hazard or of the consequences to the health of 
 consumers. Diseases may be classifi ed, in terms of severity, as lethal, chronic, 
or mild.  
    – Risk : probability that the hazard will occur. Risk levels may be high, moderate, 
or low, and may vary according to the situation.  
    – Critical control point (CCP):  a place, practice, procedure, or process that may be 
controlled to prevent, eliminate, or reduce the hazard to acceptable levels.  
    – Critical limit:  physical (e.g., time, temperature), chemical (e.g., pH), or biologi-
cal (e.g., sensorial, microbiological) attribute or value determined for each CCP, 
which indicates that the operation is controlled.  
    – Monitoring:  measurement of time/temperature, pH, or acidity, or visual observa-
tion of CCPs in order to assess whether critical limits are met; if they are not met, 
the CCP is not controlled and corrective actions are necessary.  
    – Corrective action:  immediate and specifi c procedures to be followed whenever 
critical limits are not met.  
    – Verifi cation:  additional tests and/or review of monitoring records in order to con-
fi rm whether the HACCP plan is working as designed. Verifi cation may cause 
some of the steps of the process to be changed in order to ensure food safety.  
    – Decision tree:  logical sequence of questions that enable the identifi cation of a 
raw material, step in the process, or ingredient as a CCP.    

 HACCP has changed and developed over the years. In 1991, the National 
Advisory Committee on Microbiological Criteria for Foods published a report 
determining the basic principles of the system as it is known today (Almeida  1998  ) . 
Successful implementation of HACCP depends on the understanding and correct 
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application of these principles (Motarjemi and Käferstein  1999  ) , which were 
described by Mayes and Mortimore  (  2003  ),  and by Cullor  (  1997  )  as follows:

    1.    Analysis of hazards and identifi cation of preventive measures  
    2.    Identifi cation of CCPs using a decision tree if necessary  
    3.    Defi nition of critical limits for the preventive measures associated with each CCP  
    4.    Defi nition of mechanisms for CCP monitoring, and defi nition of procedures for 

using these results to adjust and control the process  
    5.    Defi nition of corrective actions for deviations in critical limits  
    6.    Defi nition of a recordkeeping procedure for every control  
    7.    Defi nition of verifi cation procedures      

    2.2.2   Prerequisites for the Implementation of the HACCP Plan 

 Before the application of HACCP principles, some “prerequisite programs,” such as 
good manufacturing practices and cleaning procedures, should be established in 
order to ensure basic hygiene conditions in the processing plant. These prerequisite 
programs, if correctly implemented, will determine the principles for correct han-
dling of foodstuffs, making HACCP more effi cient and easy to manage (Wallace 
and Williams  2001  ) . 

 The main prerequisite programs are good manufacturing practices and sanitation 
standard operating procedures. These programs involve the following aspects: phys-
ical structure and maintenance of the premises, water supply, handler health and 
personal hygiene, pest control, sanitization of premises and equipment, calibration 
of instruments, quality control of raw material and ingredients, recall procedures, 
and measures related to consumer complaints (Brasil  1998  ) . 

 The lack or inadequate implementation of prerequisite programs may lead to 
more complex HACCP plans, with a greater number of CCPs to be monitored, once 
hygienic aspects have also been included (Byrne and Bishop  2001  ) . More CCPs 
means increased diffi culty in managing the plan, and affects effi cacy in terms of 
food safety (Roberto et al.  2006  ) .  

    2.2.3   Steps for HACCP Implementation 

    2.2.3.1   Preliminary Procedures 

      Management Commitment, Assembling the HACCP Team, and Technical 
Training of the Personnel 

 A basic requirement for the implementation of the HACCP system is related to the 
staff involved in the program, who should be aware of the characteristics of 
the system and of the necessary commitment involved with it. The management of 
the company should be committed to the objectives of the plan and should be 
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aware of the resources that have to be made available. The HACCP team, 
 responsible for  creating and implementing the plan, should be multidisciplinary 
and knowledgeable regarding production, engineering, health, microbiology, and 
quality assurance issues (SENAI  2000  ) . The team leader should have knowledge 
of the manufacturing process, leadership skills, and easy access to managers 
(Mayes  1994 ; Hajdenwurcell  2002  ) . 

 The team should also include people involved in daily activities in the company, 
because they may contribute with information on particularities and limitations of the 
production process, and their presence may create a sense of commitment to the job. 

 Employees should be previously trained in good manufacturing and handling 
practices, as well as in all aspects of HACCP. A continuing education program should 
be created to enable constant updating (Cezari and Nascimento  1995  ) .  

      Description of the Product; Creation and Validation of the Flowchart 
for the Process 

 The HACCP team should know the food product in detail: microbiological and 
physical–chemical characteristics, ingredients and formula, packaging materials, 
specifi cations for storage and transportation, and retail conditions, besides adequate 
handling procedures, shelf life, and the type of consumer. 

 The fl owchart should describe all the steps, identify the equipment, and defi ne 
working conditions (temperature, pressure, etc.). Flowcharts are the basis for the 
identifi cation of hazards and preventive measures, and they should be periodically 
validated and adjusted, when necessary, to refl ect the real processing conditions 
(Corlett  1998  ) . 

 The basic conditions for the application of HACCP principles will have been 
created after the conclusion of these preliminary stages (Wallace and Williams 
 2001  ) , as summarized in Fig.  2.1 .    

    2.2.3.2   Application of HACCP Principles 

      Principle 1: Analysis of the Hazards and Defi nition of Preventive Measures 

 The possible physical, chemical, and microbiological contaminations (hazards) 
should be determined, as well as their respective preventive measures, based on 
specialized literature, on the knowledge of the raw material, and on the fl owchart for 
the process. 

 Although the HACCP system was originally developed to ensure food safety and 
protect the health of consumers, the defi nition of hazard is generally broader, con-
sidering not only factors that are harmless and of no consequence, but also those that 
cause “loss of quality and economic integrity of the product” and noncompliance 



252 Implementation of Hazard Analysis and Critical Control Points System…

with standards defi ned by the manufacturer. This broader defi nition of “hazard,” 
however, may increase the complexity of HACCP, and create a greater number of 
CCPs (Roberto et al.  2006  ) .  

      Principle 2: Identifi cation of the CCPs 

 CCPs are the steps in the process where hazards may be eliminated, prevented, or 
reduced to acceptable levels are identifi ed in the fl owchart by using a decision tree, 
if necessary.  

      Principle 3: Defi nition of Critical Limits 

 Each CCP should have a critical limit defi ned in terms of time/temperature, pH, tem-
perature, acidity, etc., in order to ensure the safety of the process. In some cases, 
safety limits should also be defi ned, in a way to prevent that critical limits are exceeded. 
Critical limits may be defi ned based on specialized literature, present regulations, or 
the practical expertise of the HACCP team (Cezari and Nascimento  1995  ) .  

      Principle 4: Defi nition of Monitoring Procedures 

 This step involves the defi nition of controls for each CCP, by means of visual 
 observation, measurements, or laboratory analyses. The frequency with which these 
controls should be conducted, as well as the person responsible for them, should 

Basic conditions

HACCP team:
• Knowledgeable

• Committed

• Involved in 
routine 
activities in the 
plant

• Trained (GMP. 
SSOP, 
HACCP)

Flowchart:
• Details of the 

product 

• Production step 
by step

• Equipment

• Working 
conditions

• Constantly 
updated and
adjusted

  Fig. 2.1    Basic conditions for 
hazard analysis and critical 
control points ( HACCP ) 
implementation in the food 
industry.  GMP , good 
manufacturing practices, 
 SSOP , sanitation standard 
operating procedures       
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also be defi ned. The choice of the monitoring procedure should take into account 
how easy and fast results are obtained to ensure that the process is adjusted without 
delay, and that the fl ow of the process is not affected. 

 Inspection and calibration of the equipment used in CCP monitoring should 
receive special attention during this stage.  

1.Definition of hazards
and preventive measures

Which are the hazards?

How are they to be prevented?

Based on:
• Literature
• Practical knowledge
• Flow chart

2. Definition of Critical Control
Points (CCPs) When / where hazards can be prevented

/ eliminated / reduced to safe levels?

3. Definition of Critical Limits

Parameters to control the CCPs

Based on:
• Literature
• Expertise
• Regulations

4. Monitoring procedures How is the CCP controlled?

Who controls the CCP?

Rapid results, to adjust the process
5. Corrective actions

6. Recordkeeping
Control charts:

• CCP monitoring
• Corrective actions
• Responsible person 

7. Verification
Review of flow charts;
Review of critical limits;
Review of monitoring records;
Analysis of the finished product;
Deviation of critical limits.

Adjustment of the process

  Fig. 2.2    HACCP principles and their application in the food industry       
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      Principle 5: Defi nition of Corrective Actions 

 When monitoring shows that critical limits have been exceeded, previously deter-
mined corrective actions should be immediately put in place to control the CCP.  

      Principle 6: Defi nition of Recordkeeping Procedures 

 All CCP monitoring procedures should be recorded in control charts, which also 
have to show the necessary corrective actions. The recordkeeping system should, 
whenever possible, be integrated in the routine charts of the company to prevent the 
buildup of time-consuming forms to be completed. Only necessary changes should 
be made in the charts, such as fi elds for describing corrective actions and for the 
signature of the person responsible for the procedure (Mortimore and Wallace 
 1998  ) .  

      Principle 7: Defi nition of Verifi cation Procedures 

 Verifi cation procedures should be performed periodically to assess whether the 
HACCP plan is working properly. The following methods of evaluation may be 
used: review of the fl owchart for the process, review of the critical limits, review of 
CCP monitoring records, laboratory analyses of the fi nished product, and analysis 
of deviations in critical limits. 

 Verifi cation procedures enable adjustments in the HACCP plan, and may ensure 
the safety of the food. A general overview of the HACCP principles and their appli-
cation in the food industry can be seen in Fig.  2.2 .      

    2.3   Impact of HACCP in the Food Industry 

    2.3.1   How the Food Industry Perceives Application of HACCP 

 HACCP has become an international standard in food safety assurance. 
Recommended or mandatory use of HACCP is found in the regulations of several 
countries, and governments, industries, and consumers are showing growing 
acceptance of the system. The following were the most relevant cases of HACCP 
adoption (Fermam  2007  ) :

   In 1972, the Food and Drug Administration (FDA) determined the use of HACCP  –
for low-acidity canned foods. Nowadays, the FDA and the US Department of 
Agriculture require the use of HACCP for fi sh (since December 1995), poultry, 
and beef (since July 1996) products. The FDA has required that both US and 
foreign fruit juice producers use HACCP in their manufacturing processes since 
January 2001. The same requirement was determined for swine exporters.  
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  In Brazil, HACCP was made mandatory by the Ministry of Health, in 1994, for  –
all food-handling facilities, by means of  Portaria  1428 of October 26th, 1993. 
In 1998, the Ministry of Agriculture determined the use of HACCP in facilities 
that handle products of animal origin, by means of  Portaria  46 of February 
10th, 1998.  
  In the European Union, HACCP is found in Council Directive 93/43/CEE, on the  –
hygiene of food products. This directive was incorporated in the food safety 
white paper, on January 12th, 2000, and has been periodically revisited and 
refi ned with further regulations.  
  The Government of Canada, in a joint effort with the fi shing industry, introduced in  –
1993 the Quality Management Program, considered to be the fi rst HACCP-based 
mandatory inspection program in the world. Canada is moving towards the imple-
mentation of a Food Safety Enhancement Program for Agriculture, a system to 
ensure the safety of all foods, which may further stimulate the adoption of HACCP.    

 Even in countries where HACCP is not mandatory, training of inspectors is based 
on this methodology. Some of the reasons for the adoption of HACCP by the food 
industry are responses to legal requirements, interest in export markets, anticipation 
of future requirements, and need to lower costs or to increase food safety (Donovan 
et al.  2001  ) . 

 Although the system is recognized as an effi cient tool in food safety assurance, 
and despite the efforts of several countries, broader use of HACCP is still prevented 
by some barriers, described in the following paragraphs. 

 Studies have shown that HACCP adoption is related to the size of the company 
and to the market where it is established. Export companies, because of their needs 
and of their interest in maintaining access to markets, are motivated to meet the 
standards determined by other countries (Donovan et al.  2001  ) . This is also true for 
large companies: they have greater fi nancial resources, and personnel with the nec-
essary technical knowledge, making the adoption of the system easier. 

 The lack of clear understanding of HACCP principles, the implementation pro-
cess, and the costs/benefi ts involved is a barrier for the voluntary adoption of the 
system (Ehiri et al.  1995  ) . 

 According to Taylor  (  2003  ) , the implementation of the system has been largely 
motivated by the requirements of clients, especially in large companies, such as 
supermarket chains, which demand from their suppliers documented proof of the 
use of HACCP. Still, according to Taylor  (  2003  )  author   , for smaller companies 
whose clients are the fi nal consumers, the greatest pressure for the implementation 
of the system comes from legal requirements. In countries where regulations are not 
strict, these companies may not be motivated to adopt HACCP. 

 Therefore, in small or medium-sized companies, the use of HACCP is still 
restricted (Taylor  2003 ; Ehiri et al.  1995  ) . According to Henson et al.  (  1999  ) , high 
costs related to the economy of scale and the lack of a clear understanding of the 
benefi ts, considered to be limited or of an intangible nature, hinder HACCP adop-
tion. The implementation of the system is still more diffi cult in companies that 
operate with small profi t margins. 
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 Other obstacles and diffi culties faced by smaller companies are lack of 
 knowledge of the principles of the system, and how they would fi t into their real-
ity (methodology), lack of knowledgeable technical personnel (particularly in 
hazard identifi cation and monitoring), diffi culty in recordkeeping, and greater 
turnover of employees. However, many of these problems stem from the fact that, 
most of the time, managers and employees are not adequately trained (Motarjemi 
and Käferstein  1999  ) , making these companies depend on external consultants 
(Taylor  2003  ) . 

 Studies carried out by Buchweitz and Salay  (  2006  )  in food services in the region 
of Campinas, Brazil, showed that the lack of information and economic factors are 
the main reasons for not adopting HACCP. The government and its agencies have a 
fundamental role in facilitating and stimulating the adoption of HACCP, mainly in 
small companies. The following aspects should be approached in the process 
(Suwanrangsi and Keerativiriyaporn  2004  ) , as summarized in Fig.  2.3 : 

   Demonstration of the benefi ts of the plan, such as reduction in the number of  –
errors in the manufacturing process, improved company image, and reduction of 
the costs involved  
  Mandatory adoption of HACCP, by means of regulations that make implementa- –
tion simple  
  Creation of training programs for the food industry and for employees of govern- –
mental agencies, in a joint effort by the government, research organizations, and 
the food industry  
  Technical support for the companies, also in a joint effort by the government,  –
research organizations, and the food industry  
  Implementation of the required basic infrastructure, such as electricity, routes of  –
access (roads), and treated water  

Governmental actions Industry and research organizations

• Presentation of costs and benefits;
• Regulations: HACCP mandatory, but

easy to implement;
• Basic infrastructure;
• Guides for implementation;
• Inspection and evaluation of

established systems.

• Training programs
• Technical support

  Fig. 2.3    How governments can stimulate HACCP adoption       
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  Availability of HACCP implementation guides with all the necessary technical  –
data related to safety standards and regulations, as well as open communication 
channels with government agencies  
  Defi nition of programs for inspection and evaluation of the systems that have  –
already been implemented according to present regulations     

    2.3.2   Impact of HACCP on Food Safety 

 During the past decades, the quest for safety has been challenged by important 
changes in food production, such as innovations in manufacturing processes, reduced 
intervals between production and consumption, increased product shelf life, and 
increased prevalence of some microorganisms (Stevenson  1990 ; Bauman  1990  ) . 

 As the food chain became global, FBDs are seen in a new dimension (Motarjemi 
and Käferstein  1999  )  and now represent one of the greatest health problems world-
wide, affecting millions of people a year (Germano  2003  )  and leading to signifi cant 
economic and social consequences (Ruegg  2003 ; Silva  1999  ) . 

 Data from the World Health Organization show that, in 2005, 1.8 million people 
died of gastroenteritis caused by contaminated food and water (World Health 
Organization  2007  ) . In spite of the technological progress in food production and 
control, the occurrence of these diseases has recently increased, even in developed 
countries (Franco and Landgraf  2003  ) . 

 Food hazards or contamination may come from primary production, still on the 
farm, from inadequate handling or storage in the food industry, or from errors dur-
ing preparation at home or in other places where the food is consumed. 

 Although they have not recently become an issue, FBDs have become increas-
ingly important lately, both in terms of magnitude and in terms of health conse-
quences for the general population. Factors related to the supply chain, demographic 
situation, lifestyle, health system infrastructure, and the environmental conditions 
of each country infl uence the prevalence, increased frequency, and consequences of 
these diseases (Motarjemi and Käferstein  1999  ) . 

 When all these facts are taken into account, HACCP is an important tool in mod-
ern quality management in the food industry, ensuring the integrity of the product, 
preventing FBDs, and protecting the health of the consumer (Mortimore and 
Wallace  1998  ) . 

 However, HACCP will only become effective when its principles are correctly 
and broadly applied in all stages of the food production chain. Some of the reasons 
for the recent increase in FBD frequency all over the world may be failures in imple-
mentation or limited application of HACCP, mainly in small companies; lack of 
knowledge of the fi nal consumer, keeping inadequate food handling practices alive; 
and low rates of HACCP adoption in developing countries, where most of the FBD 
outbreaks occur.  
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    2.3.3   Impact of HACCP on the Economy: 
Cost/Benefi t of the System 

 In general, companies fi nd it diffi cult to clearly picture the costs and benefi ts of 
HACCP (Maldonado et al.  2005  ) . Lack of knowledge of the principles, and of how 
the plan works, makes it diffi cult to identify and separate HACCP expenses from 
production costs (Buchweitz and Salay  2006 ; Donovan et al.  2001  ) . Therefore, as 
they are basically interpreted by the perception of the managers, they may be 
overestimated. 

 HACCP generally involves high fi xed costs related to the creation of the plan, 
training of the workers, and acquisition of equipment, requiring an economy of 
scale (Unnevehr and Roberts  1996  ) . Maldonado et al.  (  2005  )  emphasized the impor-
tance of evaluating the magnitude of costs before the system is implemented. 
However, this is quite uncommon, as confi rmed by Henson et al.  (  1999  ) , who 
showed that less than 15% of the companies estimated the costs involved before 
they began HACCP implementation. 

 Total relative costs of HACCP involve the sum of all resources made available 
at the different stages. The technological level of the inividual plant    and noncompli-
ance with prerequisite programs contribute to greater costs in the implementation of 
the system (McAloon  2003 ; Suwanrangsi  2000  ) . Prerequisite programs determine 
adequate implementation of good manufacturing practices, and make adoption of 
the program easier owing to the reduction of the number of CCPs (Bata et al.  2006 ; 
Henson et al.  1999  ) . A great number of CCPs make management diffi cult and make 
auditing procedures too time-consuming (Wallace and Williams  2001  ) . 

 In the initial phase of the plan, the main costs are related to the use of external 
consultants (when required), and to the use of the HACCP team in other positions, 
different from their routine ones (Bata et al.  2006  ) . In the implementation stage, 
costs are related to training of employees and adjustment to prerequisite programs 
and specifi c HACCP items, such as new equipment, laboratory analyses, and adjust-
ments in the process and in the structure of the plant. 

 During the maintenance phase, costs are mainly related to time consumed in 
monitoring CCPs and recording corrective actions (recordkeeping procedures), as 
well as to hiring people to monitor CCPs (Motarjemi and Käferstein  1999 ; Roberto 
et al.  2006 ; Donovan et al.  2001 ; Caswell  2000  ) . According to Henson et al.  (  1999  ) , 
although diffi cult to measure, the cost related to the time consumed fi lling in forms 
and records is generally greater than expected. 

 In terms of human resources, lack of trained personnel to develop and implement 
all aspects of HACCP make most of medium-sized companies use external consul-
tants (Bata et al.  2006  ) , increasing the cost of the system. 

 In relation to employee training, the following costs should be considered: exter-
nal costs incurred by the HACCP team, including trips, transportation, meals, and 
loss in productivity caused by team members being away from regular positions, 
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or when all employees have to be trained, and by a complete interruption in the 
production cycle (Donovan et al.  2001  ) . Staff training is the basis of the plan and is 
the key element for the motivation of the team, including plant staff, managers, and 
supervisors, normally cited as the main obstacles to HACCP implementation in the 
companies (Henson et al.  1999 ; Maldonado et al.  2005  ) . 

 The greater or lesser impact of these elements on total HACCP costs depends, 
however, on the particular characteristics of each plant (Bata et al.  2006  ) . 
Implementation of the system may take from some months to several years, and 
depends on the qualifi cation of the employees, the complexity of the production 
process (Donovan et al.  2001  ) , the number of CCPs, and the initial condition of 
the plant. 

 As for the advantages attributed to the HACCP system, there are several recog-
nized benefi ts, many of them of an intangible nature or diffi cult to quantify. The 
main benefi ciary is the consumer, because the system may ensure food safety and 
lead to the production of higher-quality products (Caswell  2000 ; Bauman  1995  ) . 

 Benefi ts to the public sector are related to the reduction in costs for public health 
services and sick leaves, besides making it easier for regulatory agencies to monitor 
processes and products, saving time in audits and decreasing costs in analyses 
(Donovan et al.  2001 ; Unnevehr and Roberts  1996  ) . 

 However, the companies are benefi ciaries of most of the advantages of HACCP 
implementation, by becoming aligned with governmental regulations, and reducing 
the number of incidents related to the production of unsafe food (Bauman  1995  ) . 
Economic advantages are related to better control of the process, less reprocessing 
of products, decrease in raw material and fi nished product losses, reduction in 
microbiological counts and consequent increased shelf life of the products, and 
gains in production effi ciency (Henson et al.  1999 ; Donovan et al.  2001 ; Maldonado 
et al.  2005  ) . 

 Hajdenwurcell  (  2002  )  demonstrated other advantages, such as the reduction in 
the number of laboratory analyses necessary for the fi nished product, reduction in 
sampling plans to control the process because of preventive control of CCPs, and 
reduction in the number of noncompliant products. Hajdenwurcell  (  2002  )     also 
observed that human operational errors may be less frequent owing to better train-
ing and greater awareness of the handlers. 

 After HACCP was implemented in Cargill, McAloon  (  2003  )  reported that the 
system enabled better control of the process, reduced losses and reworks, increased 
food safety, and improved employee commitment. Besides, McAloon  (  2003  )     
reported increased productivity and lower production costs. Marthi  (  2003  )  showed 
that when HACCP was implemented in the fi shing industry in India, productivity 
increased owing to fewer interruptions in the production process and to better qual-
ity of raw materials. 

 The use of HACCP increases exporting possibilities, because the system enables 
harmonization with international trade requirements (Unnevehr and Roberts  1996  )  
and contributes to a positive image of the company, improving consumer confi dence 
and reducing the possibilities of product recall (Ehiri et al.  1995 ; Motarjemi and 
Käferstein  1999  ) . 
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 According to Bauman  (  1995  ) , the high costs of recalls are related to destruction 
of the products, momentary decreases in sales, and reduction in future sales caused 
by negative repercussions. Besides, legal actions and fi nancial responsibility should 
also be considered, as well as costs that are diffi cult to measure, such as damaged 
company image and effects on the sales of other products. 

 In a study among fi sh-processing industries in Brazil, Donovan    et al.  2001  )  
showed that HACCP led to better quality of raw materials owing to greater control 
of suppliers and, consequently, to fi nal products of higher quality. 

 The advantages of HACCP related to company image are more diffi cult to assess. 
They are, however, undeniable, because the system improves competitiveness and 
leads to longer permanence in the market, greater consumer confi dence, better prod-
uct/service compliance (Bata et al.  2006  ) , and lower rates of consumer complaints 
(Motarjemi and Käferstein  1999  ) . In the present, highly competitive market, these 
gains may make the difference between commercial success and failure. 

 Reduction in microbiological counts of the products, the ability to attract new 
clients and to keep existing consumers satisfi ed were recognized as the greatest 
benefi ts of HACCP implementation in dairy factories in the UK (Henson et al. 
 1999  ) . However, Maldonado et al.  (  2005  )  observed that the perception of the bene-
fi ts by the consumers depended on their awareness of food safety issues. 

 Khatri and Collins  (  2007  )  reported the benefi ts of HACCP implementation in 
meat industries in Australia, such as the reduction in losses and reworks of non-
compliant products, besides reduction in the number of consumer complaints, 
improved hygienic conditions of the products, and increased market shares for the 
companies. 

 The greater the number of studies that demonstrate the costs and benefi ts of 
HACCP to food industries and discuss the elements that make them up, the greater 
the number of companies that will be motivated to adopt the system (Henson et al. 
 1999  ) .  

    2.3.4   HACCP and the Environment 

 The present integrated economy increasingly demands a more proactive environ-
mental posture from the production sector, making companies reevaluate their com-
petitive strategies. The search for sustainable development demands a review of 
traditional standards of waste production, manufacturing procedures, and environ-
mental management systems, including practices aiming at waste management and 
effi cient use of nonrenewable resources (Tanimoto et al.  2008  ) . 

 As new concepts are brought into this discussion, present consumption and 
 production standards must be reviewed and aligned with increasingly clean and 
sustainable productive processes. “Clean production” involves the use of technolo-
gies that enable the use of fewer natural resources, such as water, energy, and 
raw material, as well as the reduction in waste production and in environmental 
impacts. Other measures related to production and consumption are also involved 
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in “clean production,” such as good operational practices and reduction in losses, 
adequate storage and discard of residues, redesign of products and production 
 processes, and minimal and effi cient use of raw material and energy (Andrade 
et al.  2001  ) . 

 Although HACCP was originally conceived to ensure food safety, there are other 
recognized benefi ts related to the use of the system, such as reduction in losses during 
food production. Better trained employees and monitored procedures are responsible 
for this benefi t, because systematic monitoring of some steps of the process leads to 
immediate responses when critical limits are exceeded, in a way that  hazards are con-
trolled without delay, preventing errors and losses during the process. Therefore, fewer 
failures in the process lead to fewer noncompliant products, that is, fewer products that 
are rejected and discarded. In the lack of strict control of the process, as proposed in 
the HACCP system, errors are only identifi ed in the fi nished product, making repro-
cessing impossible most of the times, and leading to even greater losses. 

 Discard of fi nished product implies added costs for the company and for the 
environment, mostly related to the necessary treatment of the material before it is 
discarded, such as the use of energy, water, and chemical products, as well as the 
cost of the discard process per se .  For example, residual waters of food industries, 
such as dairy or meat plants, contain blood, fat, meat residues, whey and amounts of 
milk, cheese, yogurt, dairy drinks, and butter. Treatment of these residues involves 
large amounts of water and produces large volumes of effl uent that still have high 
concentrations of organic material and should be adequately treated before being 
disposed of into natural water bodies (Chaves  2006  ) . Therefore, HACCP contrib-
utes to the reduction of losses in all steps of the process, and has a positive impact 
on environment conservation. 

 Packaging material is often discarded together with the products, and it is a waste 
of natural goods. Although materials such as cardboard, plastic, and cans may be 
reused after recycling, they are not always recycled and may overload landfi lls. 
According to Marinho and Kilperstok  (  2000  ) , prevention of environmental pollu-
tion is a positive attitude that minimizes and may even prevent waste production by 
means of changes in the types of materials used, or in the production processes. 

 The use of high-quality raw materials, obtained from reliable companies and 
stored in adequate conditions, is an indispensable requisite for the quality of the 
fi nal product (Góes et al.  2001 ; Ehiri et al.  1995  ) . These issues are approached and 
foreseen by the HACCP system, as part of the reception of ingredients and raw 
materials in the food industry, and are important CCPs (Forsythe  2002  ) . 

 Many of the raw materials delivered to the food industry come directly from 
primary production (i.e., from farms), where levels of contamination, mainly chem-
ical contamination, may pose serious risks to the health of the consumer, especially 
in developing countries. Thus, this CCP requires critical limits for the presence of 
chemical contaminants, ensuring quality control of raw material, and leading to 
greater environmental awareness and responsibility of the suppliers, by means of 
controlled and rational use of pesticides and drugs of veterinary use. 

 Ehiri et al.  (  1995  )  and Mortimore and Wallace  (  1998  )  showed that auditing sup-
pliers is an important element in monitoring this CCP, because it prevents many 
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problems that would only be identifi ed at the moment of reception of the materials 
in the food industry, and enables the evaluation of quality standards of the suppliers. 
In this context, HACCP contributes to stimulating the responsibility of the indus-
tries in relation to food safety and quality, and environmental protection.       
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           3.1   Introduction 

 The rise in global energy usage, together with the disappearance of fossil fuel 
reserves, has highlighted the importance of developing technologies to harness new 
and renewable energy sources. In addition to sustainability, climate change is 
another major issue that has driven the search for clean carbon-neutral fuels. 

 Biofuels are renewable energy sources, mainly for the transport sector, made 
from biological sources, biomass. Biofuel can be solid, liquid, or gas produced from 
any biological carbon source: energy crops and trees, agricultural food and feed 
plants, agricultural crop wastes, wood wastes and residues, aquatic plants as algae, 
animal wastes, municipal wastes, and other waste materials. 

 Biofuels offer the possibility of producing energy without a net increase of car-
bon in the atmosphere. The energy obtained from plant sources is derived from CO 

2
  

recently captured from the atmosphere. On the other hand, fossil fuels derive energy 
from long-removed CO 

2
  stored underground, thus causing a net increase in green-

house gas concentrations. Biofuel is therefore nearly carbon neutral and less likely 
to increase atmospheric concentrations of greenhouse gases. The use of biofuels 
also reduces dependence on petroleum and enhances energy security. 

 Biofuels include bioethanol, biomethanol, vegetable oils, biodiesel, and biohy-
drogen. The traditional biofuels are produced from agricultural food crops: bioetha-
nol from corn, wheat, or sugar beet, and biodiesel from rape or sunfl ower seeds. 
These food crops require high-quality agricultural land (Neményi et al.  2008  ) . 
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 On the other hand, biomass can also come from waste plant material. Landfi ll 
sites generate gases as the waste decomposes by anaerobic digestion. This waste 
biomass can be burned and may be a source of renewable energy. Using waste bio-
mass to produce energy can reduce not only the use of fossil fuels, but also the use 
of food and feed crops, and reduce pollution and waste management problems.  

    3.2   Biofuels 

    3.2.1   Bioalcohols 

 The alcohols suitable for motor fuels are methanol (CH 
3
 OH), ethanol (C 

2
 H 

5
 OH), 

propanol (C 
3
 H 

7
 OH), and butanol (C 

4
 H 

9
 OH), but only ethanol and the methanol are 

technically and economically suitable for internal combustion engines. The alco-
hols are usually obtained from biological sources, these are bioalcohols. 

 Biofuels used for transport may be pure (100%) for dedicated vehicles, or etha-
nol can be blended with gasoline without the problem of engine modifi cation to 
produce a blend with up to 15–20% alcohol by volume (E15–E20) IEA (International 
Energy Agency)  2002 . Gasohol is a mixture of 90% gasoline and 10% ethanol or 
97% gasoline and 3% methanol. The blend E85 (85% ethanol, 15% gasoline) is an 
alternative fuel in fl exible fuel vehicles, which can be operated on pure gasoline or 
any ethanol blend with up to 85% ethanol. Gasohol has higher octane number, burns 
slowly and completely, resulting in reduced air pollutant (NO 

 x 
 , SO 

2
 ) emissions, but 

it is more volatile, potentially aggravating the photochemical smog problems in 
large cities with a warm climate. 

 Anhydrous ethanol can be blended with gasoline without problem. The biologi-
cally produced ethanol contains about 5% water; it forms an azeotropic mixture 
which cannot be purifi ed by distillation. Ethanol containing more than 2% water is 
not completely miscible with gasoline, but can form an emulsion if a suitable emul-
sifi er (diesohol) is used. Diesohol is a blend of 84.5% diesel fuel, 15% hydrated 
ethanol (azeotropic ethanol, 96%), and 0.5% emulsifi er. The emulsifi er consists of 
a styrene–butadiene copolymer which is soluble in the diesel, and a poly(ethylene 
oxide)–polystyrene copolymer which is soluble in the alcohol. Using diesohol in 
engines signifi cantly reduces the visible smoke, carbon dioxide, and particulate 
emissions and increases the engine thermal effi ciency up to 8%. 

 Ethyl tertiary butyl ether (ETBE) is used as a gasoline additive to reduce carbon 
monoxide production during the burning of the fuel. There are some benefi ts from 
using ETBE – it offers similar air quality as ethanol, does not induce evaporation of 
gasoline, and does not absorb moisture from the air. ETBE made from bioethanol 
makes ETBE partially a biofuel, whereas the cheaper methyl tertiary butyl ether 
made from methanol is usually a fossil fuel (Malca and Freire  2006  )  

 Methanol (also known as wood alcohol) is one of the most industrially important 
chemicals. It may be used directly as a clean fuel, or as an additive to the gasoline. 
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It is not as fl ammable as gasoline. One of the drawbacks of methanol as a fuel is its 
tendency to corrode some metals, e.g., aluminum. It dissolves the oxide coating that 
normally protects the aluminum from corrosion. 

    3.2.1.1   Source of Bioalcohols 

 Bioethanol is obtained from the conversion of carbon-based feedstock. Feedstocks 
can be classifi ed into sucrose-containing feedstocks (e.g., sugar beet, sugarcane), 
starch materials (e.g., wheat, corn), and lignocellulosic biomass (e.g., wood, straw, 
or grasses). Agricultural feedstocks are considered as renewable, getting energy 
from the sun by photosynthesis. 

 The predominant sugar crops are sugarcane ( Saccharum offi cinarum  L) and 
sugar beet ( Beta vulgaris  L), with 12–20% sugar content. Less commercial sugar 
crops are palm ( Phoenix dactylifera  L), sweet sorghum ( Sorghum vulgare  L), and 
sugar maple ( Acer saccharum  L). Cane sugar comes from countries with warm cli-
mates, such as Brazil, India, China, Thailand, Mexico, and Australia. Beet sugar 
comes from regions with cooler climates, such as northwestern and eastern Europe, 
northern Japan, and some areas of the USA. 

 Sugar production causes the formation of different residues with differing proper-
ties: Cane molasses can be used in food preparation; however, molasses from sugar 
beet is unpalatable, and is usually used as industrial fermentation feedstock or ani-
mal feed. Dried molasses can be used as a fuel for burning (Blesa et al.  2003  ) . 

 Corn and wheat are starch-containing materials used for bioethanol production. 
Corn ( Zea mays  L) is grown in most countries throughout the world. The primary 
use for maize is as a feed for livestock, forage, silage, or grain. Feed corn (stove) is 
also being increasingly used for heating. Silage is made by fermentation of chopped 
green cornstalks. The grain also has many industrial uses, including production of 
plastics and fabrics. Grains are usually hydrolyzed and enzymatically treated to 
produce corn syrup, which can be used as a sweetener or can be fermented and dis-
tilled to produce grain alcohol (Wang et al.  1999 ; Kopsahelis et al.  2007 ). 

 Starch is found as granules in plant tubers and seed endosperm. Typically, each one 
contains 70–80% amylopectin molecules and 20–30% smaller amylose molecules. 
Both components (amylose, amylopectin) consist of polymers of  a - d -glucose. Starch 
can be hydrolyzed to glucose molecules by enzymes, e.g.,  a -amylase,  b -amylase, 
 glucoamylase, and pullulanase (Roy and Nath Gupta  2004 ; O’Brien and Wang  2008  ) . 

 The effi cient production of ethanol from lignocellulose is thought to be a break-
through in the fuel market (   Kim and Dale 2004; Demirbas  2005  ) . The basic struc-
ture of all lignocellulosic material consists of three basic polymers: cellulose, 
hemicellulose, and lignin (Sjöström  1981  ) . Cellulose consists of long chains with 
7,000–15,000 glucose molecules per polymer (Fig.  3.1 ); hemicellulose (also a poly-
saccharide) consists of shorter chains, 500–3,000 sugar units. Hemicellulose is a 
branched polymer, whereas cellulose is unbranched. Lignin is a large, cross-linked, 
racemic macromolecule with molecular masses in excess of 10,000 u. Different 
types of lignin have been described depending on the means of extraction.  
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    3.2.1.2   Short Outline of Bioalcohol Technologies, Process Description 

 The production of ethanol from sugar involves the following steps: pretreatment of 
sugar-containing plants, extraction of sugar, fermentation, distillation, dehydration, 
and denaturing (Gray et al.  2006  )  (Fig.  3.2 .). The common steps independent of the 
raw material are the following:  

    • Fermentation:  In ethanol fermentation from glucose, yeast is added to the mash 
to ferment and convert the sugars to ethanol and carbon dioxide (Eq. 1):

     ( )6 12 6 2 6 2C H O 2C H OH 2CO 92.18 kJ/mol .® + +
   (1.1)    

  Fermentation can be performed in a continuous process, where the fermenting • 
mash fl ows through several fermenters until it is fully fermented, or in a batch 
fermentation process, where the mash stays in one fermenter for about 48 h 
before the distillation process is started.  

  Fig. 3.2    Ethanol production fl owchart. (Adapted from Dale  2007  )        

  Fig. 3.1    Cellulose, a linear polymer of  d -glucose linked by  b (1 → 4)- glycosidic bonds       
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   • Distillation:  The fermented mash ( beer ) contains about 10% alcohol, nonfer-
mentable solids, and yeast cells. The mash is fed to a continuous multicolumn 
distillation system, where the alcohol leaves the top of the fi nal column at about 
96% azeotropic concentration. The mash residue called stillage is removed from 
the base of the column.  
   • Dehydration:  The alcohol passes through a dehydration system where the remain-
ing water is removed. Most ethanol plants use a molecular sieve to capture the 
water from ethanol.  
   • Denaturing:  Ethanol that will be used for fuel is denatured with 2–5% additive, 
such as gasoline, to make it unfi t for human consumption. In the case of starch-
containing feedstocks, the process contains more steps to saccharify (to convert 
starch into sugar) the starch.  
   • Milling:  The corn, barley, or wheat passes through hammer mills to grind it into 
a fi ne powder called meal.  
   • Liquefaction:  The meal is mixed with water and  a -amylase, and passes through 
cookers where starch is liquefi ed at 120–150°C in a high-temperature stage 
 followed by a lower-temperature (95°C) holding period. The high temperatures 
reduce bacteria levels in the mash.  
   • Saccharifi cation:  The mash is cooled and a secondary enzyme (glucoamylase) is 
added to convert the liquefi ed starch to fermentable sugars. The liquefaction and 
saccharifi cation are called starch hydrolysis.    

 To produce cellulosic ethanol there are two commonly used methods, the  cellulolytic 
method, where hydrolysis (del Campo  2006 ) is followed by fermentation (celluloly-
sis), and gasifi cation, in which synthesis gas is produced that can be converted to etha-
nol by fermentation or thermochemical catalysis (e.g., the Fischer–Tropsch process). 

 Cellulolysis contains the following steps before fermentation:

    • Pretreatment:  To make ligocellulosic material (wood or straw) amenable to 
hydrolysis.  
   • Cellulose hydrolysis:  To break down the molecules into sugars.  
   • Extraction:  Extraction of the sugar solution from the residual materials (mainly 
lignin).  
   • Gasifi cation : Complex carbon-bas e d molecules are broken to carbon monoxide, 
carbon dioxide, and hydrogen. During gasifi cation, instead of breaking the 
 cellulose to sugar molecules, the carbon in the raw material is converted into 
synthesis gas. This process uses the microorganism  Clostridium ljungdahlii .  
   • Fermentation:  To convert the carbon monoxide, carbon dioxide, and hydrogen 
into ethanol using  Clostridium ljungdahli .    

 Methanol is currently made from natural gas, but can also be made from biomass 
(Fig.  3.3 .) (Demirbas and Gullu  1998  )  by gasifi cation, partial oxidation with O 

2
  and 

H 
2
 O, and catalytic synthesis to produce methanol (Demirbas  2008  ) . Methanol is 

considerably easier to recover than ethanol, and does not form an azeotrope with 
water. This is the reason why the more toxic methanol is the preferred alcohol for 
producing biodiesel.     
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    3.2.2   Biogas 

 Biogas is an environmental friendly, clean, and cheap fuel (Kapdi et al.  2005  ) . 
Almost any form of biomass, including sewage sludge, animal wastes, and indus-
trial effl uents, can be decomposed through anaerobic digestion into a methane and 
carbon dioxide mixture called biogas (Fig.  3.4 ). Anaerobic digestion is a microbi-
ally mediated biochemical degradation of complex organic material into simple 
molecules. Biogas is produced in anaerobic digesters fi lled with feedstock-like 
energy crops such as maize silage or biodegradable wastes, including sewage sludge 
and food waste. The digestion is allowed to continue from 10 days to a few weeks. 

 Landfi ll gas is produced by decomposition of organic waste under anaerobic 
conditions in a landfi ll. The waste is covered and compressed mechanically, an 
anaerobic environment is produced, and consequently anaerobic microorganisms 
thrive. This gas builds up and slowly escapes into the atmosphere. The landfi ll gases 
can be captured using appropriate systems and stored for later use. Landfi ll gas may 
be hazardous if left uncontrolled, because it is explosive when it mixes with oxygen. 
The methane contained within biogas is 20 times more potent as a greenhouse gas 
than carbon dioxide, and it signifi cantly contributes to the effects of global warm-
ing. In addition to this, volatile organic compounds contained within landfi ll gas 
contribute to the formation of photochemical smog. 

 The composition of biogas differs depending upon the origin of the anaerobic 
digestion process. Landfi ll gas typically has methane concentrations around 50%, 
whereas advanced waste treatment technologies can produce biogas with 55–75% 
methane Beszédes et al.  (  2007  ) . 

  Fig. 3.3    Biomethanol from carbohydrates by gasifi cation and partial oxidation with O 
2
  and H 

2
 O 

Demirbas  2008  )        
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  Fig. 3.4    Simplifi ed process of biogas production EC (European Commission)  2004        

 



453 Food By-products for Biofuels

    3.2.2.1   Sources of Biogas 

 Raw materials may be obtained from a variety of sources – livestock and poultry 
wastes, night soil, crop residues, food-processing and paper wastes, and materials 
such as aquatic weeds, water hyacinth, fi lamentous algae, and seaweed. 

 Agricultural residues, such as spent straw, hay, cane trash, corn and plant 
 stubble, and bagasse (fi brous residue remaining after sugarcane of sorghum stalks 
is crushed to extract the juice), are diffi cult to decompose biochemically; mechani-
cal and/or chemical pretreatments are needed. Mechanical pretreatments consist of 
size reduction of straw, heat treatment, and/or digestion with strong acids or bases 
to improve the degradability. Chemical pretreatment methods include bicarbonate 
treatment, alkaline peroxide treatment, and ammonia treatment. Agricultural resi-
dues contain low amounts of nitrogen with 60:90 carbon/nitrogen ratios. The 
proper carbon/nitrogen ratio for anaerobic digestion is 25:35 (Hills and Roberts 
 1981  ) ; therefore, nitrogen needs to be added to enhance the degradation of agricul-
tural solid residues. The advantages of ammonia treatment is that ammonia will be 
a source of nitrogen for biodegradation, and no separate wastewater streams are 
generated from the pretreatment process (Nuntagij et al.  1989 ; Vigneron et al. 
 2007 ; Buendia et al.  2008  ) . 

 Anaerobic biological treatment of the agricultural solid waste is a process which 
has received ample attention during the last few years. Conversion to methane pro-
vides some energy, and has a benefi cial effect on the environment by decreasing the 
net CO 

2
  emission to the atmosphere. 

 Sewage sludge is an unavoidable by-product of wastewater purifi cation pro-
cesses. Many municipal wastewater treatment plants use anaerobic digestion sludge 
treatment to stabilize organic matter. Mass reduction, methane production, and 
improved dewatering properties of the treated sludge are the main features of the 
process (Tiehm et al.  1997  ) . The disadvantage of the process is the slow degradation 
of sewage sludge; with a retention time, in conventional digesters, of about 20 days. 
Anaerobic digestion may be performed under mesophilic and thermophilic condi-
tions. Mesophilic anaerobic digestion of sewage sludge is more widely used than 
thermophilic digestion, mainly because of the lower energy requirements and higher 
stability of the process (Gavala et al.  2003  ) . On the other hand, thermophilic anaero-
bic digestion provides sludge hygienization, increases methane production, and 
reduces the retention time needed for sludge treatment (Ahring  1994  ) .  

    3.2.2.2   Short Outline of Biogas Technologies, Process Description 

 Biogas production systems are relatively simple and can operate at small and large 
scales in urban or very remote rural locations. Biowastes are pretreated and stored    
at 70°C to avoid any taint, and then are mixed with substrates. This is the beginning 
of the hydrolysis. Then the manure is pumped into an anaerobic bioreactor. The 
fermentation time depends on the quality of the feedstock and the temperature: It is 
15–25 days at 30–40°C, but at 50–60°C it is shorter. 
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 The complete anaerobic degradation of an organic substrate to form methane and 
carbon dioxide takes place in four degradation phases, each of which involves 
 different groups of bacteria:

    1.    The hydrolysis phase, in which insoluble organic compounds are converted to 
water-soluble organic products, mainly by extracellular enzymes.  

    2.    The acidifi cation phase, in which larger soluble molecules are degraded by 
 acidogenic bacteria (acidifi ers). The products of this process are mainly hydro-
gen, carbon dioxide, aliphatic acids and alcohols, and small quantities of methyl 
amines, ammonia, and hydrogen sulfi de.  

    3.    The acetogenic phase, in which acetogenic bacteria (acetic acid forming agents) 
degrade the organic acids and alcohols, except for the chlorine compounds, to 
form acetic acid, hydrogen, and carbon dioxide.  

    4.    The methanogenic phase, in which the strictly anaerobic, methane-forming bac-
teria convert acetic acid and chlorine compounds, together with hydrogen, to 
form biogas (methane and carbon dioxide).     

 The bacteria of the hydrolysis and acidifi cation phases are facultative anaerobic 
agents. They are able to withstand fl uctuations in environmental conditions without 
any loss of activity, and they remain active through a pH range from about 3 to 7. 
The acetogenic and methanogenic bacteria are obligatory anaerobic agents. They 
are sensitive to oxygen, temperature fl uctuations, and low pH values. For substrates 
containing solids and large molecules that are hard to break down, the hydrolysis 
phase is the phase that determines the rate of the reaction, and therefore the phase 
that determines the degree of degradation. 

 Anaerobic degradation operates more effi ciently at two temperatures: 37°C 
(mesophilic) and 55°C (thermophilic). In mesophilic conditions, the organic com-
ponents which are easy to decompose are degraded. In thermophilic conditions, 
other bacteria are able to degrade the diffi cult-to-decompose components of the 
organic load.   

    3.2.3   Lipid Biofuels 

 Lipid biofuels can also be used as fuels for (diesel) engines. Biodiesel is a general 
name for alkyl esters from organic feedstock in forms of vegetable oils, animal fats, 
or aquatic biomass such as algae. Chemically, lipid biofuels are triglyceride mole-
cules, in which three fatty acid groups are attached to one glycerol molecule. 
Biodiesel is commonly produced by the transesterifi cation of the oils. 

 Vegetable oils can be used directly as fuels for diesel engines, but may require 
certain engine modifi cations to avoid maintenance and performance problems. 
Vegetable oils from renewable oil seeds can be mixed with gasoline. Gasoline with 
the label B20 means it contains 20% biofuel. 

 Vegetable oil (me)ethyl esters, biodiesel, are promising alternative diesel fuels. 
Biodiesel is environmentally friendly; it is less polluting (e.g., almost sulfur-free) 
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and renewable in contrast to conventional diesel, which is a fossil fuel, use of which 
may lead to exhaustion (Demirbas  2002  ) . 

 Biodiesel may contain small but problematic quantities of water: water reduces 
the heat of combustion of the bulk fuel, resulting in more smoke, harder starting, 
and less power. Water causes corrosion of vital fuel system components (e.g., fuel 
pumps, injector pumps, fuel lines) and accelerates the growth of microbial colo-
nies, which can plug up a fuel system. However, the supercritical methanol pro-
duction method, whereby the transesterifi cation process of oil feedstock and 
methanol is performed under high temperature and pressure conditions, has been 
shown to be largely unaffected by the presence of water contamination during the 
production phase. 

 Bio-oils are liquid or condensable gaseous fuels made from biomass materials, 
such as agricultural crops, municipal waters, or agricultural and forestry by- products, 
via biochemical or thermochemical process, such as pyrolysis (Demirbas  2007  ) . 
They can substitute conventional fuels in vehicle engines in clear or blended form 
EC (European Commission)  2004 . 

    3.2.3.1   Sources of Lipid Biofuels 

 Biodiesel can be made from a range of vegetable oils and animal fats. The most 
common ones are rapeseed (more than 80%), sunfl ower, soybean, palm oil, and 
olive oils. Table 5.2 shows the yields of the most frequently used biodiesel crops. 

 Palm ( Elaeis ) oil is the most important feedstock in biodiesel production in South 
Asia, Indonesia, and Malaysia. These regions produce 89% of the world’s palm oil. 
 Elaeis  spp. palm trees have a very large oil yield per hectare. Another advantage is 
the relatively low production costs. 

 Rapeseed ( Brassica napus  L.) is the third most important source of vegetable oil 
in the world, after soybean and palm oil. Rapeseed grows best in mild maritime 
climates. The leading rapeseed producers are China, India, the European Union, and 
Canada. Originally, the rapeseed oil was not eatable, but after improvements to the 
plant developed in Canada, a lot of rapeseed oils (produced from the species  Canola ) 
are now edible. Natural rapeseed oil contains erucic acid. It is mildly toxic to 
humans, but it is used as a food additive in small doses. High erucic acid content 
rapeseed oil is used in lubricants, especially where high heat stability is required. 
Rapeseed oil is an excellent feedstock for biodiesel production. 

 Sunfl ower ( Heliantus annus  L) oil may also be a feedstock for biodiesel. 
Although sunfl ower oil yields are lower than rapeseed yields, it is a good choice in 
countries with a warm and dry climate. However, the sunfl ower oil used as biofuel 
cannot compete with diesel, since the growing costs are too high. 

 Soybean ( Glycine max ) provides one third of all kinds of oils used for biodiesel. 
The leading soybean producers are the USA and Argentina. Soy contains signifi cant 
amounts of all the essential amino acids for humans, and so is a good source of 
protein. Soybeans are the primary ingredient in many processed foods, including 
dairy product substitutes. 
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 There are suggestions that waste vegetable oil would be the best source to 
 produce biodiesel. Although it has economic benefi ts, it is even more profi table to 
convert waste oils into other products, such as soap. 

 Animal fats (e.g., chicken fat) are limited in supply, and only a small percentage 
of petroleum usage could be replaced if they were used (Anonymous  2003 . 

 Algae fuel is a biofuel from algae (Cristi  2007 ). Algae are high-yield, high-cost 
(30 times more energy per acre than terrestrial crops) feedstocks to produce biofuel. 
Since the whole organism converts sunlight into oil, algae can produce more oil in 
an area the size of a two-car garage than an entire football fi eld of soybeans (Yang 
et al.  2004 ; Rosenberg et al.  2008  ) .  

    3.2.3.2   Short Outline of Biodiesel Technologies, Process Description 

 The basic production methods to obtain fats and oils for raw vegetable oils are ren-
dering, pressure expelling, and solvent extraction (Potter and Hotchkiss  1998  ) . 
“Rendering” means that fat or oil is heated to melting in different ways, e.g., under 
a vacuum or by utilizing steam or water. The most common process is mechanical 
pressing or expelling, a process which presses oil out of seeds. In this case, depend-
ing on the type of oil seed and the operation conditions, the oil cake still contains 
5–18% residual oil. In large-scale operations the oil is generally removed from 
cracked seed at low temperature with a nontoxic solvent, e.g., hexane. After the 
extraction, the solvent is distilled from the oil and recovered for reuse. After extrac-
tion, oils have to be purifi ed (generally fi ltered) to remove insoluble solids and seed 
residues (Fellows  2000  ) . 

 Waste vegetable oil processing differs from processing of virgin oils. Because 
waste oils had been reheated several times during the course of their usage, reheat-
ing causes the fatty acid bound to glycerol to break away, and fatty acids become 
free in the oil. The amount of free fatty acids in the oil has to be reduced, e.g., by 
esterifi cation during the transesterifi cation process. 

 Transesterifi cation is the reaction of triglycerides (or other esters) with alcohols 
to produce alkyl esters and glycerol (Fig.  3.5 ), generally in the presence of acid or 
base catalyst. Methanol, owing to its low cost, is the most commonly used alcohol, 
although other alcohols, e.g., ethanol, produce better fuel characteristic biodiesel. 
The most common method is the base-catalyzed reaction at low temperature (65°C) 
and pressure (1.4 bar), resulting in high yield (more than 98%) with minimal side 
reactions and reaction time.  

 The main steps of biodiesel processing are the following (Fig.  3.6 ):  

   Pretreatment, where the water and fatty acid content must be controlled, because • 
high levels may cause problems with soap formation.  
  Mixing of alcohol and catalyst. The catalyst is typically sodium hydroxide. It is • 
dissolved in the alcohol, and then charged to the reactor and oil is added. Mixing 
is at 71°C for 1–8 h.  
  The resulting biodiesel–glycerol mixture is neutralized, and then the glycerol • 
phase is separated by gravity.  
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  The excess alcohol in each phase is removed with a fl ash evaporation process or • 
distillation.  
  Biodiesel is purifi ed by gentle washing with warm water to remove residual • 
 catalyst and soap, and then dried.       

    3.3   General Review of Food By-products/Wastes 
Regarded as Raw Material for Biofuels 

 The raw materials use in the food industry, such as milk, meat, vegetables, and 
fruits, are very rich in organic components such as proteins, fats, and carbohy-
drates. The processes can never result in total conversion; there always remain some 
residual valuable components that are considered “waste” or the processing waste 
water itself which may be of highly signifi cant volumes. It is very important to use 
these components not only because of the utilization of the valuable matter or to 
minimize environmental fi nes, but because of the environmental stewardship 
aspects as well. The potential for utilization is considerable because of the richness 
of the “raw materials” and the technical development of processing technologies 
and methods. 

 Lignocellulosic biomass is renewable, cheap, and readily available with over 
10–50 billion tons produced per year at the global level (Sticklen  2006  ) . The sources 

  Fig. 3.5    The overall reaction of transesterifi cation       

  Fig. 3.6    The production of biodiesel       
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of lignocellulosic biomass for bioethanol production can be divided into three main 
categories. One of them is forest residues, which include woods and straws from 
pulp and paper industries and logging activities. There are also dedicated agricul-
tural crops such as grasses and short rotation crops that are grown for energy pur-
poses. Lastly, there are secondary or tertiary wastes such as municipal solid waste, 
animal manures, and wastes from food processing industries. All these sources are 
rich in lignocellulose and have the potential to be used as bioethanol feedstock, 
rather than using edible crops such as corn and sugarcane as in fi rst-generation bio-
ethanol. Cellulosic ethanol could be more effective and promising as an alternative 
renewable biofuel than corn ethanol in the long run because it could greatly reduce 
net greenhouse gas emissions as well as having a higher net fossil fuel displacement 
potential (Huang et al.  2008  ) . 

    3.3.1   Wastewater for Biofuels 

 Biogas is a clean, environmental friendly fuel which may be produced from waste-
water by bacterial conversion of organic matter under anaerobic conditions. Raw 
biogas contains about 55–65% CH 

4
 , 30–45% CO 

2
 , traces of H 

2
 S, and fractions of 

water vapor. According to Harasimowicz  2007 ), pure methane has a calorifi c value 
of 9,100 kcal/m 3  at 15.5°C and 1 atm.; the calorifi c value of biogas ranges from 
4,800 to 6,900 kcal/m 3 . Biogas is of great importance to the food industry since 
wastewaters from the food-processing industry may represent a high potential for 
methane production owing to their high organic matter content. Thus, by anaerobic 
treatment of wastewaters it is possible to achieve not only removal of pollutants of 
the wastewater streams but also the production of renewable energy in the form of 
methane (Maya-Altamira et al.  2008 ). It is thought that anaerobic digestion is the 
most suitable option for the treatment of high-strength organic effl uents (Rajeshwari 
 2000  ) . The presence of biodegradable components in the effl uents coupled with the 
advantages of anaerobic processes over other treatment methods makes bacterial 
conversion an attractive option for the treatment of food industry wastewater. 

    3.3.1.1   Biogas Generation 

 The anaerobic degradation of organic matter can occur in a liquid medium, as in 
the treatment of effl uents, or in a solid medium, in conventional biodigestors, 
 stabilizing solid residues from the food industry, sometimes increased with animal 
waste or sludge from aerobic processes of effl uent treatment. Methane is formed 
from a sequence of biochemical reactions characterized by three distinct phases. 
Figure 3.7 illustrates the anaerobic degradation of organic substances with meth-
ane generation. 

 Initially, the complex organic substances are hydrolyzed to monomers or to small 
molecules susceptible to microbial absorption. The microorganisms absorb such 
molecules, using them for energy generation and manufacture of cellular material. 
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This stage, called acidogenesis, is a fermentative pathway that produces short-chain 
fatty acids such as acetic acid, propionic acid, and butyric acid, among others. These 
acidogenic reactions generate CO 

2
  and H 

2
 . Of the acids formed, only acetic acid is a 

substrate for the methanogenic archaea, and because of this, the acetogenic phase is 
necessary to convert butyric acid and propionic acid into acetic acid. These reactions 
also generate H 

2
 , are thermodynamically unfavorable, and only occur at very low H 

2
  

partial pressure. The low H 
2
  partial pressure is possible owing to its consumption by 

the hydrogenotrophic methanogens that can convert H 
2
  and CO 

2
  into CH 

4
 . These 

methanogenic reactions are responsible for 30% of the methanogenic production in 
stable reactors. The other 70% of the methane content is generated through the ace-
toclastic fermentation process in which the methanogenic archaea can ferment ace-
tate to produce CH 

4
 . According to Stams (1997), the key for the stability of the 

methanogenic production lies precisely in interspecies hydrogen transfer. This pro-
cess has been described as integral to the symbiosis between certain methane- 
producing bacteria (methanogens) and nonmethanogenic anaerobes. In this 
symbiosis, the nonmethanogenic anaerobes degrade the organic substance and pro-
duce –among other things – molecular hydrogen (H 

2
 ). This hydrogen is then taken 

up by methanogens and converted to methane via methanogenesis. One important 
characteristic of interspecies hydrogen transfer is that the H 

2
  concentration in the 

microbial environment is very low. Maintaining a low hydrogen concentration is 
important because the anaerobic fermentative process becomes increasingly ther-
modynamically unfavorable as the partial pressure of hydrogen increases. So, sum-
marizing, although the methanogenic archaea exploit appropriate conditions to use 
the H 

2
  content, acetogenesis occurs, and subsequently acetoclastic methanogenesis. 

 There are several physical, chemical, and physiological factors in the environ-
ment that affect biodegradation of organic compounds, such as the availability of 
the compounds, the availability of electron donors and acceptors, oxygen concen-
tration, temperature, pH, moisture, salinity, sorption of chemicals to particulate 

  Fig. 3.7    Anaerobic digestion pathways       
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material, and the concentration of the chemicals. Different factors might have 
 different infl uences according to specifi c characteristics of the compounds. 
Anaerobic biodegradability assays are used to establish anaerobic biodegradability 
to determine the ultimate methane potential of wastes; such assays are also used to 
determine the rate of biodegradation in general. Methane potential (also called bio-
chemical methane potential) of wastes is defi ned as the ultimate specifi c methane 
production for an indefi nite degradation time. In practice, the degradation time 
is defi nite and the methane potential is estimated by extrapolation of a methane 
concentration-time time degradation curve   .  

    3.3.1.2   Biogas Utilization 

 According to Komiyama et al. (2006), there are two ways of using biogas as an 
energy source: (1) as a natural gas substitute, to burn it in a boiler or in a stove to 
obtain heat or to supply it to a gas engine for power generation, and (2) for steam 
reforming, to obtain hydrogen for fuel cell power generation or to produce synthesis 
gas (CO+H 

2
 ), from which dimethyl ether is synthesized, to be used as diesel fuel 

substitute for farm machines. The merit of steam-reforming biogas, instead of sim-
ply using it as a natural gas substitute, lies in its additional freedom to be employed 
as a renewable energy source. The resulting hydrogen can be used to drive fuel cells, 
by which electricity and hot water can be produced at higher effi ciency than by gas 
engines or microturbines. One of the major obstacles for steam reforming of biogas 
is its high sulfur content. 

 Prior to any kind of utilization, there are three primary compounds that must be 
removed. First, water vapor in biogas is problematic for compressibility and should 
be removed prior to storage. Second, biogas typically contains a high percentage of 
CO 

2
 , which decreases its calorifi c value. Finally, H 

2
 S is toxic and has corrosive 

effects on process equipment if it is not removed prior to compression and storage 
(Strevett et al. 1995). The presence of incombustible gases such as CO 

2
 , H 

2
 S, and 

water vapor reduces the calorifi c value of biogas and makes it uneconomical to 
compress and transport it over long distances. It is therefore necessary to remove 
these gases before compression (Kapdi et al.  2005 ). So, for a reasonable utilization 
of biogas as an alternative energy source, its purifi cation is more than necessary, it 
is indispensable.  

    3.3.1.3   Biogas Purifi cation 

 Improving the heat potential of the produced biogas (when used as fuel), reducing 
technical problems caused by the presence of H 

2
 S when used in power engines, and 

lowering CO emissions    during the energy production (the parameter strictly related 
to CO 

2
  content in the fuel) are the main objectives of biogas purifi cation (Lastella 

et al.  2002 ). Several basic mechanisms are involved to achieve selective separation 
of gas constituents. 
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 Physicochemical methods such as physical adsorption and chemical absorption 
are commonly used to treat biogas. Physical absorption into a liquid can remove 
water vapor and H 

2
 S as well as CO 

2
 . Typically, water scrubbing will remove CO 

2
  

and H 
2
 S (Strevett 1995). One of the easiest and cheapest methods involves the use 

of pressurized water as an absorbent. In this method CO 
2
  and H 

2
 S are dissolved in 

water, and are collected at the bottom of the tower. This physical absorption method 
is perhaps the simplest method for scrubbing biogas (Kapdi et al.  2005 ). Ethylene 
glycol scrubbing is required to remove water vapor. 

 The removal of water vapor and H 
2
 S can be accomplished by physical adsorption on 

a solid – commonly silica gel or activated carbon. By the proper choice of the adsor-
bent, the process can remove CO 

2
 , H 

2
 S, moisture, and other impurities either selec-

tively or simultaneously from biogas. H 
2
 S can be adsorbed on activated carbon. The 

sulfur-containing carbon can then be either replaced with fresh activated carbon or 
regenerated. The adsorption is a catalytic reaction and carbon acts as a catalyst. 
Adsorption is generally accomplished at high temperature and pressure. It has good 
moisture removal capacities, is simple in design, and is easy to operate. But it is a costly 
process with high pressure drops and high heat requirements (Kapdi et al.  2005 ). 

 The purifi cation process can also be done by chemical absorption, which involves 
formation of reversible chemical bonds between the solute and the solvent. 
Regeneration of the solvent, therefore, involves breaking of these bonds and, cor-
respondingly, a relatively high energy input. Chemical solvents generally employ 
either aqueous solution of amines, i.e., monoethanolamine, diethanolamine or tri-
ethanolamine, or aqueous solution of alkaline salts, i.e., sodium, potassium, and 
calcium hydroxides. In H 

2
 S purifi cation with the physical absorption process 

the consumption of water is very high for absorption of a small amount of H 
2
 S. 

If chemicals such as sodium hydroxide are added to the water, the absorption pro-
cess is enhanced. Sodium sulfi de or sodium hydrosulfi de is formed; these are not 
regenerated and pose disposal problems. Chemical absorption of H 

2
 S can take place 

with solutions of an iron salt, such iron chloride. This method is extremely effective 
in reducing high H 

2
 S levels. The process is based on the formation of insoluble 

precipitates. FeCl 
3
  can be added directly to the digester slurry (Kapdi et al.  2005 ). 

 Another chemical conversion method for the removal of H 
2
 S involves a small 

amount of oxygen (2–6%) being introduced into the biogas system by using an air 
pump. As a result, sulfi de in the biogas is oxidized to sulfur and the H 

2
 S concentra-

tion is lowered. This is a simple and low-cost process. No special chemicals or 
equipment is required. Depending on the temperature, the reaction time and the 
place where the air is added, the H 

2
 S concentration can be reduced by 95% to less 

than 50 ppm. However, care should be taken to avoid overdosing of air, as biogas in 
air is explosive in the range from 6 to 12%, depending on the methane content 
(Kapdi et al.  2005 ). 

 Chemical solid adsorbents such as quicklime are also capable of removing the 
three compounds, whereas liquid absorbents, such as ethanolamines, will remove 
only CO 

2
  and H 

2
 S (Strevett et al. 1995). Lastella et al.  2000 ) used Neapolitan Yellow 

Tuff    as a solid adsorbent, which adjusted the CO 
2
  concentration to the order of 20% 

and provoked the complete removal of H 
2
 S. Another example is the reaction between 
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H 
2
 S and iron hydroxides or oxides to form iron sulfi de. The biogas is passed through 

iron oxide pellets to remove H 
2
 S. When the pellets are completely covered with 

sulfur, they are removed from the tube for regeneration of sulfur; it is a simple exo-
thermic reaction. Also, the dust packing contains a toxic component and the method 
is sensitive to high water content of biogas. 

 Membrane separation, cryogenic separation, and chemical conversion can repre-
sent an option for biogas treatment as well (Kapdi et al.  2005 ; Harasimowicz et al.  
 2007 ). The principle of the membrane separation process is that some components 
of the raw gas can be transported through a thin membrane, whereas others are 
retained. The transportation of each component is driven by the difference in partial 
pressure over the membrane and is highly dependent on the permeability of the 
component in the membrane material. For high methane purity, the permeability 
must be high. A solid membrane constructed from acetate–cellulose polymer in 
permeable to CO 

2
  and H 

2
 S up to 20 and 60 times, respectively, more than CH 

4
 . 

However, a pressure of 25–40 bar is required for the process (Kapadi et al.  2005 ). 
 Beyond the physical and chemical methods, the biological treatment of biogas 

has shown very good results in H 
2
 S and CO 

2
  removal, as has rinsing the CH 

4
  content 

(Table   3.1 ). Strevett et al. (1995) obtained promising results with a process that 
effectively removed both CO 

2
  and H 

2
 S. Through the use of a chemoautotrophic 

methanogen ( Methanobacterium thermoautotrophicum ), uncoupled methanogene-
sis techniques, and hollow fi ber, CO 

2
  was converted to CH 

4
  and H 

2
 S was effectively 

removed, causing the original CH 
4
  mass to approximately double. The fi nal purifi ed 

biogas contained about 96% CH 
4
 , which increased its calorifi c value from 21 to 

35 MJ m −3  (Strevett 1995). Komiyama et al. (2006) stated that biodesulfurization 
and dry desulfurization appear to be comparable in the effectiveness of desulfuriza-
tion, although the latter may incur a much higher running cost than the former 
technique. Pagella and Faveri ( 1999)  developed a process for abatement of H 

2
 S 

based on the combined action of a chemical absorption step and a biological oxida-
tion step exploiting the biocatalytic ability of the bacterium  Thiobacillus ferrooxi-
dans . In the fi rst stage (chemical step), H 

2
 S was absorbed in a ferric solution. In the 

second stage (biological step), ferrous ion in the solution was oxidized by the bio-
logical action of  Thiobacillus ferrooxidans . By these means H 

2
 S is defi nitely con-

verted to sulfur in a closed-reaction cycle. Ramírez-Sáenz (2008) evaluated a 
biofi ltration system for removing H 

2
 S and volatile fatty acids contained in a gaseous 

stream from an anaerobic digester. The elimination of these compounds allowed the 
potential use of the biogas while maintaining the methane content throughout the 
process. The aerobic biodegradation of H 

2
 S was determined in a lava rock biofi lter. 

The overall results suggested that the system used was effi cient for the biological 
removal of H 

2
 S and minor concentrations of volatile fatty acids.  

    3.3.1.4   Storage 

 Biogas, containing mainly methane, cannot be stored easily as it does not liquefy 
under pressure at ambient temperature (the critical temperature and pressure 
required are 82.5°C and 47.5 bar, respectively). Compressing the biogas reduces the 
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storage requirements, concentrates the energy content, and increases the pressure to 
the level required to overcome resistance to gas fl ow. Compression is better in 
scrubbed biogas.   

    3.3.2   Solid By-products 

 Besides wastewater, the solid by-products are also very important and could become 
a raw material for different kinds of biofuels. The well-known unit operations chop-
ping, sieving, fi ltration, extraction, distillation, fermentation, etc. could be used for 
processing by-products although the parameters used might be different. Apart from 
environmental aspects, the driving force to develop a new processing methods based 
on “wastes” may be conditioned by economic necessity. The use of by-products of 
the food industry as a valuable biofuel raw material is well documented. 

    3.3.2.1   Lignocellulose-Containing By-products 

 Lignocellulose may be a substrate for the production of value-added products, 
such as biofuels, biochemicals, biopesticides, and biopromoters, or may be a 
product itself after biotransformation (e.g., compost, biopulp). In all applica-
tions the primary requirement is the hydrolysis of lignocellulose to fermentable 
sugars by lignocellulolytic enzymes, or appropriate modifi cation of the struc-
ture of lignocellulose. Economical and effective lignocellulolytic enzyme com-
plexes containing cellulases, hemicellulases, pectinases, and ligninases may be 
prepared by simultaneous saccharifi cation and fermentation. (Tengerdy and 
Szakacs  2003 .  

 The difference between fi rst- and second-generation bioethanol is that in the lat-
ter an extra step is required to hydrolyze lignocellulosic biomass. Pretreatment 
methods are currently used to disrupt the lignocellulosic matter and to remove most 
of the lignin, thus allowing the cellulases to access the cellulose. Plant genetic 
 engineering can decrease the lignin content and/or need for expensive and harsh 
pretreatments. Genetic engineering can also be employed to produce microbial 
ligninases within the biomass crops, so the lignin content of the biomass could be 
deconstructed during or before bioprocessing 

 Saska and Ozer  (  1995  )  showed that hemicellulose from sugarcane bagasse can 
be successfully extracted with water. Under the operating conditions of a solid-to-
liquid ratio of 1:5, an extraction temperature of 150–170°C, and an extraction time 
of 15–30 min, 89% of the original amount of xylose was recovered. The major 
advantages of the water extraction method over the dilute acid pretreatment are 
less corrosion of equipment, less xylose degradation and thus lower amounts of 
 by-products, including inhibitory compounds, in the extracts, and easier recovery of 
acid from the hydrolyzate. 

 Harsh pretreatment conditions could be eliminated for the hydrolysis of sweet 
sorghum bagasse (Hodúr et al.  2008  )  compared with the waste wood. 
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 For the simultaneous saccharifi cation and fermentation of the sweet sorghum 
bagasse 0.67 ml/l cellulase and  b -glucosidase enzymes was used at pH 5, 42°C, and 
with a suspension content of 75 g/l bagasse. In this case the alcohol yield was 61.3% 
of the optimal yield (Hodúr et al.  2008  ) . 

 Steam explosion is an effective pretreatment for hemicellulose hydrolysis. In this 
process, biomass is pretreated by pressurized steam, followed by rapid relief of the 
pressure, which breaks down the lignocellulosic structure so that the lignin is read-
ily depolymerized and thus the hemicellulose is easily hydrolyzed (Cara et al.  2006  ) . 
The steam explosion process can result in around 50% insoluble residue of the 
wood, consisting mainly of cellulose. 

 Tucker at al.  (  2003  )  investigated the combined dilute acid–steam explosion 
method for biomass treatment. Corn stover was subjected to 1 wt% H 

2
 SO 

4
  for 

70–840 s in a steam explosion reactor at 160, 180, and 190°C. The yields of xylose 
obtained were 63–77% of thetheoretical yield at 160–180°C, and more than 90% 
at 190°C. 

 It is well known that thermochemical pretreatment of lignocelluloses, e.g., dilute 
acid hydrolysis and steam explosion, can release not only the fermentable pentose 
and hexose sugars, but also various compounds which are inhibitory to microorgan-
isms and lead to apparent reduction in fermentation yield and productivity. Since 
the detoxifi cation process can be expensive and constitute a large portion of 
the whole ethanol production cost, detoxifi cation is a key step and selection of the 
proper detoxifi cation method becomes very important. For example, one study 
showed that the detoxifi cation process constituted 22% of the ethanol production 
cost with willow as feedstock (Sivers et al.  1994  ) .  

    3.3.2.2   Starch- and/or Sugar-Containing By-products 

 The main element of juice technologies is squeezing. The juices are very rich in 
useful components such as vitamins, colorants, sugars, minerals, and amino acids, 
but the extraction from the tissues is never complete, numerous valuable compo-
nents remaining in the press-cakes. Classical methods of using these components 
include fermentation and/or compost preparation. Hodúr et al.  (  2007  )  investigated 
the extraction of valuable components such as sugar, pectin, and colorants. 
Microwave-assisted extraction was used and they showed that the microwave treat-
ment enhanced not only the pectin yield, but also the biodegradability and the bio-
gas production of the marcs as well. 

 László et al. (2008) investigated squeezed sweet sorghum juice for ethanol fer-
mentation. They found that the addition of cellulase and glucosidase enzymes con-
siderably enhances the alcohol yield, more than is expected theoretically on the 
basis of lignocellulose content. In the case of subspecies Monori, the alcohol yield 
increased from 60% for sugar only to about 85% for sugar and lignocellulose with 
addition of enzymes.    
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 Because of the high content of starch in pulse food residues, dilute acid 
 pretreatment does not seem to be effi cient enough to break down the starch into 
smaller units of glucose. For this reason, alternative pretreatments, such as enzy-
matic hydrolysis with amylases, must be considered for subsequent studies. 

 Harsh pretreatment conditions could be eliminated for agri-food residues (Campo 
et al.  2006  ) . This is especially appropriate for tomato and red pepper wastes because 
of the considerable amount of soluble sugars released in the hydrolyzate. Therefore, 
these residues could be potential feedstocks for ethanol production because of both 
their low cost and their easy availability. The fact that around 40.29 and 50.20% by 
weight of soluble sugars were obtained for tomato and red pepper residues after 
pretreatment without acid must be taken into account when developing new valori-
zation strategies. However, to increase the overall yield of the pretreatment process, 
an enzymatic hydrolysis must be performed on the solid fraction obtained during 
the pretreatment step   . 

 Waste mushroom logs have advantages for conversion to fermentable sugar for 
bioethanol production because of their carbohydrate content and the degradation of 
lignin (Christopher et al. 2003). Removal of the lignin, which inhibits enzymatic 
hydrolysis, and some of the hemicellulose from the lignocellulosic biomass pro-
vides an accessible surface area for enzyme or chemical reactions for hydrolysis. 
On the basis of energy consumption, waste mushroom logs are an economically 
feasible source for bioethanol production. The sugar yield of waste mushroom logs 
(32.02%) was higher than that of normal wood (24.81%). The high yield of xylose 
obtained from waste mushroom logs by enzymatic hydrolysis indicates that hemi-
celluloses were converted to an easily degradable structure by fungal treatment with 
 Lentinula edodes . Use of waste mushroom logs in both hydrolysis processes resulted 
in greater production of glucose and other monosaccharides than did use of normal 
wood. The faster conversion of waste mushroom logs to fermentable monosaccha-
rides could be due to reduced crystallinity and lignin content following cultivation 
of  L. edodes  ( 2003). 

 The treatment of distillery wastewater, generally known as vinasse, is one of the 
signifi cant and challenging issues in the industrial production of ethanol. A distill-
ery with a daily ethanol production of 100 m 3  has a vinasse discharge of 1,300 m 3  
and a high pollution load, with biological oxygen demand ranging from 30 to 60 g 
O 

2
 /l (Pieper  1990  )  
 The vinasse recycling system results in the buildup of yeast by-products and 

compounds that inhibit yeast fermentation. This problem can be overcome by recy-
cling a certain percentage of the total vinasse to keep the concentration of undesir-
able compounds below the level of toxicity that appears in a vinasse with 26% 
solids content. The recycling of 60% of the generated vinasse is technically feasible 
and may enhance the ethanol production process with no inhibitory effects. 
Considering that the amount of water required for the preparation of the fermenta-
tion medium in an alcohol-producing plant is about 77% of the total water con-
sumption, the reuse of 60% vinasse reduces the quantity of water required to 46.2% 
of the total water consumption.  
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    3.3.2.3   Fat/Oil-Containing Byproducts 

 A variety of oils or fats from animals or vegetables can be used as feedstock for 
biodiesel production. Nowadays, these technologies are mainly in the research 
stage, but there are some promising projects. 

 Waste fats can be converted into biodiesel, according to research by the National 
Renewable Energy Lab, but there are some problems. Yellow-grease biodiesel (from 
animal fats) can have as much as 30 ppm sulfur, and hence this is problematic for 
blending with the 15 ppm sulfur (maximum) gasoline that the US EPA mandated in 
2006. Oxidative stability is probably the single largest concern. Low-temperature 
operability is another issue, especially with animal-fat biodiesel, whereas B20 biod-
iesel blends cause 2–4% NO 

 x 
  increases. 

 In Spain, through a National Technical Centre for Conservation of Fisheries 
Products (CECOPESCA) and National Association of Fish and Shellfi sh Canners 
(ANFACO) project, it is expected that biodiesel will produced from industrial 
wastewater taken from various stages of the fi sh canning process. The process for 
the production of biodiesel is based on collection of fat, which is later purifi ed into 
oil by centrifugal force and evaporation. 

 Biodiesel can also be produced from 100% animal fats and fulfi lls the current EN 
14214 for fatty acid methyl esters, as long as state-of-the-art process technology is 
applied. When chemical properties of various feedstock materials for biodiesel pro-
duction are compared, the main difference between vegetable oils such as rapeseed 
oil and animal fats can be found in the diverse fatty acid composition: whereas rape-
seed oil and soybean oil have a high content of unsaturated fatty acids, mainly oleic 
acid and linoleic acid, animal fats such as tallow and lard have a major content of 
saturated fatty acids (e.g., palmitic acid and stearic acid) (Table  3.2 ). Biodiesel derived 
from animal fat (e.g., beef tallow) shows signifi cantly better fuel properties concern-
ing engine performance than does conventional biodiesel (Hilber et al.  2005  ) .  

    3.3.2.4   Wastewater Sludge for Biofuels 

 Most branches of the food industry, for instance, the dairy industry, the meat indus-
try, and the cannery industry, have a considerable wastewater output. The problem 
of pollution is caused not only by the total amount of wastewater production, but 
also by the high content of organic matter. The sewage sludge is the residue of pri-
mary, secondary, or tertiary wastewater technologies. The organic matter content of 
the sludge is also considerable. Depending on the raw material processed, the sludge 
may be rich in carbohydrates, lipids, or proteins. 

 The production of canned maize produces a high volume of wastewater too, with 
high chemical oxygen demands and biological oxygen demands. After mechanical 
wastewater treatment, the chemical oxygen demand of the sludge may be more than 
100 kg m –3  because of the high content of corn starch. 

 Beszédes et al.  (  2007  )  examined the effects of acidic, microwave, and ozone 
pretreatment on the biogas production and biodegradability of canned maize 
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 production sludge, and the energy balances of the processes were determined when 
different sludge pretreatments were used. It was found that ozone treatment 
decreased the chemical oxygen demand, whereas the biological oxygen demand 
and the biodegradability increased. The combination of microwave and ozone treat-
ment increased the biodegradability relative to ozone treatment alone. The investi-
gation of biogas production showed that all types of pretreatment enhanced methane 
production: 30 min ozone treatment and 5 min 250-W microwave treatment resulted 
in a positive energy balance. (Table  3.3 .)    

   Table 3.3    Parameters of biodegradability after different pretreatments (Beszédes 
et al.  2007  )    

 Pretreatment 
 Treatment 
time (min) 

 BD 
5
  (%) [(BOD 

5
 /

COD) × 100] 

 Initial biogas 
production 
rate (cm 3 /g/day) 

 Untreated  –  26   1.037 
 Ozone  30  63   3.77 
 Ozone  60  94   7.40 
 Ozone/microwave  30 + 5  96   9.52 
 Microwave (pH 2)   5  95  25.75 

   BOD  
 5 
  5-day biological oxygen demand,  COD  chemical oxygen demand  

   Table 3.2    Oil yields of some common crops   

 Crop  Yield (l oil/ha) 

 Sunfl owers    952 
 Rapeseed  1,190 
 Mustard seed    572 
 Soybean    446 
 Cotton    325 
 Olives  1,212 
 Oil palm  5,950 
 Algae  7,660 

   Table 3.1    Comparison of composition of reactor and landfi ll biogas   

 Matter  Reactor biogas (%)  Landfi ll biogas content 

 Methane, CH 
4
   55–75  54% 

 Carbon dioxide, CO 
2
   25–45  42% 

 Carbon monoxide, CO  0–0.3  – 
 Nitrogen, N 

2
   1–5  3.1% 

 Hydrogen, H 
2
   0–3  – 

 Hydrogen sulfi de, H 
2
 S  0.1–0.5  88 mg/ml 

 Oxygen, O 
2
   Traces  0.8% 

 Chlorine, Cl 
2
   –  22 mg/ml 

 Fluorine, F 
2
   –  5 mg/ml 
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 Only the short-time ozone or microwave treatment resulted in net energy 
 production. From an energetic aspect, the 30-min ozone pretreatment and the micro-
wave pretreatment at pH 2 were more profi table, because of the high energy demand 
of the long-time treatment. 

 The dairy industry has a large-scale technological and cleaning water demand; 
therefore, the dairy industry has a large amount of wastewater product too. The 
development of wastewater management technologies has increased the effi ciency 
of removal of pollutant components, but for this reason the mass of produced sew-
age sludge has also increased. Sludge originating from dairy processing is rich in 
different type of organic matter and for that reason would be suitable as a raw mate-
rial for biogas production by applied anaerobic fermentation processes. The dairy 
sludge is often less degradable by microorganisms because of resistant components. 
Beszédes et al.  (  2007  )  showed that increasing the microwave power caused increased 
biogas production, but from an energy aspect the higher-level microwave pretreat-
ment was less effi cient.    

    3.4   Biofuel Case Studies and Examples 

 Whey is a by-product in the cheese making process: Every 100 kg of milk produces 
about 80–90 kg of liquid whey. Further processing of whey for food is possible but 
expensive, and sewage treatment is diffi cult owing to the high organic content of the 
wastewater. In March 2007, a German dairy products group, Müller Group, began 
the construction of a plant to produce bioethanol from whey. The group invested 
€20 million in the plant. According to plans, when maximum capacity is reached, 
the plant should product ten million liters of ethanol per year. Use of this quantity 
of ethanol will release an energy equivalent to about 5,079 t of gasoline (or 37,079 
barrels), and save approximately 15,450 t of fossil carbon emissions (Murias 
 2007  ) . 

 In Aalborg in Denmark, a biogas plant was built in 1997. It receives farm slurry, 
industrial waste, and organic household waste. The average biogas production is 
10,000 m 3 /day   . The biogas is utilized in a nearby 2-MW heat and power cogenerat-
ing unit   . The biogas plant is working under “thermophile” conditions at approxi-
mately 53°C. The heat and power consumed by the plant are produced by a 
cogeneration unit, using a minor part of the biogas produced (Energie-Cites  1999 ). 

 Waste cooking oil can be used as fuel for diesel engines. Several local projects 
have been set up to collect used cooking oil from individuals and//or professionals 
and to use it to fuel public transport. This strategy is all the more environmentally 
friendly because it reduces the use of fossil fuels, and avoids the disposal of large 
quantities of oil, which may damage the sewage systems because of their physical 
properties. In Spain, the city of Valencia ran the ECOBUS project using LIFE fund-
ing. On average, some 100 l of waste domestic oil was collected per month. By the 
end of the project, 800 commercial outlets had between them collected some 
800,000 l of used cooking oil. The oil was stored and sent to a transformation plant 
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to produce an eco-diesel fuel mix for use by the city’s urban buses. During the 
 project, 322,654 l of eco-diesel was used to fuel the Valencia City fl eet. 

 In Austria, the city of Graz has had a similar project since 1999. With the 
 slogan “From the pan to the tank,” waste oil is collected from the city’s restau-
rants. It i transformed into biodiesel, and it is used to run 50% of the city’s bus 
fl eet. The project was also supported by LIFE, as part of the SMILE project (EC – 
Directorate General for Energy and Transport  2009  ) .  

    3.5   Pros and Cons of Biofuels 

 Recently, the production of biofuels has been on the rise – there are a lot of grants 
and projects designed to develop new biofuel technologies, and more and more 
crops are being processed to biofuel. However, the question of whether this is eco-
logically the best choice remains to be answered (Table  3.4 ).       
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    4.1   Introduction 

 The olive tree, originally from Persia and Egypt, has been cultivated for thousands 
of years (Kapellakis et al.  2008  ) . The Phoenicians and the Greeks contributed to 
spreading its cultivation in the Mediterranean region, and with the discovery of the 
new world in the fifteenth century, the olive tree was propagated in areas of 
the American continent with Mediterranean-like climate conditions. The value of olive 
oil as a staple   , pharmaceutical, and fuel has been greatly appreciated by many since 
the Roman era (Chazau-Gillig  1994  ) . 

 More than 30 species of olive trees are known (Siggelakis  1982  ) , but  Olea euro-
pea  L. is the only edible species. There are approximately 750 million to 850 million 
productive olive trees worldwide, occupying a surface area of 7 × 10 6 –8.5 × 10 6  ha 
(Molina Alcaide and Nefzaoui  1996 ; Niaounakis and Halvadakis  2006  ) , and 98% of 
them are located in the Mediterranean region. The Mediterranean region accounts for 
not less than 97% of world olive oil production (Al-Malah et al.  2000 ; WWF  2001  ) , 
and the European Union countries produce approximately 75% (Fig.  4.1 ). The three 
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major olive oil producers worldwide are Spain (890,100 t/year, 36% of the world-
wide production), Italy (614,950 t/year, 24% of the world’s total), and Greece 
(402,703 t/year, 17% of the global production), followed by Turkey (168,700 t/year, 
4.4% of the total production), Tunisia, and to a lesser extent Portugal, Morocco, 
Syria, and Algeria (Paraskeva and Diamadopoulos  2006 ; FAOSTAT  2007  ) .  

 The process of oil production was initially based on the crushing of olives mixed 
with hot water, followed by the separation of the oily phase, which is less dense than 
the aqueous phase. The development of devices that improved fruit crushing and the 
use of pressure devices that enhanced the extraction process, prior to phase separa-
tion, further improved the oil production process. Depending on the extraction tech-
nology, there are two main methods used: the traditional and three-phase or 
two-phase milling. 

 The traditional method of olive milling is based on application of pressure to the 
olive fruits. Initially, the olives are ground to form a paste. The olive paste is spread 
on fi ber discs (made of hemp, coconut, or synthetic fi ber); these are stacked in a pile 
and placed in the press. When pressure is applied to the discs (up to 400 atm), the 
liquid phase percolates. To enhance the speed of percolation as well the subsequent 
phase separation step, water is added to run down the sides of the discs. The liquid 
extract is then decanted into a vertical centrifuge to separate the oil from the vegetable 
water. Proper cleaning of the discs after each extraction is critical to avoid fermenta-
tion and production of undesirable compounds that would spoil the oil. The procedure 
of cleaning, however, is time- and labor-consuming. Production of oil is performed in 
batches (noncontinuous) and as a result, the paste may be exposed to the oxidizing 
effects of air and light. On the other hand, this method ruptures the pulp of the drupe 
and only slightly affects the nut and the skin. As a result, the effect of oil oxidation 
enzymes present in these organs is reduced. Another advantage is that the water 

  Fig. 4.1    Geographic distribution of world olive oil production (Di Giovacchino  2000 )       
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requirement is low and, consequently, loss of polyphenols by washing is reduced, and 
the exhausted paste, called pomace, is a residue of low moisture and is easy to 
manage. 

 In the modern method of olive oil extraction, industrial decanters based on cen-
trifugation are used. The olives are crushed to a fi ne paste. This paste is then mixed 
and heated to 27°C (malaxation step) for 30–40 min to enhance the aggregation of 
the small olive droplets. After malaxation, the paste is pumped to a horizontal 
decanter. Water is added to facilitate the phase separation into solids (pomace), olive 
mill wastewater (OMWW), and oil. Further centrifugation in a vertical decanter 
recovers most of the residue oil contained in the OMWW fraction. Pomace can be 
further processed to extract its residue oil through extraction with hexane or another 
solvent. The oil produced is called pomace olive oil. 

 In this type of olive processing, the so-called three-phase oil extraction, large 
quantities of OMWW, containing polyphenols washed off from the oil, are pro-
duced. In an attempt to solve this problem, two-phase oil decanters have been manu-
factured. This type of decanter uses less added water, at the expense of its extraction 
effi ciency. The olive paste is separated into two phases: oil and wet pomace. This 
two-phase decanter, instead of having three exits (for oil, water, and solids) has only 
two. The water is removed with the pomace, resulting in a rather semisolid residue 
(two-phase olive mill pomace) that is much harder to process. In fact, the perfor-
mance of such a process in the existing pomace oil extraction plants to render the 
pomace dry enough to be processed is highly energy dependent. Therefore, in the 
attempt to reduce waste quantities, a new type of waste is produced that is harder to 
manage. Another mode of oil extraction using the three-phase decanter but requir-
ing lower quantities of water is called two and a half phase extraction. 

 Other oil extraction techniques have also been developed, such as the Sinolea 
method (Boskou  2006  )  or combinations of the traditional and modern decanter-
based methods, but these have limited acceptance so far owing to low effi ciency or 
low productivity. Figure  4.2  shows the extent of the most widespread olive oil 
extraction technologies.  

    4.1.1   Waste Production from Olive Oil Extraction 

 During the three olive oil extraction process types, the following categories of 
wastes are produced:

   Solid: leaves and twigs (used as feed for goats and bulking material for compost) • 
and pomace (crushed olive stones and residues of the fruit fl esh – olive pulp).  
  Liquid: added water, olive juice (vegetation water), unrecoverable oil, and fi ne • 
olive pulp. This portion constitutes the OMWW.  
  Gaseous: fumes from malaxation and gases from the burner exhaust.    • 

 The OMWW (also called  aqua refl ue  in Italy,  alpechin  in Spain,  katsigaros  or 
 liozoumi  in Greece, and  zebar  in Arab countries) is produced in large quantities; the 
annual world OMWW production is estimated to be between 7 × 10 6  m 3  and more 
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than 30 × 10 6  m 3 . Generally, processing 100 kg of olives results in the production of 
35 kg of pomace, 55–200 L of OMWW (depending on the extraction process), and 
5 kg of leaves. According to Scioli and Vallaro  (  1997  ) , about 2 × 10 6  m 3  OMWW is 
generated in Italy annually. Greece generates 1 × 10 6 –1.5 × 10 6  m 3  OMWW annually 
(Iconomou et al.  2000 ;    Papafotiou et al.  2004 ), Tunisia 600,000–700,000 m 3  OMWW 
(Ammar et al.  2004 ; Kallel et al.  2008    ), and Turkey around 1 × 10 6  m 3  OMWW 
(Eroğlu et al.  2004  ) . In Spain, where the two-phase olive oil extraction is applied, 
around 2 × 10 6  t per year of two-phase olive mill pomace or alpeorujo are produced 
by almost 2000 Spanish olive oil factories, most of them located in Andalusia (Borja 
et al.  2006c ). 

 The main characteristics of OMWW are its high chemical oxygen demand (COD) 
concentration (45–220 mg/L), low pH (4–5), high suspended solids concentration (up 
to 50 g/L), and other recalcitrant organic compounds, such as water-soluble phenols 
and polyphenols originating from the olives (Azbar et al.  2004 ; Davies et al.  2004  ) . 
These compounds are benefi cial if recovered but inhibitory or even toxic to biological 
OMWW treatment. The characteristics of OMWW differ (Table  4.1 ) as a result of the 
different olive varieties and ripeness, the harvesting time, the climate conditions, the 
cultivation of soil, the presence of pesticides and fertilizers, and the extraction proce-
dure used (Ammar et al.  2005 ; Borja et al.  2006b    ). A typical OMWW composition 
by weight is 83–94% water, 4–16% organic compounds, and 0.4–2.5% mineral salts. 
The mineral fraction typically contains 47% potassium salts and 7% sodium salts. 
The main organic constituents are oils (1–14%), polysaccharides (13–53%), pro-
teins (8–16%), organic acids (3–10%), polyalcohols (3–10%), and 2–15% phenolic 

  Fig. 4.2    Technologies used by European olive oil mills (IMPEL  2003 )       
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compounds corresponding to a concentration of 3–10 g/L (Andreoni et al.  1986 ; 
Cabrera et al.  1996  ) . Storage also plays an important role in the OMWW  composition, 
since physicochemical as well as aerobic and anaerobic microbial processes take 
place naturally, resulting in emissions of volatiles, an increase of the acidity, and 
precipitation of suspended solids.   

    4.1.2   Olive Oil Wastewater Management Technologies 

 OMWW management remains an unresolved problem mainly because of the high 
cost caused by:

   The scattered location of small to medium capacity production units. The cost of • 
any technological solution of acceptable effi ciency is prohibitive to each produc-
tion unit. The need to develop centralized management plants involves the trans-
fer of the OMWW, raising the treatment costs. Moreover, the proper location of 
one or more centralized plants is another important issue.  
  The construction and operating cost of treatment plants based on a single or a • 
combination of methods aiming to reduce the organic load and the phytotoxic 
load of the wastewater to acceptable levels. To decrease the technology cost, 
recovery or production of energy and/or added-value materials is also considered 
as part of the integrated management scheme. Another practice is to apply low-
cost practices such as irrigation, wetlands, and lagooning but land suitability and 
availability is a critical factor in this case.  
  The seasonal production of OMWW, usually from November to February. A treat-• 
ment plant should operate throughout the year for it to be economically viable 
and profi table. Moreover, intermittent operation would cause reduced effi ciency 
of microbial-based technologies or would be cost-prohibitive in the case of incin-
eration technologies. The possibility of co-treating other agro-industrial wastes 
with OMWW would secure the continuous year-round operation of these plants.    

 Numerous technological methods have been developed for OMWW treatment. 
These methods are based on physicochemical or biological processes and are 
reviewed in the following sections. The potential of using OMWW as a material to 
recover energy and/or added-value products or even to produce profi table materials 
is also considered.   

    4.2   Physicochemical Treatment 

    4.2.1   Simple Physical Processes 

 Processes such as settling, centrifugation, fi ltering, and fl otation result in the separa-
tion of the liquid bulk from the particulate matter, which contains the highest organic 
portion of the wastewater. 
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 Settling (or sedimentation) is a natural process based on the effect of gravity on 
particles that have different density, such as solid and liquid particles. As a result, when 
leaving the OMWW at rest, the solids tend to aggregate into sludge at the bottom of a 
tank, thus becoming separated from the main bulk of the wastewater. Georgacakis and 
Dalis  (  1993  )  found that, the supernatant and the sludge streams obtained after a 10-day 
settling corresponded to 68% and 32%, respectively, of the total volume, and con-
tained 22 and 162.4 g/L COD, respectively. Further treatment of both streams is neces-
sary, using methods that are applicable to liquid- and sludge-type wastewaters. 

 Centrifugation of OMWW results in an extra phase – an oily phase formed on the 
surface, where a second quality oil can be recovered up to 30–50% (Mitrakas et al. 
 1996  ) . Owing to oil recovery and more effi cient solid separation, centrifugation 
results in higher COD (70%) removal from the bulk volume of the wastewater. 
Addition of sulfuric acid to lower the pH to 2 enhances oil recovery after centrifuga-
tion (47%), resulting in high COD removal (67.8%) and a smaller (but more cohe-
sive) volume of sludge (15%) with less water (80%). However the quality of oil is 
low in this case because of hydrolysis. Addition of lime to precipitate the calcium 
salts of fatty acids also improves COD removal (83%) but reduces oil recovery (12%), 
and the sludge produced becomes bulky. In this case too, the OMWW after treatment 
with centrifugation contains 50–70 g COD/L, which necessitates further treatment. 

 Filtration is an alternative to sedimentation. Application of pressure, forcing the 
OMWW to pass through fi lters, leads to removal of suspended and colloidal solids 
(Velioĝlu et al.  1987  ) . The main advantage of fi ltering is that low-cost materials such 
as straw, turf, and sand can be used for making fi lters with different porosities. However, 
the high solid content of OMWW results in clogging of the fi lters, which is the main 
disadvantage of this process. This disadvantage can be relieved by setting up appropri-
ate confi gurations where more than one fi lter is used and combining fi ltration with 
processes such as sedimentation, centrifugation, and membrane or resin treatment. 

 Flotation is another method for removing suspended solids from the OMWW. It 
involves the addition of a gas such as air in small bubbles, which adhere or become 
trapped in the particulate mass, decreasing its specifi c gravity, making it buoyant. In 
this way, the suspended solids (containing small quantities of oil, 0.2%) become 
aggregated in the surface and are collected. The effi ciency of this method is based 
on the formation of tiny gas bubbles in the wastewater. This can be achieved through 
the dissolved-air fl otation method or pressure fl otation, in which gas (usually air) is 
pressured and then the pressure is relieved. During pressure relief, fi ne gas bubbles 
are formed. According to Mitrakas et al.  (  1996  ) , the dissolved-air fl otation method 
is not as effi cient as centrifugation, and moreover, the extra step of oil recovery from 
the fl oated mass renders this technique more expensive.  

    4.2.2   Simple Chemical Processes 

 A series of treatment methods are based on the chemical characteristics of the 
OMWW such as the colloidal matter and the chemical nature of certain compounds 
contained in the OMWW. Specifi cally, methods such as coagulation/fl occulation and 
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chemical oxidation result in COD removal, whereas adsorption and  ion-exchange 
application leads to selective removal of certain classes of compounds from the 
OMWW. 

 Flocculation is a process of contact and adhesion whereby the particles of a dis-
persion form larger clusters. “Flocculation” is synonymous with “agglomeration” 
and “coagulation,” although some researchers prefer to distinguish the two terms; 
fl occulation results in the formation of loosely structured fl ocs, whereas coagula-
tion results in the formation of more compact aggregates that can be easily sepa-
rated. OMWW can be processed through fl occulation since it contains colloids 
(Everett  1972  ) . The negative surface of colloids can be neutralized by adding hydro-
gen ions (e.g., H 

2
 SO 

4
 , HCl, HNO 

3
 ) or calcium cations [e.g., CaCO 

3
 , Ca(OH) 

2
 , CaO   ]. 

In this way, the colloids are destabilized and collapse, forming fl ocs. The fl occu-
lants that have been studied include lime, ferric chloride (FeCl 

3
 ), ferric  sulfate 

[Fe 
2
 (SO 

4
 ) 

3
 ], aluminum sulfate [Al 

2
 (SO 

4
 ) 

3
 ], sodium silicate (Na 

2
 SiO 

3
 ), and various 

polyelectrolytes. 
 Lime stabilization is currently applied as a minimal pretreatment procedure for 

the removal of organic matter (Grappelli et al.  1987 ; Lolos et al.  1994  ) . Lime is a 
mixture of minerals, with the predominant compounds being the oxides, hydrox-
ides and carbonates of calcium. Calcium oxide when hydrated is converted to cal-
cium hydroxide. Lime treatment is a low-cost and effective method for reducing 
the amounts of numerous pollutants in OMWW such as suspended solids, COD, 
fats, and polyphenols. Aktas et al.  (  2001  )  added lime until pH 12 and reported 
removal of these compounds in a range from 63% to 95%. Tsonis et al.  (  1987  )  
found that adding lime to increase the pH to 11 resulted in 55% COD removal and 
70% color removal. However, a hydrated lime, Ca(OH) 

2
  at a concentration of 

10 g/L can precipitate more than 50% of the initial COD and remove 50% of the 
initial color within 12 h (Zouari  1998  ) . The main disadvantages of lime treatment 
are the increase of the effl uent pH and hardness and the large volumes of sludge 
produced. Although lime decreases the microbial activity, this is temporal, since 
calcium makes organic matter more amenable to biodegradation. Therefore, fur-
ther treatment of the liquid effl uent as well as the sludge derived from OMWW 
after lime treatment is necessary. 

 The other inorganic fl occulants such as the ferric compounds and sodium silicate 
are not effi cient; in the presence of water, ferric chloride and ferric sulfate are con-
verted to iron hydroxide, which forms fl akes upon which the colloids coagulate and 
precipitate. For the fl akes to form, much energy and water are needed, which makes 
this process inexpedient. Sodium silicate, on the other hand, causes the colloids to 
precipitate, forming a gel-like sludge which is diffi cult to manipulate. Aluminum 
sulfate has been combined with sulfuric acid and lime in a multistep process during 
which the initial COD of 240 g/L was reduced to 18 g/L in the effl uent, whereas the 
COD removed ended up in the sludge (Fortunato  1988  ) . 

 Other types of fl occulants are the polyelectrolytes. Polyelectrolytes are water-
soluble polymers which have portions of their subunits charged. However, nonionic 
water-soluble polymers are also called polyelectrolytes by researchers. Generally, 
the organic fl occulants are more expensive than the inorganic fl occulants, but 
the dose required is much lower and the sludge produced is much less. Moreover, 
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the pH is not changed during fl occulation with polyelectrolytes. Both anionic and 
 cationic polyelectrolytes have been used for removal of solids from OMWW. 
Applying a dose of 1% w/v has proved suffi cient to remove the total suspended sol-
ids completely and to reduce the organic content in the aqueous phase (Sarika et al. 
 2005  ) . Polyelectrolytes such as polyacrylamide and polyamine can bring about a 
reduction of the 5-day biological oxygen demand by up to 50% in a serial step pro-
cess (Gamero et al.  1982,   1983  ) . Chitosan, a water-soluble cationic polysaccharide 
made from chitin, has been used together with a water-soluble calcium compound 
(such as calcium hypochlorite or calcium nitrate) or organic polymer materials (such 
as Prastol TM  and/or Zetag TM  ) to form larger and more solid fl akes, resulting in 35% 
purifi cation of OMWW (Knudsen and Larsen  1992  ) . Chitosan is a natural product 
since its precursor, chitin, is derived from fi shery wastes. The sludge produced by its 
fl occulent effect has nutritional value and can be used as fertilizer or feed.  

    4.2.3   Adsorption/Ion Exchange 

 Adsorption is a process through which a compound accumulates on the surface of a 
solid matrix. If diffusion of the compound into the matrix of the complex takes 
place, then “absorption” is a more appropriate term. Sorption involves both adsorp-
tion and absorption. The mechanism of binding may be physical (weak van der 
Waals forces) or chemical (chemisorption, covalent bonding). Ion exchange is 
another mechanism for transferring ionic compounds selectively from the liquid 
phase onto a solid substrate, through exchange of ions between the compound and 
the solid complex. Available materials for ion exchange are chelate-producing, 
semiacid cation exchangers. Regeneration of this material is feasible with strong/
fully dissociated inorganic acids, such as sulfuric acid. If phenols and polyphenols 
are to be removed, a semiacid anion exchanger is more appropriate. This exchanger 
can be regenerated with methanol. 

 Compounds that can be removed from OMWW via adsorption and ion exchange 
are coloring substances (mainly tannic acids), hardly or nonbiodegradable pollut-
ants, and bactericidal or inhibiting compounds (phenols, polyphenols, long-chain 
fatty acids, etc.). The adsorption can be enhanced by applying centrifugation and/or 
fi ltration as preceding steps, so a large portion of solids is initially removed. 

 Activated carbon is the most widely studied adsorbent because of its effi ciency. 
The high effi ciency of activated carbon is due to its high specifi c surface area 
(500–1,500 m 2 /g) and its high adsorptive capacity, but unfortunately it cannot be 
reused. However, its calorifi c value is very high, so it can be incinerated without 
problems. It has been estimated that between 60% and 80% of the organic constitu-
ents from OMWW can be adsorbed on activated carbon (Improlive). 

 Azzam et al.  (  2004  )  reported that the maximum adsorption capacity of activated 
carbon could be reached in less than 4 h in a wide range of concentrations (3–24 g/L), 
resulting in removal of phenolics and organic matter of up to 94% and 83%, respec-
tively. Similar results were obtained by El-Shafey et al.  (  2005  ) , who also applied 
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treatment with activated carbon after coagulation and fi ltering. Sabbah et al.  (  2004  )  
also applied treatment with activated carbon to reduce the amount of phenolics by 
up to 95%. In this work, adsorption was applied prior to anaerobic digestion and 
resulted in enhancement of the biological process because of the elimination of an 
inhibiting factor such as the phenolics. 

 There are two types of activated carbon: powdered and granular. Powdered acti-
vated carbon is mainly produced by the partial incineration of waste liquors from 
paper manufacture, and is diffi cult to remove from the treated effl uent. Moreover, 
there is hardly any effi cient method for regenerating this material after recovery 
from the effl uent. In conclusion, although the cost of its production is low, the oper-
ating cost is high, since it cannot be reused and its disposal requires an additional 
cost. Granular activated carbon, on the other hand, such as that produced from coal, 
is an expensive adsorbent because of the multistep process applied to make a prod-
uct of uniform size and acceptable hardness. Activated carbon can also be produced 
from the solid wastes originating from olive oil processing (see Sect.  4.4.4 ) 

 Bentonite and other clay minerals are natural ion exchangers and are used some-
times as low-cost adsorbents. The cations deposited on the surface of the mineral 
can be replaced by other cations, found in OMWW in the form of polluting parti-
cles. Bentonite has a high specifi c surface area (owing to the microscopic voids in 
its interior) and its adsorption capacity is also remarkable. Combination of lime 
[in the form of Ca(OH) 

2
 ] and bentonite results in adsorption of lipids and other 

inhibitory compounds found in OMWW, rendering it more amenable to anaerobic 
digestion according to Beccari et al.  (  2002  )  

 Activated clay, as cited by Al-Malah et al.  (  2000  ) , is a new low-cost adsorbent, 
which has been tested for treating OMWW following settling, centrifugation, or 
fi ltration. The maximum adsorption was achieved in less than 4 h at the concentra-
tions of clay tested and resulted in removal of 81% and 71% in the case of phenols 
and total organic matter, respectively. 

 Specifi c resins can also be used for removing organic compounds from OMWW. 
Zouari  (  1998  )  studied DUOLITE TM  XAD TM  761. DUOLITE TM  XAD TM  761 is an 
aromatic resin, capable of adsorbing protein, iron complexes, tannins, hydroxym-
ethyl furfural, and other ingredients responsible for off-fl avors (Duolite XAD 761 
technical sheets from Rohm and Haas Co      ). In the case of OMWW, more than 50% 
of the chromophores responsible for the dark color were removed. Resins are spe-
cially used for recovering added-value products from OMWW (Agalias et al.  2007  )   

    4.2.4   Chemical Oxidation 

    4.2.4.1   Advanced Oxidation Processes 

 The organic content of the OMWW can be oxidized using an appropriate oxidizing 
agent or a mixture of oxidizing agents, such as oxygen or oxygen derivatives, chlo-
rine or chlorinated derivatives and potassium permanganate. 
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 Oxygen derivatives such ozone and hydrogen peroxide have been widely used 
for the oxidation of organic compounds. Ozone is selectively reactive on the  double 
bonds of a compound. It is expected that toxic compounds which include a 
double bond in their molecule (e.g., phenols, unsaturated fatty acids) will be broken 
down to smaller units with (hopefully) less toxic properties, making the wastewater 
more amenable to anaerobic digestion. On the other hand, readily biodegradable 
organic compounds, such as sugars and proteins, will remain intact upon treatment 
with ozone. 

 Improvement of the conventional oxidation processes can be achieved by combi-
nation of oxidants as well as combinations of oxidants with UV radiation. The resul-
tant oxidation systems are known as advanced oxidation processes (AOPs). The 
characteristic feature of AOPs is the production of the highly oxidative hydroxyl 
radical (HO·) at ambient temperature through photochemical and nonphoto chemical 
pathways. 

 Common AOPs are ozone and/or hydrogen peroxide combined with UV. The 
disadvantage of ozone treatment is that mass transfer of ozone in OMWW is lim-
ited. Moreover, the solar UV is not usable in either system, since the required UV 
energy is not available in the solar spectrum. A semiconductor such as titanium 
dioxide (TiO 

2
 ), when in contact with water, can absorb solar UV radiation and pro-

duce hydroxyl radicals. This process is called photocatalysis and is particularly 
interesting since it uses solar radiation for producing the oxidative radicals. During 
photocatalytic oxidation, several reactions occur resulting in the production of 
hydroxyl and oxygen radicals. First, UV light is absorbed by the semiconductor 
(usually titanium dioxide) and excitation of electrons occurs from the valence to the 
conduction band. The electron transfer causes “holes” to appear on the surface of 
the semiconductor. The excited electrons as well as the electron holes are strong 
oxidizing agents. Specifi cally, the holes react with water to produce hydroxyl ions 
and, further, hydroxyl radicals. The electrons produced react with oxygen and con-
vert it to oxygen radical (O 

2
 ). Photocatalysis has signifi cant advantages over the 

other AOPs: the degradation of the organic pollutants is complete (mineralization), 
fast, cheap, as it uses solar light, and occurs at ambient temperature and pressure. 

 Another oxidative process, called the Fenton process, combines chemical oxida-
tion and coagulation of organic compounds. The Fenton reagent is composed of a 
mixture of hydrogen peroxide (H 

2
 O 

2
 ) and ferrous sulfate (FeSO 

4
 ). As in photoca-

talysis, reactive oxidizing agents are produced. The mechanism of the reactions 
occurring in Fenton systems is rather complex, but can be outlined by the following 
reactions:
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 The fi rst two reactions are the initiating and terminating reactions respectively, 
whereas the last two are propagation reactions, regenerating the ferrous ion to be 
oxidized through the fi rst reaction again. The hydroxyl radical can attack and break 
down the organic compounds (RH) through the last two reactions. As other side 
reactions also occur at the same time, the increase in peroxide concentration does 
not always lead to an increase in the effi ciency of the oxidation. However, in the 
absence of dissolved oxygen, complexes of the organic radicals are formed, slowing 
down the degradation process. Moreover, the concentration of the ferrous ion should 
be kept low in order to discourage the termination reaction. 

 The other important aspect of the Fenton process is the coagulation it causes. 
Ferric complexes are formed as the result of the reaction of ferric ions with hydroxyl 
ions. In a pH range from 3.5 to 7, the ferric complexes polymerize, interact with the 
colloidal suspended solids, and form insoluble aggregates of ferric oxide hydrates. 
In this way, precipitation takes place, but at a slow rate. The rate can be increased 
signifi cantly by the addition of polyelectrolytes. In the presence of calcium hydrox-
ide, the coagulation nuclei are formed from the insoluble ferrous hydroxide and 
calcium sulfate. 

 The use of model compounds in studying the effi ciency of oxidative processes is 
a very common practice, since it allows a more complete analytical characterization 
of the reaction medium that would elucidate the reaction mechanisms and pathways 
(Mantzavinos and Kalogerakis  2005  ) . The selection of the model compounds is 
based on their abundance in OMWW. They can be classifi ed as cinnamic acid deriv-
atives (coumaric, caffeic, and ferulic acids), benzoic acid derivatives (vanillic, gallic, 
veratric, syringic, protocatechuic, and hydroxybenzoic acids), and as tyrosol and 
related compounds (hydroxytyrosol and hydroxyphenylacetic acid). A number of 
studies have focused on the application of AOPs on model compounds (Miranda 
et al.  2000,   2001,   2002 ; Amat et al.  2003 ; Gernjak et al.  2003b ; Mantzavinos  2003a,   b  ) . 
A common conclusion of all these studies is that the number, type, and position of 
the functional groups attached to the aromatic ring contribute to the reactivity of the 
phenolic compound (Mantzavinos and Kalogerakis  2005  ) . In the case of both cin-
namic acid (Miranda et al.  2000 ; Mantzavinos  2003a  )  and benzoic acid (Miranda 
et al.  2001 ; Gernjak et al.  2003b ; Mantzavinos  2003b  )  derivatives subject to various 
AOPs (i.e., photocatalysis, Fenton process, photo-Fenton process), their reactivity 
was found to increase with increasing number of hydroxy groups and decreasing 
number of methoxy groups. 

 The effect of combining ozone or hydrogen peroxide with UV has been tested on 
four phenols (caffeic,  p -coumaric, syringic, and vanillic acids) and compared with 
the individual processes, such as single photolysis and ozonation (Benítez et al. 
 1995,   1996a,   1997a,   1998  ) . The ozone/UV system resulted in a lower degree of 
mineralization of phenols but faster kinetics, in contradiction to the H 

2
 O 

2
 /UV 

system. 
 Other studies performed on real OMWW have shown that ozone has limited 

effectiveness on highly concentrated OMWW since it is scarcely soluble in water. 
The extent of COD removal achieved during OMWW ozonation is up to 20–30% 
(Benitez et al.  1997b    ,  1999 ; Andreozzi et al.  1998 ; Beltrán-Heredia et al.  2001  ) , 
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but it can be used as a pretreatment method. Ozone is particularly effi cient in total 
 phenolics removal (Bettazzi et al.  2007  ) : up to 91% with an initial pH of 12. A por-
tion of the COD was also removed (up to 19%). Specifi c tests conducted on gallic 
and  p -coumaric synthetic media confi rmed the effi ciency of ozone in degrading 
phenolic compounds. Biological tests, under aerobic or anaerobic conditions, indi-
cated a signifi cant increase of the biodegradability of treated OMWW samples. 
Specifi cally, respirometric tests showed an increase in the biological oxygen demand 
by about 20%, and anaerobic batch tests yielded a methane production up to 8 times 
higher. The effect of ozone as a function of pH has also been studied by several 
researchers (Benitez et al.  2005 ; Monteagudo et al.  2005 ; Saroj et al.  2005  ) . Gernjak 
et al.  (  2003a  )  applied various AOPs such as solar light photocatalysis over titanium 
dioxide or solar light coupled with the Fenton reaction on OMWW in pilot-scale 
photoreactors. To enhance the process effi ciency, a pretreatment step such as fl oc-
culation and/or decanting was employed to remove suspended solids as they 
obstructed light from entering the liquid. Rivas et al.  (  2001a  )  applied the Fenton 
reaction on OMWW and reported a COD removal of 80–90% at hydraulic retention 
times ranging between 1 and 8 h from an infl uent COD of 15 g/L. However, the cost 
of this process is very high and the operating conditions need to be optimized. 

 Pretreatment with activated carbon has been shown to facilitate the catalytic 
decomposition of the chlorinated compounds besides    the adsorption of the deriva-
tives and other organic substances. On the basis of this concept, a treatment proce-
dure has been tested involving oxidation with sodium hypochlorite (NaOCl), 
decanting, fi ltration, activated carbon catalysis, and aeration–ozonation (Bellido 
 1987,   1989a,   b ; González-López et al.  1994  ) . This procedure has been tested on a 
pilot scale: automation was incorporated in the various oxidation steps, lowering the 
required operating time signifi cantly.  

    4.2.4.2   Wet Oxidation 

 Wet (air) oxidation involves the oxidation of the organic matter in water in the pres-
ence of oxygen (or air). The reaction takes place at a temperature above the water 
boiling point (100°C), but below the critical point (374°C). The common tempera-
ture range is 120–330°C. The system should also be kept under pressure (10–220 bar) 
to avoid excessive evaporation. A major drawback of this process is the high instal-
lation and operating cost because of the severe conditions required, mainly the 
high pressure and the high corrosion rates (as a result of the corroding conditions). 
The cost associated with high temperatures is not of major concern as the process 
becomes thermally self-sustained because of the typical organic load of OMWW. 
Another disadvantage of this technology is the low quality of the gaseous 
emissions. 

 In various studies, chemical oxidation of OMWW has occurred under supercriti-
cal conditions (500°C, 250 bar). Rivas et al.  (  2001b  )  found that 98% phenol removal 
and 99.9% COD removal were obtained from a diluted OMWW infl uent (initial 
COD 3.3 g/L) after treatment for 1–3 min. Subcritical conditions have also 
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been tested; Rivas et al.  (  2005  )  found that 50% COD removal and 80% phenol 
removal could be achieved from a diluted OMWW effl uent (initial total organic 
content    4.9 g/L) after 6 h of treatment with 2 g/L CuO/C or Pt/Al 

2
 O 

3
  catalysts with 

or without H 
2
 O 

2
  at 180°C and 70-bar pressure. Gomes et al.  (  2007  )  tested other cata-

lysts such as platinum–carbon and iridium–carbon that showed a high effi ciency in 
the wet air oxidation of OMWW, which had already been centrifuged. The COD 
was reduced to 2.8 g/L at 200°C and 6.9-bar oxygen partial pressure. 

 Minh et al.  (  2006,   2007a,   b  )  performed catalytic wet air oxidation experiments 
on individual phenolic compounds on platinum- and ruthenium-supported titanium 
oxide    and zirconium oxide catalysts in batch or fi xed-bed reactors at 140°C and 
50-bar total air pressure. Ruthenium-supported catalysts were stable under these 
conditions. Tests on real OMWW using platinum and ruthenium catalysts in batch 
and continuous reactors at 190°C and 70-bar air operating pressure were also con-
ducted by Minh et al.  (  2008  ) . They performed anaerobic digestion tests on the oxi-
dized effl uent and found that the biodegradability of the oxidized waste was 
enhanced.  

    4.2.4.3   Electrochemical Oxidation 

 Electrochemical oxidation involves the application of an electrical current to 
enhance the oxidation process. The electrooxidative processes (taking place at the 
anode of the electrolytic cell) for the oxidation of recalcitrant organic substances 
contained in several industrial wastewaters, landfi ll leachate, and domestic sewage 
have been extensively studied. The parameters affecting the effi ciency of this tech-
nology are the electrode material, the electrolyte, and the design of the electrolytic 
cell (membrane, recycling, two- or three-dimensional electrodes, etc.). The elec-
trodes used are coated with SnO 

2
 , PbO 

2
 , Pt, or Pt–Ti for the anode and steel for the 

cathode. The electrolytes used are NaCl, Na 
2
 SO 

4
 , and H 

2
 SO 

4
  in concentrations rang-

ing from 0.2 to 2 N. The above-mentioned parameters were varied in several studies 
aiming to maximize the COD removal (Vigo et al.  1983a ; Israilides et al.  1997 ; 
Polcaro et al.  2002  )  

 Longhi et al.  (  2001  )  showed that it is possible to reduce the concentration of the 
phenolic components without decreasing the total organic content of OMWW to a 
great extent. In this concept, electrochemical oxidation could be used as a pretreat-
ment method for rendering the wastewater more amenable to anaerobic digestion. 
The biotoxicity of the electrochemically oxidized OMWW was investigated by 
Giannis et al.  (  2007  ) , who used a titanium–tantalum–platinum–iridium electrode 
and 3% NaCl as the electrolyte. COD removal reached 70% after 8 h of treatment, 
and color and turbidity were completely removed. However, bioassays with 
 Daphnia magna  and  Artemia salina  indicated that the ecotoxicity of the treated 
wastewater remained unchanged, possibly due to the formation of chlorinated by-
products. They also used FeCl 

3
  with NaCl, and this combination resulted in the 

electrocoagulation of OMWW and its separation into a supernatant phase and a 
settled solids phase. Under optimal conditions (2% Na 

2
 SO 

4
  plus 1% FeCl 

3
 ; 24 V), 
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the removal effi ciency of COD reached 85.5% in the supernatant phase. 
Electrochemical oxidation can also be combined with the Fenton reagent (the elec-
tro-Fenton process). The electro-Fenton process has been applied on OMWW as 
well as model compounds (Bellakhal et al.  2006 ; Khoufi  et al.  2004  )    

    4.2.5   Membrane Technologies 

 These technologies achieve the separation of compounds that are in the same phase, 
i.e., all components are in solution based on molecule size. The membrane methods 
that are applicable in the treatment of OMWW are microfi ltration, ultrafi ltration, 
nanofi ltration, and reverse osmosis. 

 Ultrafi ltration and nanofi ltration are pressure-driven processes used to separate 
and concentrate macromolecules and colloids from wastewater, respectively (molec-
ular size in the range 0.1–0.01 mm). The wastewater is forced to pass through a 
perforated membrane of a specifi c pore size. All molecules smaller than the mem-
brane pore size pass through the membrane, whereas larger molecules are retained 
and concentrated on the feeding side of the membrane. The reverse osmosis system 
uses a semipermeable membrane to remove pure water from an aqueous solution, 
that is, the water moves not to equalize but to maximize the osmotic pressure 
between the water and the aqueous solution. Reverse osmosis succeeds in separat-
ing molecules in the ionic range of less than 0.001 mm. Ultrafi ltration is used as a 
pretreatment step before nanofi ltration and/or reverse osmosis. 

 The constituents of a solution can be fractionated using a membrane with a limit-
ing pore size, or by installing a series of membranes with successively smaller pores. 
In the membrane separation process, the liquid to be treated circulates with fl ow 
parallel to the fi ltering surface, thus creating suffi cient turbulence to avoid fouling. 
It is for this reason that cross-fl ow fi ltration maintains its effi ciency for long periods 
(Paraskeva et al.  2007a  ) . 

 Membrane separation technologies for OMWW treatment have been studied by 
several researchers (Pompei and Codovilli  1974 ; Carrieri  1978 ; Vigo et al.  1981, 
  1983a,   b ; Canepa et al.  1987,   1988 ; Paraskeva et al.  2007a ; Russo  2007  ) . Turano 
et al.  (  2002  )  proposed an integrated centrifugation–ultrafi ltration system for the 
reduction of pollution caused by wastewaters and selective separation of useful 
products, such as fats, sugars, and polyphenols. The combination of these two pro-
cesses resulted in a 90% reduction of COD values. Canepa et al. ( 1988    ) proposed a 
combined system of membrane processes to treat OMWW and showed that the cost is 
affordable for olive mill enterprises. Similarly, Paraskeva et al.  (  2007b  )  found that 
the ultrafi ltration process results in the effective separation of high molecular weight 
constituents and any suspended solid particles and/or aggregates. In the subsequent 
steps, the nanofi ltration and/or reverse osmosis processes yielded effective separa-
tion of the largest part of polyphenols contained in the OMWW. These “toxic” 
fractions may be used for their phytotoxic properties, and if they have legal accep-
tance to be exploited commercially, the proposed method is economically viable. 
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The permeate of the reverse osmosis process is rich in metal ions which may be 
benefi cial for irrigation. Russo  (  2007  )  applied microfi ltration and utrafi ltration pro-
cesses on OMWW without prior centrifugation, using ceramic and polymeric mem-
branes, leading to recovery of phenols ranging from 31% to 75%. 

 Another separation technology, emulsion liquid membrane separation, was pro-
posed by Li  (  1968  )  for a variety of separation operations, including removal of metal 
ions and phenols from OMWW (Boyadzhiev and Bezenshek  1983 ; Zhang et al. 
 1987 ; Draxler et al.  1988 ; Correia and Carvalho  2001,   2003  ) . Emulsion liquid mem-
brane separation is a three-phase dispersion system in which a primary emulsion is 
dispersed in a continuous phase (such as the OMWW) forming droplets. The solutes 
move through the liquid membrane from the external environment and are concen-
trated in the droplet interior. After permeation, the emulsion is separated from the 
continuous phase, and afterwards, high voltage is applied to split the emulsion. 

 The liquid membrane consists of a diluent, a surfactant to stabilize the emulsion, 
and a carrier reagent (extractant) in the case of separation of solutes by chemical 
reaction. The extraction of phenol with emulsion liquid membrane separation is 
usually performed using membranes with aliphatic diluents. The application and 
effi ciency of emulsion liquid membrane separation have been studied in the case of 
the extraction of phenol and  o -cresol using sulfuric acid salts of trioctylamine as a 
carrier (Dobre et al.  1999  ) , as well as the extraction of tyrosol with, and without, 
extractant (Reis et al.  2006  ) . However, this technique has not been extensively 
 studied so far.  

    4.2.6   Thermal Processes 

 The thermal processes aim at reducing the volume of OMWW, either by reducing 
the water content (evaporation, distillation, drying) or by combusting/pyrolyzing 
the organic matter. The products of these processes (concentrated paste or ash and 
gaseous emissions) require further management though. A potential advantage may 
be the recovery of energy from combustion. 

    4.2.6.1   Evaporation/Distillation 

 Evaporation of OMWW takes place in evaporation ponds where it is left to be con-
densed by the heat of the sun or, alternatively, evaporation can be accelerated by 
providing heat in industrial evaporators. 

 Natural evaporation requires large lagoons (artifi cial evaporation ponds or stor-
age lakes). The OMWW is left to dry in these lagoons for a long period of time 
(7–8 months), usually the time interval between the end of the olive milling period 
and the beginning of the subsequent one. Because of the long storage time, biodeg-
radation also occurs. This technique was one of the fi rst processes to be used for the 
treatment of OMWW and is applied in many Mediterranean countries  ( Leon-Cabello 
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and Fiestas Ros de Ursinos  1981 ; Shammas  1984 ; Balice et al.  1986 ; Shabou et al. 
 2008  ) . COD removal is from 20–30% to 75–80% after 2–4 months. Michelakis 
et al.  (  1999  )  recorded the evaporation rate of OMWW in a time period ranging from 
January to August. They found that the evaporation rate of OMWW is enhanced 
because of its dark color, which increases the absorption of solar light and, conse-
quently, the OMWW temperature. On the other hand, the oily layer on the surface 
decreases the evaporation rate. Rainfall also negatively affects the evaporation rate. 
The sludge formed on the bottom of the pond should be regularly removed. Duarte 
and Neto  (  1996  )  proposed a device consisting of inclined plates for the separation of 
the solid and liquid phases. 

 The investment and operating costs for evaporation in lagoons are low; however, 
there are serious drawbacks. One of them is that large areas of land are required. 
The soil must be covered by an impervious layer to avoid leakage to the water-
receiving body. An appropriate load of OMWW is 1–2.5 m 3  OMWW/m 2  pond 
(Escolano Bueno  1975  )  or 2 t OMWW/m 3  pond (Kasirga  1988 ; Azbar et al.  2004  ) . 
Jarboui et al.  (  2008  )  studied the fate and impact of OMWW on clay soils used for 
evaporation ponds for 8 years in the locality of Agareb (Tunisia). They found that 
the inclusion of sand layers between the clay layers increases the infi ltration of 
OMWW. In addition, the discharge of OMWW at the site affects the clay’s proper-
ties and increases its permeability. Therefore, the clay layers should be well com-
pacted to avoid the pollution of groundwater, especially by the phytotoxic and 
antibacterial phenolic compounds contained in the OMWW (Arambarri and Cabrera 
 1986 ; Sierra et al.  2001  ) . 

 Other problems are the odors produced, the insect growth, deposition of silt, 
leakages, etc. (Rosa and Vieira  1995  ) . The release of emission gases, namely, vola-
tile phenols and sulfur dioxide, pollutes the environment (Gianfranco et al.  2003  ) . 
The odors are associated with the prevalence of anaerobic conditions, mainly in 
large ponds. 

 For these reasons, the design of evaporation ponds should be based on parame-
ters such as the volume of OMWW to be evaporated, the local climatic conditions, 
the ground hydrological features, the depth of the aquifer, and the proximity of 
inhabited areas. Le Verge and Bories  (  2004  )  performed a cost analysis for construct-
ing evaporation ponds. 

 Evaporation can be assisted by supplying heat in industrial evaporators and distil-
lation devices. Distillation offers the advantage of separating the components of the 
volatile steam produced during the evaporation. The heat required to raise the tem-
perature to the vaporization level of water is quite high (100 kWh/m 3 ) and this makes 
the process unfavorable. Distillation processes, such as vacuum, multiple effect (to 
reduce energy requirements), and fl ash evaporation  ( Rozzi and Malpei  1996  )  
have been tested on OMWW in pilot plants in Italy and Spain (Ballester et al.  1991  ) . 
The distillate obtained from the single or multiple effect evaporation (the most com-
monly applied evaporation process) has a COD corresponding to less 5–7% of the 
initial COD. A concentrated mass of 30–50% water content is left at the bottom, 
corresponding to 10–20% of the liquid feed. The vapor can be either condensed and 
subjected to further treatment, or distilled to obtain an alcoholic mixture. 
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 The energy consumption of evaporation can be reduced and the effi ciency of 
evaporation can be increased if an appropriate pretreatment step is applied to the 
OMWW (Azbar et al.  2004  ) , such as centrifugal separation, chemical precipitation, 
fi ltration, or increase of the pH (to keep the volatile organic compounds in the solid 
fraction during evaporation). 

 Solar energy could be also used to reduce the cost; Potoglou et al.  (  2003  )  inves-
tigated the effi ciency of a solar distillation device on OMWW with promising 
results.  

    4.2.6.2   Drying 

 Further reduction of the moisture contained in the semisolid residues obtained from 
the various treatment methods is feasible through drying. In addition, drying of 
the two-phase olive mill waste is also necessary to make use of this by-product. 
The types of drying applied are contact, convection, and radiation drying processes. 
In conventional drying, hot gases pass through the olive cake and vaporize the water 
which is conveyed by the hot gas fl ow. Typical driers of this type are drum driers and 
fl uidized-bed driers. After drying, the olive cake is deoiled with an organic solvent 
(hexane) and then can be incinerated for energy production, reused in agriculture, or 
land-fi lled. However, in the case of two-phase OMWW (pomace), which has high 
moisture and sugar content, serious problems affect the drying process taking place 
in driers designed for the three-phase oil seed. Moreover, the sugars tend to polym-
erize into a sticky material, causing operational problems. For these reasons, new 
driers have been designed and the operating conditions determined for this type of 
waste (Arjona et al.  1999  ) .  

    4.2.6.3   Combustion 

 Combustion or incineration involves the thermal oxidation of the organic matter 
into ash, gas emissions (fl ue gas and suspended particulates), and heat. The gas 
emissions should be cleaned prior to dispersion in the atmosphere. Combustion of 
OMWW is not feasible unless pretreatment methods concentrating and drying the 
organic material are applied fi rst. 

 Arpino and Carola  (  1978  )  described the effi ciency of a combustion plant treating 
20 m 3  OMWW/day at a combustion temperature of 800°C, by ejecting smoke at 
400°C at a speed of 4 m/s. The fuel was oil but other fuels could also be used, such 
as exhausted olive stones, reducing the cost (Baccioni  1981 ; Vitolo et al.  1999  ) . 
Amirante and Mongelli  (  1982  )  reported on another combustion plant and studied its 
effi ciency in terms of heat recovery and air pollution, which are the main drawbacks 
of this technology. Another problem associated with the operating cost of incinera-
tors is the seasonal production of OMWW. More fuels should be fed to such plants 
in order to secure the continuous operation of such a plant. 
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 Incineration taking place in the presence of a celliform catalyst made of platinum, 
iridium, etc. is another option (Papaioannou  1988  ) . Although lower temperatures are 
required for combustion (350°C), the high cost of the catalysts and their short life-
time because of poisoning from phosphorus make the application of this method 
problematic.  

    4.2.6.4   Pyrolysis 

 Pyrolysis is the thermal destruction of the organic matter in the absence of oxygen. 
It is applied on concentrated OMWW (Petarca et al.  1997  )  or olive cake. The prob-
lems associated with the melting of salts present in the OMWW at high concentra-
tions and the formation of scales on the pipe surface have been mentioned in several 
studies (Di Giacomo et al.  1989 ; Di Giacomo  1990  ) . 

 The main by-product of pyrolysis is charcoal, the commercial value of which 
contributes to reducing the operating costs. The result of pyrolysis and subsequent 
activation of a mixture of OMWW and fl y ash from coal combustion is an adsorbent 
material (Rovatti et al.  1992  ) . Pyrolysis can also be assisted by microwave power.    

    4.3   Biological Treatment 

    4.3.1   Anaerobic Digestion 

 Anaerobic digestion is a major biological process applied for the stabilization of 
high-organic-load wastes, since anaerobic microorganisms are able to convert the 
organic matter, producing small amounts of excess sludge (in contrast to the aerobic 
microorganisms) and an energetically rich gas mixture (biogas). It is a complex 
process performed by numerous microorganisms and involves four major steps:

    1.    Disintegration/hydrolysis. The disintegration of the organic agglomerates and 
the breaking down (hydrolysis) of polymeric organic molecules (cellulose, pro-
teins, lipids) into smaller units by extracellular enzymes are the fi rst steps in 
anaerobic digestion. The OMWW contains particulate matter consisting of ligno-
cellulosic complexes, and its disintegration/hydrolysis is very slow. The lignin 
content of OMWW is correlated with the nonbiodegradable fraction under 
anaerobic conditions. Appropriate pretreatment methods aiming at disintegrating 
and/or hydrolyzing lignocellulosic matter (alkali, heat treatment, enzymatic 
treatment, ultrafi ltration, centrifugation, dilution, acidifi cation, aerobic pretreat-
ment; Boari et al.  1984 ; Hamdi and Ellouz  1993 ; Hamdi  1996  )  enhance the effi -
ciency of this step and consequently of the whole process.  

    2.    Acidogenesis. The small soluble molecules (sugars, amino acids, etc.) derived 
from the fi rst step are taken up by a diverse group of microorganisms to produce 
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a mixture of acids (acetic, propionic, butyric, valeric   , lactic, succinic, formic), 
alcohols, hydrogen, and carbon dioxide.  

    3.    Acetogenesis. The alcohol and acid mixture is further converted to acetic acid 
and hydrogen. This step can occur at low hydrogen partial pressure (10 −6  atm); 
otherwise, it is thermodynamically unfavorable, resulting in acid accumulation 
and a pH decrease to inhibitory levels (under 6). Hydrogen should be consumed 
as soon as it is produced (intermediate hydrogen transfer) by bacteria grown on 
carbon dioxide and hydrogen to produce either acetic acid (homoacetogens) or 
methane (hydrogen-utilizing methanogens)  

    4.    Methanogenesis. The fi nal step in anaerobic digestion is performed by acetoclas-
tic methanogens (belonging to a special group of microorganisms called archaea) 
and hydrogen-utilizing methanogens. Methane production occurs mostly via 
acetate conversion (70%). Methane is produced along with carbon dioxide and 
contains the chemical energy of the parent compounds initially present in 
OMWW. The percentage of methane in the biogas from OMWW ranges between 
60% and 70%.     

 The temperature, the pH, and the chemical composition of OMWW infl uence the 
anaerobic digestion process to a great extent. Anaerobic biodegradation can take 
place under psychrophilic (above 20°C), mesophilic (25–40°C), or thermophilic 
(50–65°C) conditions. Biodegradation under thermophilic conditions allows higher 
loading rates and destruction of pathogens. However, thermophilic microorganisms 
are more sensitive to variations in operating conditions and toxicants. In addition, 
operation at a higher temperature implies reduced energy effi ciency. 

 The OMWW should be supplemented with bicarbonate alkalinity (to buffer the 
potentially decreasing pH) and a nitrogen compound (as a nutrient source) so that 
viable environmental conditions for the microorganisms can be sustained  ( Rozzi 
et al.  1988,   1994  ) . The constituents of OMWW having an adverse effect on anaero-
bic microorganisms are:

   The phenolic compounds (Boari et al.  • 1984 ; Hamdi  1991a,   b,   1993a ; Beccari 
et al.  1998  ) , found at concentrations of 0.3–24 g/L (Fedorak et al.  1984 ; Sierra 
et al.  2001 ; Niaounakis and Halvadakis  2006 )  
  The long-chain fatty acids derived from the hydrolysis of lipids. Anaerobic • 
microorganisms are irreversibly inhibited at concentrations of 0.5 g/L in the case 
of oleate and 1.0 g/L in the case of stearate (Angelidaki and Ahring  1992 )  
  Mineral ions, especially K • +  and Na + . Sodium causes moderate inhibition at con-
centrations between 3.5 and 5.5 g/L and strong inhibition at concentrations above 
8.8 g/L. On the other hand, potassium seems to be more toxic, since inhibition is 
induced from 400 mg/L, especially in thermophilic conditions (Kugelman and 
McCarthy  1964 ; Chen et al.  2008  ) . However, according to Mignone ( 2005 ), 
potassium causes moderate inhibition at concentrations between 2.5 and 4.5 g/L 
and strong inhibition at concentrations above 12 g/L.    

 It has been found that proper acclimation of the anaerobic biomass may increase 
the levels of microorganism tolerance towards these inhibitory constituents (Beltrán 
et al.  2001 ; Tan et al.  2006 ; Akram and Stuckey  2008  ) . Therefore, the starting up of 
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bioreactors is of major importance and takes a long time (2–6 months) (Beccari 
et al.  1996 ; Forster-Carneiro et al.  2004 ; Yacob et al.  2005 ; Angelidaki et al.  2006 ). 
The seasonal nature of OMWW results in halting and restarting the operation dur-
ing the year. Tsonis  (  1991  )  found that less than 30 days is required for the bioreactor 
to start up following prolonged periods of time under nonfeeding conditions. 

 Moreover, the application of pretreatment methods aiming to reduce the amount 
of phenolic compounds and long-chain fatty acids has been proposed to precede the 
anaerobic digestion in order to enhance the process effi ciency. These methods may 
be physicochemical, as already reviewed in Sect.  4.2  (Georgacakis and Dalis  1993 ; 
Hamdi  1993a,   b ; Tsonis and Grigoropoulos  1993 ; Chakchouk et al.  1994  ) , or bio-
logical, mainly based on the ability of certain fungi to biodegrade phenolic com-
pounds (Hamdi et al.  1992 ; Ranalli  1992 ; Boari et al.  1993 ; Gharsallah  1994 ; Borja 
et al.  1995 ; Yesilada et al.  1995 ; Beccari et al.  1998 ). Another practice to decrease 
the toxicant concentration is to dilute the OMWW with tap water or treated effl uent 
or wastewater devoid of contaminants such as cheese whey and manure. This last 
option, namely, codigestion, is the most favorable one, since mixing different types 
of wastewaters results in a mixture more balanced in nutrients and alkalinity. 
Moreover, codigestion may secure the operation of the anaerobic digestion through-
out the year, given the seasonal nature of the various agro-industrial wastewaters 
(Carrieri et al.  1986,   1992 ; Angelidaki and Ahring  1996,   1997a,   b ; Lyberatos et al. 
 1997 ; Gavala et al.  1999 ; Angelidaki et al.  1997,   2002 ; Marques et al.  1998  ) . Blika 
et al.  (  2009  )  found that in general a 1:2 dilution of the wastewater is required to 
secure safe operation. This is probably attributed to the reduction of the various 
inhibitory compounds brought about upon dilution. 

 Besides the application of appropriate pretreatment methods, the design and 
operation optimization of anaerobic bioreactors contributes to an increase of the 
conversion rates of OMWW. Particularly, the bioreactors minimizing the biomass 
loss through the effl uent by permitting the accumulation of biomass in the interior 
in the form of granules, biofi lm, or fl ocs, called high-rate bioreactors, can be 
 subjected to high organic loading rates of 12–18 g/L/day, resulting in high COD 
removals of 70–90% (Table  4.2 ).  

 The anaerobic digestion of OMWW has also been studied in a two-stage process. 
Georgacakis and Dalis  (  1993  )  studied the anaerobic digestion of a supernatant phase 
and the sludge coming from the settling of OMWW for 10 days. Two different types 
of anaerobic digesters were used, a fi xed-bed type for the supernatant and a plug-fl ow 
type for the sludge. COD reduction reached 94.02%. Dalis et al.  (  1996  )  evaluated the 
anaerobic biodegradation of OMWW in a two-stage pilot plant with an upfl ow type 
and an anaerobic fi lter (fi xed-bed-type reactor) working in series. The organic load-
ing rate ranged between 2.8 and 12.7 g COD/L/day, resulting in 83% COD reduction 
in the fi rst stage and a further 8% COD reduction in the second stage. 

 The two-stage process can also be applied with the prospect of producing hydro-
gen in the fi rst stage (operating at low hydraulic retention times of 1-day order of 
magnitude) and methane in the second stage (Eroğlu et al.  2006 ; Koutrouli et al. 
 2009  ) . Hydrogen production from OMMW (Eroğlu et al.  2006 ; Ntaikou et al. 
 2008  )  and olive pulp (Gavala et al.  2005,   2006 ; Koutrouli et al.  2009  )  is possible 



86 K. Stamatelatou    et al.

   Ta
bl

e 
4.

2  
  O

ve
rv

ie
w

 o
f 

th
e 

op
er

at
in

g 
co

nd
iti

on
s 

an
d 

pe
rf

or
m

an
ce

 o
f 

va
ri

ou
s 

an
ae

ro
bi

c 
bi

or
ea

ct
or

 c
on

fi g
ur

at
io

ns
 tr

ea
tin

g 
ol

iv
e 

m
ill

 w
as

te
w

at
er

   

 R
ea

ct
or

 
 C

O
D

 in
 (

g/
L

) 
 H

R
T

 (
da

ys
) 

 O
L

R
 (

g 
C

O
D

/L
/d

ay
) 

 C
O

D
 r

em
ov

al
 (

%
) 

 R
ef

er
en

ce
s 

 U
A

SB
R

 
 5–

19
 

 1 
 5–

18
 

 75
 (

so
lu

bl
e)

 
 U

ba
y 

an
d 

O
zt

ur
k 

  (1
99

7)
  

 15
–2

2    
 0.

83
–2

    
 70

 (
so

lu
bl

e)
 

 U
A

SB
R

 
 10

–6
0 

 12
–1

8 
 70

–7
5 

 B
ec

ca
ri

 e
t a

l. 
 (  1

99
6  )

  
 U

A
SB

R
 

 40
 

 5 
 8 

 80
–8

5 
 Sa

bb
ah

 e
t a

l. 
 (  2

00
4  )

  
 U

A
SB

R
 

 13
–1

8 
 16

–2
1.

5 
 70

 
 B

oa
ri

 e
t a

l. 
 (  1

98
4  )

  
 A

B
R

 
 90

–9
5 

 U
ya

ni
k 

 (  2
00

1  )
  

 A
B

R
 

 1–
5 

 2 
 K

ha
bb

az
 e

t a
l. 

 (  2
00

4  )
  

 C
ST

R
 

 89
.5

–9
5 

 20
 

 1.
7–

4.
75

 
 60

–7
0 

 G
el

eg
en

is
 e

t a
l. 

 (  2
00

7  )
  

 PA
B

R
 

 30
–4

6 
 3.

75
–1

7.
5 

 2.
6–

12
.3

 
 60

–9
0 

 St
am

at
el

at
ou

 e
t a

l. 
 (  2

00
9  )

  
 H

yb
ri

d 
(c

om
bi

na
tio

n 
of

 fi 
lte

r 
an

d 
U

A
SB

R
) 

 0.
20

–1
.0

2 
 8  17

 
 >

89
    

 B
or

ja
-P

ad
ill

a 
et

 a
l. 

 (  1
99

6a
 ) 

 76
 

   U
A

SB
R

  u
pfl

 o
w

 a
na

er
ob

ic
 s

lu
dg

e 
bl

an
ke

t r
ea

ct
or

,  A
B

R
  a

na
er

ob
ic

 b
af

fl e
d 

re
ac

to
r, 

 C
ST

R
  c

on
tin

uo
us

 s
tir

re
d 

ta
nk

 re
ac

to
r, 

 PA
B

R
  p

er
io

di
c 

an
ae

ro
bi

c 
ba

ffl
 e

d 
re

ac
to

r, 
 H

R
T

  h
yd

ra
ul

ic
 r

et
en

tio
n 

tim
e,

  O
L

R
  o

rg
an

ic
 lo

ad
in

g 
ra

te
  



874 Integrated Management Methods for the Treatment…

because of the high soluble carbohydrate content of these wastes. Hydrogen can be 
accumulated in the acidogenic phase of the anaerobic digestion process, as long as 
the methanogenic or other bacteria able to consume hydrogen are absent. Hydrogen 
production is favored at pH ranging from 5 to 6 and is inhibited by the high hydro-
gen partial pressure (product inhibition). In the study of Ntaikou et al.  (  2008  ) , a 
continuous stirred tank reactor fed with diluted OMWW without any kind of pre-
treatment was operated at different hydraulic retention times, leading to a maxi-
mum yield of 1.3 L H 

2
  per liter of raw OMWW, and the COD reduction was 

negligible. Photofermentative production following a dark fermentation step 
yielded 29 L H 

2
  per liter of OMWW, but it required large surface areas for the 

photobiological step. 
 The olive pulp coming from the two-phase olive mills is considered diffi cult to 

treat through anaerobic digestion (Niaounakis and Halvadakis  2006  )  owing to the 
high solid content of the olive pulp and the slow startup procedure. However, several 
studies have focused on the application of this technology to olive pulp and have 
shown that it is a stable process over a wide range of operating conditions (Borja 
et al.  2003a ,  2006a ; Kalfas et al.  2006  )   

    4.3.2   Aerobic Treatment 

 During aerobic treatment, the microorganisms growing utilize oxygen to degrade 
the organic compounds contained in the wastewater. This is a more robust pro-
cess than anaerobic treatment since aerobic microorganisms are more energy 
effi cient and not as sensitive as anaerobic microorganisms to various inhibitory 
agents. In addition, they convert almost completely the fed organics into carbon 
dioxide and water (complete mineralization). Finally, many organic compounds 
that are nondegradable under anaerobic conditions may well be degraded under 
aerobic conditions. However, the inhibitory effect of phenols and especially tyro-
sol on aerobic bacteria has been demonstrated (Ragazzi and Veronese  1982 ; 
Olori et al.  1990  ) . Generally, aerobic microorganisms grow at higher rates than 
anaerobic microorganisms. As a result, the degradation of wastewaters of high 
COD concentration is accompanied by a high biomass production (sludge) and 
demands excessive oxygen (or air supply). The cost of aerobic processing is 
regarded as prohibitive in the case of OMWW because of the sludge production 
and air demand. 

 The activated sludge process (consisting of aeration and sedimentation tanks) is 
commonly applied for municipal sewage treatment. OMWW cannot be treated in 
this type of process (Di Giovacchino et al.  1988 ; Mascolo et al.  1990  )  without 
proper dilution with easily biodegradable wastewaters such as municipal sewage. 
The inability to maintain a reasonably high dissolved oxygen concentration in the 
aeration tank (which is a consequence of the high COD concentration of OMWW) 
makes the application of this process infeasible. Tsonis  (  1997  )  studied the extent to 
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which the anoxic step for nitrogen removal may receive OMWW as an external 
nonnitrogenous carbon source and found that OMWW could be added in a ratio of 
1:1,000–1:2,000 (volume of OMWW per volume of municipal type wastewater). In 
another study, Tsonis  (  1998  )  found that the tolerable amount of low-strength waste 
streams which could be directly discharged in municipal sewage treatment plants 
corresponds to the processing of 1,500 t of olives per 1,000 equivalent population 
capacity of the sewage treatment plant. The low-strength waste streams originating 
from the three-phase olive milling include the olive washing and oil separation steps 
and account for 40% of the OMWW organic load. 

 Other types of aerobic systems are based on the formation of biofi lm on an inert 
supporting material, aiming at increasing the degradation rate. Tziotzios et al.  (  2007  )  
developed a packed-bed bioreactor fi lled in with rippled plastic hollow tubes onto 
which biomass able to degrade phenolics was attached. The origin of the biomass 
was the olive pulp and its indigenous bacteria. The biomass had been acclimated on 
a synthetic phenolic feeding medium prior to feeding the OMWW. Since the waste-
water trickled through the fi lter, the dissolved oxygen was adequate without the 
need to provide external aeration. The fi lter achieved 60% phenolic removal and 
70% COD removal within an operating cycle of 3–5 days. 

 The rotating biological contactor is another biofi lm reactor, in which the support 
media are slowly rotating discs that are partially submerged in a tank with wastewa-
ter. Oxygen is transferred to the wastewater and, moreover, the microorganisms 
come into direct contact periodically with oxygen during the contactor rotation. The 
rotating biological contactor technology has been tested on OMWW with success 
after some technical improvements (Siskos  1999  ) . 

 Aerobic processes based on pure cultures of fungi or bacteria have been devel-
oped to detoxify OMWW and improve the biodegradability in anaerobic digestion. 
Filamentous fungi are particularly effi cient for this cause (Zervakis and Balis  1996  ) . 
Lignin and phenolic compounds can be degraded mainly by the white rot fungi 
producing phenol oxidases and peroxidases as well as laccases. The main advantage 
of these enzymes is that they are not substrate-specifi c, resulting in their catalyzing 
the degradation of a large number of aromatic pollutants found in OMWW. However, 
the use of fungi on a large scale is diffi cult compared with bacteria, since the activity 
of fungi is infl uenced by the presence of other microorganisms already contained in 
the OMWW. 

 Numerous studies have been conducted regarding the detoxifi cation of OMWW 
by fungi (Table  4.3 ).  

 The use of pure lignolytic enzymes, free or immobilized, has also been investi-
gated (Sayadi and Ellouz  1995 ; Hamdi  1996 ; D’Annibale et al.  1998,   2000  ) . 
Enzymes are susceptible to thermal and pH denaturation, proteolysis, and inactiva-
tion. By enzyme immobilization, the process is more stable and enzyme reuse is 
allowed. 

 Aerobic bacteria of the  Azotobacter  genus are also capable of degrading  phenolic 
compounds (Hardisson et al.  1969 ; Rubia et al.  1987 ; Moreno et al.  1990 ; García-
Barrionuevo et al.  1992 ; Balis et al.  1996 ; Papadelli et al.  1996 ; Chatzipavlidis et al. 
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 1996 ; Ehaliotis et al.  1999 ; Piperidou et al.  2000  ) . Azotobacters fi x  atmospheric N 
2
 , 

and they use phenolic compounds as a carbon and energy source. Two aerobic bac-
terial strains, a chlorophenol-degrading bacterium ( Ralstonia  sp. LD35) and 
 Pseudomonas putida  DSM1868, capable of metabolizing 4-methoxybenzoic acid 
have been tested individually as well as in co-culture (Di Gioia et al.  2001a,   b,   2002 ; 
Bertin et al.  2001  ) . Their activity was complementary and quite effective towards 
several aromatic molecules present in OMWW. The olive pulp from two-phase olive 
mills is an ideal source of aromatic-compound-degrading aerobic bacteria (Jones 
et al.  2000  ) . 

 Another type of microorganism able to detoxify OMWW is microalgae. 
Microalgae grow on mainly sugars and salts, and the biomass produced can be used 
for animal feeding  ( Sánchez-Villasclaras et al.  1996  ) .  

    4.3.3   Phytoremediation 

 Phytoremediation (phytodepuration) technology is based on the capacity of plants 
and their associated microorganisms (mycorrhizal fungi and bacteria) to remove 
pollutants from contaminated water or soil. Wetlands (natural or constructed) are 
phytoremediating systems that use hydrophytes such as reeds and other marshal 

   Table 4.3    Some fungal species used to detoxify olive mill wastewater   

 Species  References 

  Aspergillus niger   Hamdi  (  1991 a); Hamdi et al.  (  1991a,   b  ) ; Hamdi and Ellouz  (  1992a,   b  ) ; 
Hamdi and García  (  1993  ) ; García-García et al.  (  2000  ) ; Cereti et al. 
 (  2004  ) ; Crognale et al.  (  2006  )     

  Aspergillus terreus   Martínez-Nieto et al.  (  1993  ) ; Borja-Padilla and González  (  1994  ) ; 
Borja-Padilla et al.  (  1995d,   e,   1998b  ) ; García-García et al.  (  2000  )  

  Coriolus versicolor   Yesilada and Fiskin  (  1996  ) ; Yesilada et al.  (  1998  )  
  Funalia trogii   Yesilada et al.  1995,   1998  
  Geotrichum 

candidum  
 Borja-Padilla et al.  (  1992b,   e,   h,   1995c,   1998b  ) ; Martín-Martín et al. 

 (  1993  ) ; Assas et al.  (  2000,   2001  ) ; Fadil et al.  (  2003  ) ; Ayed et al. 
 (  2005  ) ; Aissam et al.  (  2007  )  

  Lentinus edodes   Vinciguerra et al.  (  1993,   1995  )  D’Annibale et al.  (  1998,   2000  ) ; 
García-García et al.  (  2000  ) ; Reverberi et al.  (  2004  ) ; 
D’Annibale et al.  (  2004  ) ; Tomati et al.  (  2004  )  

  Phanerochaete 
chrysosporium  

 Sayadi and Ellouz  (  1992,   1995  ) ; Gharsallah et al.  (  1998  ) ; 
García-García et al.  (  2000  ) ; Kissi et al.  (  2001  ) ; 
Dias et al.  (  2004  ) ; Dhouib et al.  (  2005,   2006  ) ; 
Ahmadi et al.  (  2006  ) ; Mebirouk et al.  (  2006  )  

  Phanerochaete
 fl avido-alba  

 Pérez et al.  (  1998  ) ; Hamman et al.  (  1999  ) ; Blánquez et al.  (  2002  ) ; 
Rubia et al.  (  2008  )  

  Pleurotus ostreatus   Sanjust et al.  (  1991  ) ; Flouri et al.  (1996) ; Zervakis et al.  (1996) ; 
Setti et al.  (  1998  ) ; Kissi et al.  (  2001  ) ; Aggelis et al.  (  2003  ) ; 
Olivieri et al.  (  2006  )  
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plants and are regarded as a low-cost treatment method. Two types of constructed 
wetlands are currently used for wastewater treatment: free-water surface and sub-
surface fl ow systems:

    1.    Surface fl ow wetlands are densely vegetated by plants and typically have water 
depths less than 0.4 m. Open water areas can be incorporated into a design to 
enable the optimization of hydraulics and wildlife habitat enhancement.  

    2.    Subsurface fl ow wetlands use a bed of soil or gravel as a substrate for the growth 
of rooted emergent wetland plants. Pretreated wastewater fl ows by gravity, hori-
zontally or vertically, through the bed substrate, where it contacts a mixture of 
facultative microbes living in association with the substrate and plant roots. The 
bed depth in subsurface fl ow wetlands is typically between 0.6 and 1.0 m, and the 
bottom of the bed is inclined to minimize water fl ow overland. Oxygen may enter 
the bed substrate by direct atmospheric diffusion and through the roots of the 
plant, resulting in a mixture of aerobic and anaerobic zones. Most of the satu-
rated bed is anoxic or anaerobic under most wastewater design loadings (Haberl 
and Langergraber  2002  ) .     

 The processes taking place in wetlands are both physicochemical and biological: 
settling of suspended particulate matter, fi ltration and chemical precipitation through 
contact of the wastewater with the substrate and litter, chemical transformation, 
adsorption and ion exchange on the surfaces of plants, substrate, sediment, and 
 litter, uptake and degradation of pollutants and nutrients by microorganisms and 
plants, and predation and natural die-off of pathogens. 

 Phytoremediation technology has been applied for OMWW treatment too 
(Skerratt and Ammar  1999 ; Santori and Cicalini  2002 ; Cicalini et al.  2002 ; Bubba 
et al.  2004 ); Kapellakis et al.  (  2004  )  applied OMWW to constructed wetlands 
planted with  Phragmites australis  and reported relatively high dry weight biomass 
production, ranging from 66.67 t/ha to 74.79 t/ha. It was found that applying 
1,500 kg COD/ha/d    OMWW resulted in a COD reduction of 74% and total Kjeldahl 
nitrogen removal of 86%. In this case, effl uent recirculation was applied, and 79 and 
93% removal effi ciencies were observed, respectively. 

 A phytoremediation system has been constructed in an absorbing tank, consist-
ing of a section for draining OMWW and a section for growing plants (Santori and 
Cicalini  2002  ) . The absorbing tank receives OMWW during the olive milling  season 
(November to February). The waste fl ows to the drainage layer, where it undergoes 
biodegradation; the trees coexist with the waste in a state of a vegetative rest during 
winter, and after resumption of the vegetative functions of the trees, the wastewater 
is taken up and further degraded by this complex natural system. Trees with high 
adaptability and good physiological growth in the presence of OMWW in these 
wetlands belong to the following families: Salicaceae, Pinaceae, Fagaceae, and 
Cupressaceae. The more effi cient genera for the process of phytoremediation are 
 Pinus ,  Quercus , and  Cupressus . 

 Wetland technology is a low-cost treatment method for OMWW management 
and it can be optimized in terms of wetland design, plant selection, and OMWW 
loadings. However, it is a land-intensive technology.  
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    4.3.4   Irrigation of Agricultural Land 

 Irrigation is the process of spreading OMWW across the land and, especially in the 
olive groves themselves, to provide the soil with nutrients and water. It is the oldest 
practice for the disposal of OMWW (Cabrera et al.  1996  ) . Controlled land applica-
tion of OMWW generally enhances soil fertility (Morisot  1979 ; Morisot and 
Tournier  1986 ; Fiestas Ros de Ursinos  1986b ; Marsilio et al.  1990 ; Levi-Minzi et al. 
 1992 ; Cabrera et al.  1996 ; Cox et al.  1997 ; Ben Rouina et al.  1999 ; Rinaldi et al. 
 2003  ) . The organic matter, nitrogen, phosphorus, and exchangeable potassium are 
enriched through OMWW application. 

 However, parameters such as the nature of the soil, the water table, the type of 
irrigated crop, and the soil moisture content should be always taken into account 
(Kapellakis et al.  2008  ) . The soil should have adequate porosity, permeability, and 
hydraulic conductivity, thus allowing infi ltration of OMWW, and avoiding stag-
nancy and runoff. Moreover, a deep water table protected by an impervious soil 
layer is required to prevent groundwater pollution. Climatic conditions are also 
critical: low rainfall and high evaporation have a positive effect. Calcareous alkaline 
pH soils are very effective in reducing organic and inorganic pollution of OMWW 
(Cabrera et al.  1995 ; Garcia-Ortiz et al.  1999  ) , but acid soils and sands, which are 
poor in bases, change their structure and become nutritionally imbalanced when 
OMWW is applied. 

 The determination of the appropriate OMWW dose on land is a very crucial 
 factor, since it is infl uenced by all the above-mentioned parameters. Normally, 
applying OMWW doses of less than 1,000 m 3 /ha causes no problems (Garcia-Ortiz 
et al.  1999  ) . In Italy, irrigation with OMWW is common practice. The recycling of 
the total yearly Italian production of OMWW (about 1,600,000 m 3 ) on the soil, as 
fertilizer and irrigation, requires only 2.5–3% of the total Italian surface cultivated 
with olive trees. In fact, in Italy about one million hectares is cultivated with olive 
trees but to spread 1,600,000 m 3  OMWW requires approximately 30,000 ha. 
Currently it is possible to spread 50–80 m 3 /ha as Italian law 574/1996 permits 
(Niaounakis and Halvadakis  2006  ) . 

 The continuous OMWW application may lead to an accumulation of organic 
components such as lipids (Gonzalez-Vila et al.  1995 ; Lopez et al.  1996 ; Cox et al. 
 1997  ) . Uncontrolled OMWW application results in increased C/N ratio and salinity 
of the soil due to potassium and sodium replacement of soil cations (Paredes et al. 
 1987 ; Sierra et al.  2001  ) . 

 The plant growth and physiological processes are generally also positively 
affected by OMWW (Ben Rouina et al.  1999 ; Paredes et al.  1999 ; Cereti et al.  2004  ) . 
Some phytotoxic effects are temporal (Wang et al.  1967  ) , and are directly correlated 
with the volume of OMWW applied and the type of crop (D’Annibale et al.  2004  ) . 
The impact of the application of OMWW on several plants, such as the olive tree 
(Marsilio et al.  1990 ; Andrich et al.  1992 ; Ben Rouina et al.  1999  ) , tomato and 
 chicory seeds (Komilis et al.  2005  ) , and grapevines (Di Giovacchino et al.  1996  ) , 
has been tested. 
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 In general, land spreading of OMWW is not universally applicable and it is 
 limited to cases where soil of low permeability is near the olive mills.  

    4.3.5   Composting 

 Composting is an aerobic process of biodegradation of a heterogeneous solid organic 
substrate into carbon dioxide, water, mineral salts, and a stabilized organic material 
containing humus-like substances called compost that can be used as a fertilizer. 
Composting takes place in open air pile systems called windrows or closed systems 
that require air supply. As a result of the decomposition of organic matter, heat is 
released, raising the compost pile temperature to thermophilic levels (60–70°C), 
where pathogens are destroyed. Composting of olive mill wastes, alone or with 
other solid wastes (co-composting), has been extensively studied (Paredes et al. 
 1996 a; Papadimitriou et al.  1997 ; Paredes  1998 ; Vlyssides et al.  1999 ; Filippi et al. 
 2002  ) . Olive cake composting with OMWW has also been studied (Mari et al.  2003, 
  2005 ; Hachicha et al.  2006,   2008 ; Sellami et al. 2008; Ntougias et al.  2008  ) . 

 Manure is another typical waste to be composted with OMWW (Cayuela et al. 
 2004  ) . Especially, OMWW coming from two-phase olive mills (pomace) is often 
mixed with manure in order to be composted, as studied by Sciancalepore et al. 
 (  1994,   1995,   1996  ) . In particular, a mixture of crude olive cake, two-phase pomace, 
and olive leaves inoculated with cow manure resulted in a compost product of high 
quality after 6 months of composting. Roig et al.  (  2004  )  found that addition of 0.5% 
sulfur (dry weight basis) and adjustment of the moisture content to 40% in a mixture 
of olive pulp and sheep manure was suffi cient to decrease the compost pH by 1.1 
units without increasing the electrical conductivity to levels that could reduce the 
agricultural value of the compost. Municipal biosolids can also be added as a cosub-
strate along with cattle manure in olive pulp to form a mixture to be vermicompos-
ted, that is, to be composted with the aid of earthworms (Nogales et al.  1998,   1999 ; 
Sainz et al.  2000  ) . Moreover, olive mill waste residues from the sedimentation, fl oc-
culation, fi ltering, etc. can be further treated through composting (Negro Alvarez 
and Solano  1996  ) . 

 Although problems of odor emission and leachate production requiring treat-
ment do exist, composting is applied to treat the solid residues of olive mill wastes 
in Italy (10%), Spain (3%), and Greece (1%) (INASOOP  2003  ) . In the case of olive 
pomace (produced in two-phase olive mills), the transportation to a composting site 
is a major technical obstacle.   

    4.4   Valorization of Olive Mill Wastewater 

 Certain organic compounds contained in OMWW, i.e., sugars, tannins, polyphe-
nols, polyalcohols, pectins, and lipids, may become an important source for the 
extraction or generation of high-added-value products. Such products can be 
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classifi ed in three distinct categories according to the method used for their 
generation:

    1.    Polyphenols and pectins can be directly recovered from OMWW using either 
specifi c solvents or membrane techniques.  

    2.    Enzymes are produced via microbial activity of selective microorganisms during 
bioconversion of compounds such as polyphenols and lipids which act as pro-
moters of enzymatic expression.  

    3.    Biofuels, bioplastics, biosurfactants, etc. are produced via the microbial conver-
sion of compounds such as sugars, fatty acids, and lipids. Some biofuels are 
produced via the physicochemical conversion of the organic matter of the solid 
or semisolid types of olive mill wastes.     

 Other products that can be derived from the processing of olive mill wastes are 
compost (see Sect.  4.3.5 ) and activated carbon. 

    4.4.1   Recovery of Phenolic Compounds and Pectins 

 Polyphenols from plant sources are interesting natural antioxidants, showing in vitro 
higher effectiveness than vitamins E and C on a molar basis, and can be used for 
enhancing food properties, for nutritional purposes and for preservation (Rice-
Evans et al.  1997 ; Antolovich et al.  2007  ) . Among various plants, the olive tree 
( Olea europaea  L.) has been recognized as one of the major source of phenols 
(Blekas et al.  2002 ; Visioli and Gali  2002  ) , containing them in the fruit, leaves, and 
oil. The olive leaf, for example, is a well-known source of biophenols that is mar-
keted under multiple trade names as a nutraceutical. The biophenolic fraction of 
olive oil comprises only 2% of the total phenolic content of the olive fruits, with the 
remaining 98% being lost in OMWW (Rodis et al.  2002  ) . OMWW biophenols 
either may naturally occur in the fruits ending up in the waste or may be generated 
via conversion of precursor substances during oil processing. The reported biologi-
cal activities of major biophenols detected in OMWW are shown in    T   able  4.4  
(Obied et al.  2005  ) .  

 Different methods have been proposed for the recovery of phenols from OMWW 
based on the chemical and physical properties of the phenols. These processes 
require removal of the solids from the wastewater to enhance the recovery effi ciency 
and include extraction techniques with selective organic solvents (either directly or 
via prior attachment to surfactants and sorption in resins) as well as membrane 
 fi ltration techniques. 

 Direct liquid–liquid extraction with ethyl acetate as solvent has led to a recovery 
of phenols of up to 90% from OMWW (Khoufi  et al.  2008  ) . A drawback of this 
method is the large quantities of solvent needed: the required ratio of wastewater to 
solvent is 1:1. However, recovery of the solvent via evaporation and reuse may reduce 
the amount of wasted solvent. An alternative approach is to apply a two-step process, 
according to which the OMWW is fi rst passed through a column packed with resins 
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onto which phenols are absorbed, and subsequently phenols are recovered using 
organic solvents and the resins are regenerated and reused. Agalias et al.  (  2007  )  
developed such a process which is less solvent demanding on a pilot scale. The 
adsorbent resins used were XAD16 and XAD7HP and the solvent used for the regen-
eration of the resins and recovery of the phenols was a mixture of ethanol and 2-pro-
panol (50:50). Cloud point extraction using surfactants such as Genepol X-080 
(Gortzi et al.  2008  )  and Triton X-114 (Katsoyannos et al.  2006  )  has also been inves-
tigated. In this method, a surfactant solution is heated to its cloud point temperature, 
i.e., the temperature at which the solution will become turbid because of incomplete 
solubilization, and the substance to be recovered is entrapped in the micelle of the 
surfactant. In such procedures, however, fats have to be removed from the OMWW 
fi rst, in order to enhance phenol recovery. In the case of Triton X-114, the recovery 
of phenols reached 60% when the surfactant was used at a concentration of 6% in the 
wastewater. 

 Membrane processes are also reported as a potential technology for selective 
fractionation and total recovery of phenols from OMWW. Membrane separation 
was discussed in Sect.  4.2.5  as a treatment method with the signifi cant advantage of 
utilizing the fractions obtained for their phenolic content. 

 Pectins are complex polysaccharides that naturally occur in higher plants and are 
widely used as gelling agents, stabilizers, and emulsifi ers in the food industry. 
Commercial pectins are available from apple pomace and citrus peels. The avail-
ability of other pectic sources, especially waste materials, is always being explored. 
The olive pulp cell walls are known to contain about one third of arabinose-rich 
pectic polysaccharide (Coimbra et al.  1994  ) . Any waste stream containing pieces of 
the olive fruit fl esh can be potentially used as a raw material for extraction of pec-
tins. The two-phase olive mill pomace is an appropriate waste for this cause, and it 
has been studied for its pectin content and quality (Cardoso et al.  2003  ) . It was 
shown that the olive pectin extract from olive wastes had useful properties for prac-
tical applications.  

    4.4.2   Production of Enzymes 

 OMWW has been considered as a promising substrate for production of enzymes. 
Interest is mainly focused on the production of lipases and lignin-oxidizing enzymes, 
but the potential use for production of pectic enzymes has also been reported. 

 Lipases can be used as biocatalysts in many biotechnological applications, such 
as synthesis of polymeric compounds and therapeutics, production of agrochemi-
cals such as herbicides, and for the synthesis of fl avors and fragrance (Jaeger and 
Eggert  2002  ) . They can be produced in signifi cant amounts from OMWW by selec-
tive bacterial and yeast strains during fermentation of the carbohydrates and lipids 
of the wastewater towards metabolic products, such as ethanol and methanol (Scioli 
and Vallaro  1997  ) . Owing to the consumption of carbohydrates and lipids and more-
over reduction of the amount of phenolics, a high reduction of the total COD was 
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observed, reaching 80% (Scioli and Vallaro  1997  ) . The production of lipase (EC 
1.3.1.3.) 1  from OMWW is reported to differ signifi cantly according to the type and 
strain of microorganism used, as well as the operating conditions and addition of 
nutrients and trace elements. It has been found that lipase activity is connected not 
only to the presence of fats as expected (Novotny et al.  1988 ; Ota et al.  1990 ; 
Hadeball  1991 ; Lie et al.  1991  ) , but also to the presence of ethanol or Cu 2+  and Zn 2+  
ions (Shabtai and Daya-Mishne  1992 ; Smeltzer et al .   1992  ) . D’ Annibale et al. 
 (  2006a,   b  )  investigated the potential production of lipases from undiluted OMWW 
using 12 fungal strains belonging to well-known lipolytic species, such as  Aspergillus 
oryzae ,  Aspergillus niger ,  Candida cylindracea ,  Geotrichum candidum ,  Penicillium 
citrinum ,  Rhizopus arrhizus , and  Rhizopus oryzae . It was shown that all strains were 
capable of growing in OMWW and produce lipase, but  C. cylindracea  was the most 
promising in the conditions tested. The production of enzyme can be stimulated by 
the type of nitrogen source used, the addition of yeast extract to the medium, pH 
values, and agitation mode and rate (D’Annibale et al.  2006a  ) . 

 OMWW has also been considered as a possible substrate for production of lignin-
oxidizing enzymes. The three main enzymes involved in this process are laccases 
(EC 1.10.3.2), lignin peroxidases (EC 1.11.1.14), and manganese-dependent peroxi-
dases (EC 1.11.1.13). These enzymes are of commercial interest, since they can be 
successfully used for the delignifi cation of lignocellulosic biomass, thus enhancing 
the exposure of carbohydrates to fermentative organisms for subsequent biofuel pro-
duction (Elander and Hsu  1995  ) , in the paper industry (Widsten and Kandelbauer 
 2008  ) , for wastewater decolorization (Mohorcic et al.  2006 ; Rodríguez Pérez et al. 
 2008  ) , etc. Lignin-oxidizing enzymes are mainly produced by white rot fungi. Fenice 
et al.  (  2003  )  investigated the production of lacasse and manganese-dependent per-
oxidases from OMWW using the white rot fungus  Panus tigrinus  via both submerged 
and solid-state fermentation. In the fi rst case, twofold-diluted OMWW was used in 
stirred tank and air lift reactors. For the solid-state fermentation, OMWW was used 
to moisturize maize stalks, on which the fungus was grown, but the enzymatic activi-
ties observed were lower. The recovery of the enzymes produced can be achieved in 
microfi ltration or ultrafi ltration membrane units at relatively low pressures. 

 Pectinase is an enzyme that breaks down pectins, which are structural polymers 
of plant cells. It is commonly used in industrial processes (such as in fruit juice 
extraction) involving the degradation of plant materials. The production of pecti-
nase by OMWW was reported by Federici et al.  (  1988  )  where the pretreated OMWW 
was fermented in batch fermentors using the yeast  Cryptococcus albidus  var.  albi-
dus  IMAT 4735. A maximum enzymatic activity of 280 U/L was observed after 
36 h of cultivation. It was further shown that the enzyme was an endopolygalactu-
ronase having a large spectrum of activity on pectin with different degrees of methy-
lation. Further experiments with the purifi ed enzyme showed that when used as 
additive in olive paste in the malaxation phase it can lead to an approximately 10% 
increase in the olive oil yield (Petruccioli et al.  1988  ) .  

   1   Enzyme nomenclature database:   http://www.expasy.org/enzyme/      
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    4.4.3   Generation of Biofuels and Bioproducts 

 The impending shortage of energy resources and degradation of the environment 
owing to the heedless use of fossil fuels have directed scientifi c interest to biofuels 
as well as biodegradable products. Biofuels are defi ned as fuel products obtained 
from biological carbon sources, usually photosynthetic plants, via biological or 
physicochemical methods. Biofuels produced from olive mill wastes include solid 
(wood pomace, charcoal), liquid (bioethanol, biodiesel), and gaseous (hydrogen, 
biogas) materials. Other products, such as bioplastics, biosurfactants, and activated 
carbon, can be derived using the olive mill wastes as raw material. 

    4.4.3.1   Biofuels 

 Wood pomace is the solid residue after pomace oil extraction and is usually  utilized 
by olive mills for the production of the required thermal energy (see Sect.  4.2.6.2 ). 
Charcoal is another biofuel produced via pyrolysis of concentrated OMWW or 
olive cake (see Sect.  4.2.6.3 ). The production of the other fuels is based on the 
exploitation of mainly carbohydrates and lipids contained in the olive mill wastes. 
Biogas is the fi nal product of anaerobic digestion. Anaerobic digestion is a major 
biological treatment technology aiming to reduce the organic content of the waste 
and convert it to a methane-rich gaseous mixture. The application of this process 
was thoroughly reviewed in Sect.  4.3.1 . Biohydrogen and alcohols are generated 
via fermentative conversion of carbohydrates. Even though technological achieve-
ments in the fi eld of both abovementioned biofuels are quite advanced and numer-
ous wastes have been tested for their generation, very few studies concerning 
OMWW exploitation in those directions have been reported. Hydrogen is a major 
intermediate product in anaerobic digestion of olive mill wastes and it can be 
accumulated by the mixed acidogenic population under certain conditions, as 
already mentioned in Sect.  4.3.1 . On the other hand, alcohol production in high 
yields can be achieved through the utilization of specifi c strains of microbes 
belonging to yeasts or bacteria. Transformation of sugars to ethanol and recovery 
of the alcohol by distillation has been extensively studied. Oliveira  (  1974  )  studied 
the effect of wine yeasts of  Saccharomyces cerevisiae    , bread yeast and  Candida 
utilis  and the natural fauna on ethanol production from OMWW and they found 
that the amount of alcohol produced was in the range 0.5–0.57% (w/v). The inhib-
itory effect of phenolics on yeasts has been confi rmed (Bambalov et al.  1989  ) , and 
the application of pretreatment methods for degrading phenols (by white rot fungi) 
substantially increases ethanol yield (Massadeh and Modallal  2008  ) . Bioethanol 
production from two-phase olive mill pomace has also been investigated (Georgieva 
and Ahring  2007  ) . In this study, enzymatic hydrolysis increased the concentration 
of soluble sugars by 75% and a maximum ethanol production was achieved 
(11.2 g/L) with productivity of 2.1 g/L/h. Ethanol yields were in the range 
0.49–0.51 g/g. 
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 Biodiesel is another biofuel which is produced via chemical treatment of lipids 
that are accumulated in the microbial cell of oleaginous    microorganisms when they 
are grown on different carbon sources, among which are oils (Aggelis and Sourdis 
 1997  )  and carbohydrates (Alvarez and Steinbuchel  2003  ) . Although attempts at 
biodiesel production via gasifi cation of olive cake (   Demirbas et al. 2000) and chem-
ical conversion of used olive oil (Dorado et al.  2004  )  have been made with promis-
ing results, OMWW does not seem to have caught the attention of researchers, even 
though its content of residual oil and carbohydrates could possibly support the 
growth of oleaginous microorganisms.  

    4.4.3.2   Biopolymers 

 Biopolymers are polymers produced by living organisms. Microbial polymers 
 present a greater range of structures and properties than those obtained from sea-
weeds and plants. As a result, they can be used in different applications. OMWW 
has been considered as a potential substrate for production of biopolymers via 
microbial activity, and especially for production of polyhydroxyalkanoates (PHAs) 
and extracellular polymers (EPS). 

 PHAs are biodegradable polyesters produced by numerous bacteria and also by 
several plants and animals. However, only bacteria can synthesize PHAs with high 
molecular weights and accumulate them as intracellular storage reserves of carbon 
and energy under stress conditions in the form of inclusion bodies (Luengo et al. 
 2003  ) . Poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxyvalerate) are the most 
well known PHAs, and attract high interest because they have properties similar to 
those of conventional plastics such as polypropylene and polyethylene (Howells 
 1982  ) , thus being promising candidates for the replacement of fossil-fuel-based 
thermoplastics in several applications. Production of PHAs from OMWW has been 
investigated via both pure and mixed cultures. In terms of pure cultures, research 
has been focused on the use of  Azotobacter chroococcum , which can produce PHAs, 
mainly PHB, from untreated OMWW to which a source of nitrogen has been added 
(Martinez-Toledo et al.  1995  ) . Using the same strain, Gonzalez-Lopez et al.  (  1996  )  
reported that the type of nitrogen source used can have a signifi cant effect on the 
accumulation capacity of the bacterium. Final PHB yields obtained from experi-
ments with ammonium acetate, ammonium chloride, ammonium sulfate, and gas-
eous nitrogen were 59.4%, 50.2%, 50.6%, and 33.7% respectively, measured as a 
percentage of dry bioplastic weight per dry microbial biomass weight. Pozo et al. 
 (  2002  )  showed that other parameters such as the oxygen supply and the dilution rate 
of OMWW can further affect the yield of PHAs from  A. chroococcum . In that study, 
the maximum yield obtained was 80% PHA per dry biomass when the oxygen sup-
ply was decreased and a medium with 60% OMWW was used. Enriched mixed 
cultures have also been used for production of PHAs from OMWW. The enrichment 
method was either the “feast and famine” method, during which cultures are sub-
jected to growth periods with external substrate accessibility (feast) and unavail-
ability (famine) (Dionisi et al.  2005  ) , or the successive limitation of nitrogen and 
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carbon sources (Ntaikou et al.  2008  ) . In both studies the OMWW used was  pretreated 
with acidogenic microbes so as to convert the sugars contained into fatty acids, and 
the predominant bioplastic detected was PHB. 

 EPS are carbohydrate biopolymers that might be a valid alternative to plant and 
algal products, considering that their properties are almost identical to those of the 
currently used gums, which have several industrial applications (Sutherland  1996  ) . 
OMWW has been considered an interesting substrate for EPS production. This is 
mainly because it has a high C/N ratio (Alburquerque et al.  2004 ; Baddi et al.  2004  ) , 
which could limit cellular growth but favor or stimulate EPS production. OMWW 
has been used as an organic substrate for the production of pullulan by fermentation 
(Israelides et al.  1994  ) . Furthermore, Lopez and Ramos-Cormenzana  (  1996  )  and 
Lopez et al.  (  2001  )  described xanthan production from OMWW, but the process 
must be optimized depending on the type and quality of the OMWW used. EPS 
production by different species of  Azotobacter  (Fiorelli et al.  1996  )  from OMWW 
has also been shown. The antimicrobial properties of OMWW have a negative 
impact in this case too (Tomati et al.  1996  )  and require dilution of the wastewater 
(more than 1:1) for it to be used as a culture medium.  

    4.4.3.3   Biosurfactants 

 Biosurfactants are surface-active substances synthesized by living cells, such as 
yeasts, bacteria, and fungi, and their structure includes a hydrophilic moiety com-
posed of amino acids or peptides, anions or cations, or monosaccharides, disaccha-
rides, or polysaccharides. The hydrophobic portion is often made up of saturated, 
unsaturated, or hydroxylated fatty acids (Georgiou et al.  1992  ) , or is composed of 
amphiphilic or hydrophobic peptides. Biosurfactants are predominantly synthesized 
via hydrocarbon uptake by hydrocarbon-degrading microorganisms. Some biosur-
factants, however, have been reported to be produced on water-soluble compounds, 
such as glucose, sucrose, glycerol, and ethanol (Cooper and Goldenberg  1987 ; 
Passeri et al.  1992 ; Hommel and Huse  1993  ) . They fi nd applications in an extremely 
wide variety of industrial processes, such as emulsifi cation for emulsion polymer-
ization, foaming for food processing, manufacture of detergents for household and 
industrial cleaning, wetting and phase dispersion for cosmetics and textiles, and 
solubilization for agrochemicals (Lin  1996  ) . 

 The suitability of OMWW for biosurfactant production was fi rst investigated by 
Mercade et al.  (  1993  ) . In this study, several strains of  Pseudomonas  sp. were proved 
to be capable of using OMWW as the sole carbon source and of accumulating rham-
nolipids. In all cases, the dilution of OMWW as well as the addition of NaNO 

3
  as 

the nitrogen source was necessary. Conversion yields of 0.058 g rhamnolipid per 
gram of substrate were achieved, and the COD was reduced by approximately 50% 
within 72 h. An improved process for rhamnolipid production was developed by 
studying further the growth of  Pseudomonas aeruginosa  in a stirred tank fermentor 
(Mercade and Manresa  1994  ) .   
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    4.4.4   Production of Activated Carbon 

 Activated carbon has been prepared from olive stones and solvent-extracted olive 
pulp via carbonization at 850°C and physical activation either with CO 

2
  or with steam 

at 800°C (Mameri et al.  2000 ; Galiatsatou et al.  2001,   2002  )  and treatment with KOH 
and H 

3
 PO 

4
  followed by activation with CO 

2
  at 840°C for different periods of time 

(Moreno-Castilla et al.  2001  ) . Olive cake has been used by Cimino et al.  2005 , to 
produce activated carbon via acid treatment prior or after the carbonisation effect. 
Activated carbon can be also produced from olive husks (Michailof et al.  2008  ) . 

 Alternatively, OMWW has been mixed with the residual fl y ash produced by 
coal combustion in thermoelectric power plants in order to increase the adsorptive 
capacity of fl y ash by means of a new method of aggregation (Rovatti et al.  1992  ) . 
The product of the aggregation was subjected to a pyrolysis process (see Sect.  4.2.6.3 ) 
which resulted in the formation of an oily liquid fraction of high calorifi c value, a 
hydrogen-rich gaseous mixture, and a solid carbonaceous matrix dry residue. The 
solid residue, after activation, could be used as an adsorbent material, and its adsorp-
tive capacity for organic vapors was evaluated in a fi xed-bed bench-scale plant, 
using toluene vapors as the adsorbed gas. 

 Activated carbon can be used as an absorbent in liquid-phase and gas-phase sys-
tems (for the removal of phenols from OMWW or herbicides from water; El-Sheikh 
et al.  2004  ) , in catalysts, or as a support for catalysts. The role of activated carbon 
in the OMWW treatment was reviewed in Sect.  4.2.3 .   

    4.5   Conclusions 

 Olive mill wastes have been the subject of numerous studies with the aim of making use 
of them and/or rendering them safe for disposal in the environment. It is obvious that 
there is not a single process that can achieve these goals. The integrated management 
systems that have already been or can be further developed should combine both physi-
cochemical and biological processes to achieve one or more of the following (ranked 
from the highest to the lowest value of economic profi ts from the fi nal products):

   Extraction or production of high-added-value products (phenols, pectines, • 
enzymes, biopolymers, biosurfactants)  
  Production of biofuels (hydrogen, ethanol, biogas, biodiesel)  • 
  Production of solid fuels, activated carbon  • 
  Production of compost  • 
  Disposal in land or phytoremediation systems  • 
  Reduction of the organic matter content to acceptable levels for disposal in water-• 
receiving bodies.    

 The potential of production of high-added-value products from OMWW does 
not guarantee the viability of the process if the products do not meet the required 
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standards that would make them commercially profi table. Further research is needed 
to increase the yield, the productivity, and the purity of the fi nal product. Moreover, 
it is imperative that the integrated management schemes be tested in pilot-scale or 
full-scale units for long periods in order to test them under real conditions, where 
the variability of the infl uent waste, the operational problems of the different indi-
vidual processes, the coupling of the individual processes of different timescales in 
a continuous mode of operation, the market availability for the various products, 
etc. could affect the effectiveness as well as the economic feasibility of the process. 
Therefore, apart from any scientifi c and/or technological advances that would 
improve the OMWW processing, the success of a technological and feasible solu-
tion lies at a local and central governmental level, where decisions would be taken 
to fund and support the application of integrated management schemes in real-scale 
and real-time operations.      
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    5.1   Introduction 

 “Let food be the medicine and medicine be the food” was embraced 2,500 years ago 
by Hippocrates, the father of medicine, and therefore the conception that foods might 
provide therapeutic benefi ts is not new. Recent knowledge, however, supports the 
hypothesis that, besides fulfi lling nutrition needs, diet may modulate various func-
tions in the body and may exhibit detrimental or benefi cial roles in some diseases 
(Hasler  2002  ) . 

 Functional foods are one of the fastest-growing segments of the food industry. 
Current interest by consumers in taking a proactive role in maintaining their health 
has produced a profusion of products on the market that contain dietary ingredients 
intended to produce a positive effect on the health of the consumer. These ingredi-
ents are included in food products marketed in the form of both dietary supplements 
and “functional foods” or “nutraceuticals”. 

 The term functional food is used to describe nutrients that exhibit an effect on 
physiologic processes besides their established nutritional function. Functional 
foods exist at the interface between food and drugs, and therefore offer great potential 
for health improvement and prevention of diseases when ingested as part of a 
balanced diet (Hilliam  2000  ) . 

 The discovery, development and marketing of these nutraceutical products is 
currently one of the fastest growing segments of the food industry (Hardy  2000  ) . 
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This trend is driven by the current consumer perception that “natural is good” and also, 
to some extent, by other factors such as the increasing cost of many pharmaceuticals 
(Zink  1997  ) . Due to the rapid expansion in this area an imbalance exists between the 
increasing number of claims and products on the one hand, and the development of 
policies to regulate their application and safety on the other (Hasler et al.  2001  ) . 

 Functional foods and nutraceutical ingredients are defi ned legally as natural sub-
stances that may be used individually, in combination, or even added to food or 
beverage for a particular technologic purpose or health benefi ts and must have an 
adequate safety profi le that demonstrates safety for consumption by humans. Risk 
of toxicity or adverse effects of medical drugs led to the search for safer nutraceutical 
and functional food based approaches for health management. This resulted in a 
world-wide nutraceutical revolution. The option of health and disease management 
by natural means has been embraced by a signifi cant portion of the world population. 
Rapid growth in research on nutraceuticals and functional foods is an integral and 
vital component of the revolution. Proof of effi cacy and safety are two key sets of 
information required for the successful use of nutraceuticals and functional foods in 
the management of human health and well-being. The inventory of modern and 
sophisticated technologies available to derive such information is rapidly expanding 
in this age of technology driven health care. It is appropriate to revisit nutraceuticals 
and functional food research in light of these emerging technologies. This chapter 
will focus on the safety perspectives of nutraceutical and functional foods world.  

    5.2   What Are Functional Foods? 

 Japan is the birthplace of the term ‘functional food’ (Kubomara  1998  ) . Japan has 
been at the forefront of the development of functional foods since the early 1980s 
when systematic and large-scale research programs were launched and funded by 
the Japanese government on systematic analysis and development of food functions, 
analysis of physiological regulation of function by food and analysis of functional 
foods and molecular design. As a result of a long decision making process, to estab-
lish a category of foods for potential enhancing benefi ts as part of a national effort 
to reduce the escalating cost of health care, the concept of foods for specifi ed health 
use (FOSHU) was established in 1991.These foods, which are intended to be used 
to improve people’s health and for which specifi c health effects or claims are 
allowed to be displayed, are included as one of the categories of foods described in 
the Nutrition Improvement Law as foods for special dietary use. According to the 
Japanese Ministry of Health and Welfare, FOSHU are:

   Foods that are expected to have a specifi c health effect due to relevant constitu-• 
ents, or foods from which allergens have been removed, and  
  Foods where the effect of such an addition or removal has been evaluated scien-• 
tifi cally and permission to make claims regarding the specifi c benefi cial effects 
on health expected from their consumption has been granted.    
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 Foods identifi ed as FOSHU are required to provide evidence that the fi nal food 
product, but not isolated individual component or components, is likely to exert a 
health or physiological effect when consumed as part of an ordinary diet. Finally, 
FOSHU products should be in the form of ordinary foods (i.e. not pills or capsules). 

 In the meantime, but mainly in the 1990s, a variety of terms, more or less related 
to the Japanese FOSHU, have appeared worldwide. In addition to functional foods, 
these include more terms such as ‘nutraceuticals’, ‘designer foods’, ‘pharmafoods’, 
‘medifoods’, ‘vitafoods’, etc., but also the more traditional ‘dietary supplements’ 
and ‘fortifi ed foods’. 

 “Functional foods,” “nutraceuticals,” “pharmaconutrients,” and “dietary integrators” 
are all terms used incorrectly and indiscriminately for nutrients or nutrient-enriched 
foods that can prevent or treat diseases. 

 In an effort to distinguish between functional or medical foods and drugs, the 
term “nutraceutical” was coined in 1989 by the Foundation for Innovation in 
Medicine (FIM  1992  )  to cover “any substance that may be considered a food or part 
of a food, and provides medical or health benefi ts, including the prevention and 
treatment of disease.” The frontier of the functional food universe is given in Fig.  5.1  
(Doyon and Labrecque  2008  ) . Nutraceuticals are clearly not drugs, which are 
pharmacologically active substances that will potentiate, antagonize, or otherwise 
modify any physiological or metabolic function. In 1996 the Foundation for 
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  Fig. 5.1    The frontier of the functional food universe       
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Innovation in Medicine (FIM) coined the term “nutraceutical” as a food or parts of 
foods that provide medical-health benefi ts including the prevention and/or treatment 
of disease. Such products may range from isolated nutrients, dietary supplements 
and diets to genetically engineered designer foods, functional foods, herbal products 
and processed foods such as cereals, soups and beverages (De Felice  1996  ) .  

 The scope of nutraceuticals is signifi cantly different from functional foods for 
several reasons. These include:

   Whereas the prevention and treatment of disease (i.e., medical claims) are • 
relevant to nutraceuticals, only reduction of disease, not the prevention and treat-
ment of disease, is involved with functional foods.  
  Whereas nutraceuticals include dietary supplement as well as other type of foods, • 
functional foods should be in the form of ordinary food.    

 Functional foods    have been developed in virtually all food categories. The strategy 
for functional food development is given in Fig.  5.2 . (Roberfroid  2000  ) . According 
to alternative classifi cation systems some functional products : 

    1.    “Add well to your life”, e.g., improve the regular stomach and colon functions 
(pre- and probiotics) or “improve children’s life” by supporting their learning 
capability and behavior. It is diffi cult, however to fi nd good biomarkers for 
cognitive, behavioral and psychological functions.  

    2.    Functional food is designed for reducing an existing health risk problem such as 
high cholesterol or high blood pressure.  

    3.    Consists of those products, which “makes your life easier” (e.g., lactose-free, 
gluten-free products) (Mäkinen-Aakula  2006  ) .     

 Consumers’ interest for functional foods Major reasons for increased interest in 
functional foods are increased health care costs, recent legislation, and scientifi c 
discoveries (Milner  2000  ) . Growing inclination towards functional foods has been 
noted in the past decade and several factors responsible for such consumer’s 
awareness are delineated underneath: 

 Health-conscious baby-boomers and the “self-care” movement

  Fig. 5.2    The strategy for functional food development (Roberfroid  2000  )        
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   Staggering healthcare costs associated with chronic diseases of aging  • 
  Advances in technology, particularly nutritional genomics  • 
  Changes in food regulations  • 
  Market opportunity  • 
  Development of new scientifi c fi ndings linking foods and/or food components to • 
optimal health (Hasler  1996  )   
  New food processing, retailing, and distribution Technologies  • 
  Changing consumer demands and social attitudes  • 
  Scientifi c evidence of health benefi ts of certain ingredients and  • 
  Search for new opportunities to add value to existing products and to increase • 
profi ts (Stanton et al.  2001  ) .     

    5.3   Safety of Nutraceuticals and Functional Foods 

 Food safety is receiving more attention than ever before by governments and policy 
makers, health professionals, the food industry, the biomedical community, and last 
but not least, the public (Crutchfi eld and Roberts  2000 ;    Crutchfi eld and Weimer, 
 2000 ; Kaferstein and Abdussalam  1999 ; Woteki et al.  2001  ) . For most consumers in 
the United States (Food Marketing Institute  2000  )  and Europe (Food Marketing 
Institute  1995  ) , safety has become one of the most important attributes of food. 
Their concern over food quality has intensifi ed in recent years, and prompted heated 
debate about the integrity and safety of produce. Consumer concern, fuelled by 
several food scares, the political arena, international trade, and the farming industry 
has infl uenced food purchasing patterns (Buzby  2001  ) . One such aspect has been 
the expansion of demand for organically grown food. 

 Functional foods have been expected to play an important role in modern nutri-
tion, which is expected to promote health and reduce the risk of chronic diseases. 
Functional foods must fulfi ll all standards of food safety assessment. However, for 
this type of food, the concept of benefi ts versus risk of long-term intake has to be 
investigated further, developed and validated. The safety of intake of low or high 
amounts of nutrients and high amounts of non-nutrients related to long-term con-
sumption of functional food, as well as interactions between food components and 
biological processes have to be characterized. Protocols for pre-marketing nutrition 
studies on functional food and post-marketing monitoring are needed. Taking into 
account the safety aspects, i.e. the possibility of increased contamination, adverse 
metabolic effects, excessive stimulation of immunological systems and potential 
gene transfer. The manufacturer of probiotics is obliged to present clinical documen-
tation showing the absence of these (previously mentioned) effects. In particular, 
probiotic bacteria must not signifi cantly increase the risk of transfer of antibiotic 
resistance and cannot possess hemolytic activity (Nowicka and Naruszewicz  2004  ) . 

 The requirements of functional food safety indicated by FAO/WHO impose on 
the manufacturers the obligation to conduct placebo-controlled clinical studies and 
to evaluate their results in four phases:
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    1.    Safety  
    2.    Effi ciency  
    3.    Effectiveness  
    4.    Surveillance.     

 The safety of functional foods still requires thorough investigation. The novelty 
of raw materials and processes employed, as well as the potential use in the diet, has 
yet to be examined. Safety is guaranteed by the application of various regulations 
control any novelty in food components and the respective manufacturing processes. 
The test schemes selected to evaluate safety will depend on the type of food novelty 
and whether or not it can be considered to be functional,, the evaluation of its safety 
will be dictated by the specifi c legislation that controls the particular material (EC 
 1997  ) . To assess a functional food’s safety, a dietitian, nutritionist, food science 
specialist or other health professionals must be able to answer several specifi c 
questions (Hasler et al.  2001  ) :

   What is (are) the functional ingredient(s)?  • 
  How much of the ingredient is present per serving?  • 
  What is a typical serving?  • 
  How often is the functional food eaten?  • 
  Has the manufacturer conducted safety studies on the ingredient(s) (in animals • 
and humans)? Is published peer reviewed research on the ingredient(s) 
available?  
  Will the manufacturer provide you safety information or background on pub-• 
lished research?  
  Does the functional ingredient interact with prescription drugs?    • 

 A functional food’s effi cacy must be able to answer several specifi c questions:

   What is the scientifi c evidence that the functional food is effective?  • 
  Are there measurable health benefi ts from the functional ingredient?  • 
  Have well-designed and controlled human clinical intervention trials been • 
conducted?  
  Are studies published in peer-reviewed journals?  • 
  If it has been found effective, does a single serving provide enough of the func-• 
tional ingredient to make a difference?    

 Clinical data supporting benefi ts of functional foods are even less abundant than 
for herbs. There are, however, 12 health claims that have been approved by the 
FDA as a result of a body of scientifi c evidence showing signifi cant agreement to 
back up the claim. In order to use the health claim, the product must provide a 
specifi ed minimum amount of the functional ingredient. Other functional ingredi-
ents are present in amounts proven effective, but several servings a day must be 
consumed to achieve an effective dose. While research may strongly suggest a 
benefi t for a specifi c functional food or ingredient, it’s important to distinguish 
between research using a whole food and that utilizing an isolated food ingredient 
(Hasler et al.  2001  ) . 
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 The social, food, nutrition and biomedical sciences allow for increasingly rational 
product development to fi t consumers’ health needs. The development of new food 
products brings with it elements of the unknown and therefore risk. However, when 
it comes to foodstuffs and beverages, it is expected that the risk is negligible. 
Monitoring and surveillance is a requisite of any community that is exposed to 
products launched for purported physiological or health reasons to optimize the 
risk–benefi t relationships of functional foods with defi nable health properties, 
the following approach has been recommended by a Joint WHO/FAO Working 
Group on Novel Foods in Nutrition Health and Development: Benefi ts, Risks and 
Communication, and published in the Metung Report (Clugston et al.  2002  ) .

    1.    Consider the health outcome in question  
    2.    Select a plant food or foods, which confer these characteristics, preferably with 

an established food cultural base  
    3.    Formulate a food for trial  
    4.    Carry out a risk evaluation  
    5.    Conduct a food trial using biomarkers and/or health outcomes  
    6.    Develop an appropriate monitoring and surveillance strategy  
    7.    Seek regulatory approach as novel food for safety  
    8.    Formulate a food-based educational and informational framework, with or with-

out health claims.     

 The General Accounting Offi ce (GAO  2000  )  has made the following recommen-
dations regarding the safety of functional foods:

   Develop and promulgate regulations or other guidance for industry on the • 
evidence needed to document the safety of new dietary ingredients in dietary 
supplements;  
  Develop and promulgate regulations or other guidance for industry on the safety • 
related information required on labels for dietary supplements and functional 
foods; and  
  Develop an enhanced system to record and analyze reports of health problems • 
associated with functional foods and dietary supplements.    

 Functional food ingredients may impart health-promoting effects other than 
general nutrition. Compared to dietary supplement ingredients, functional foods are 
subject to unique regulatory requirements and require different safety criteria. Under 
the Dietary Supplement Health and Education Act (DSHEA) of 1994, newly marketed 
ingredients after that date must demonstrate safety to a “reasonable expectation of no 
harm [emphasis added]” as part of a new dietary ingredient notifi cation to the Food 
and Drug Administration (FDA) (US CFR 190.6  2008  ) . Although a functional food 
ingredient may have been marketed previously as a dietary supplement ingredient, 
its safety data set has been augmented and made available to regulators and external 
expert panels to demonstrate compliance with the standard of “reasonable certainty 
of no harm [emphasis added]”  (  US CFR 170.3(i) ; Griffi ths  2007 ; Griffi ths and Teske 
 2007  ) . A functional food ingredient differs from many Food Chemicals Codex (FCC) 
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ingredients, because FCC originally contained chemicals added to foods to achieve a 
desired technical function, e.g., as processing aids (USP  2008  ) . 

 Firstly, the optimal levels of the majority of the biologically active components 
currently under investigation have yet to be determined. Furthermore, a number of 
animal studies show that some of the same phytochemicals (e.g., allyl isothiocya-
nate), highlighted for their cancer-preventing properties, have been shown to be 
carcinogenic at high concentrations. The doctrine that “All substances are poisons ,, 
the right dose differentiates a poison from a remedy” is even closer to reality now, 
given the proclivity for dietary supplements (Arvanitoyannis and Houwelingen-
Koukaliaroglou  2005  ) . 

 The benefi ts and risks to individuals and populations must be weighed care-
fully when considering the widespread use of physiologically-active functional 
foods. For example, the risks of recommending the increased intake of compounds 
(e.g., isofl avones) that may modulate estrogens’ metabolism Have to be character-
ized. Soy phytoestrogens may represent a “double-edged sword” because of 
reports that genistein may actually promote certain types of tumors in animals 
(Rao et al.  1997  ) . The knowledge of the toxicity of functional food components is 
crucial to decrease the  risk: benefi t  ratio. Other substances for which safety con-
cerns have been raised are comfrey, chaparral, lobelia, germander, aristolochia, 
ephedra (ma huang), L-tryptophan, germanium, magnolia-stephania, and stimu-
lant laxative ingredients, such as those found in dieter’s teas. The herb comfrey, 
for example, contains certain alkaloids that can cause serious liver damage. 
Consumers should not take any product containing comfrey either orally or as a 
suppository and should not apply comfrey products to wounded skin (  www.ftc.
gov/bcp/conline/pubs/health/frdheal.htm    ). Even some vitamins and minerals, 
when consumed in excessive quantities, can cause problems. For example, high 
intakes of vitamin an over a long period can reduce bone mineral density, cause 
birth defects, and lead to liver damage, according to the National Academy of 
Sciences (Arvanitoyannis and Houwelingen-Koukaliaroglou  2005  ) . 

 The claimed benefi ts attributed to a product should be justifi ed by reference to 
appropriate studies. Consuming white bread to which fi sh oils are added is not the 
same as eating oily fi sh, and health benefi ts associated with oily fi sh consumption 
should not be mistaken with other products. Likewise, giving the impression that 
omega-3 fatty acid-fortifi ed white bread can adequately substitute for oily fi sh 
consumption, or that fi ber-enriched soft drinks can substitute a diet rich in naturally-
occurring dietary fi ber, is rather confusing and undermines attempts to encourage 
the consumption of oily fi sh, fruits, vegetables, and wholegrain foods. Indeed, if the 
product is of poor nutritional quality, then supplementing it with a functional ingre-
dient (e.g., fi ber in soft drinks) only serves to reinforce poor dietary habits. Besides, 
the addition or promotion of high contents of vitamin A in foods (e.g., as one of the 
so-called ‘ACE’ vitamins) without mentioning the danger of abnormalities in 
pregnant females consuming high amounts of this nutrient is extremely hazardous. 
Care is also required to avoid excessive intakes of other components (e.g., iron, 
vitamin D, and folic acid), as a continuously growing number of products get 
enriched (Arvanitoyannis and Houwelingen-Koukaliaroglou  2005  ) . 
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 Health-conscious consumers are increasingly seeking functional foods in an 
effort to control and improve their own health and well-being. The fi eld of functional 
foods, however, is in its infancy. Claims about health benefi ts of functional foods 
must be based on sound scientifi c criteria (Clydesdale  1997  ) . A number of factors, 
such as the complexity of food substances, effects on food, compensatory metabolic 
changes that may occur with dietary changes, and lack of surrogate markers of 
disease development, complicate considerably the establishment of a strong scientifi c 
foundation. Further research is required to substantiate the potential health benefi ts 
of those foods for which the diet health relationships are not suffi ciently scientifi -
cally validated. Research into functional foods will not advance public health, 
unless the benefi ts of the foods are effectively and clearly communicated to the 
consumer. Furthermore, foods that have novel health claims that are supported by 
solid scientifi c substantiation have the potential to become increasingly important 
components of a healthy lifestyle. Such foods can be extremely benefi cial to the 
public and the food industry. When health claims are clearly supported by sound 
scientifi c evidence, consumers’ confi dence grows. 

 Therefore, it is vital to conduct clinical studies on people, not only on animals, in 
order to guarantee the safety of products and substantiate the functionality of active 
components (Arvanitoyannis and Houwelingen-Koukaliaroglou  2005  ) . 

    5.3.1   The Evaluation of Safety 

 The demonstration of safety for a functional ingredient is guided by several funda-
mental concepts (Kruger and Mann  2003  ) :

    1.    Functional ingredients are biologically active and may therefore produce a range 
of outcomes in the body, at various levels of intake, from suboptimal physiologic 
action to therapeutic effect to frank toxicity. Understanding the mechanisms for 
pharmacologic activity and for toxicological potential is important to predict the 
consequences of exposure at different dose levels.  

    2.    Functional ingredients are a diverse class of compounds and may be represented 
by single component ingredients, or complex herbal extracts or products derived 
from novel sources or processes; the compositional analysis for each of these 
types of products is a critical determinant of the approach to the determination of 
safety for the ingredient. Unique safety issues are associated with each of these 
types of products and must be dealt with on a case-by-case basis.  

    3.    The intended use and potential exposure to a functional ingredient must be com-
pared to its determined safe level of ingestion; depending upon the compound, 
historical exposure and/or scientifi c studies (animal toxicology, absorption, dis-
tribution, metabolism and excretion (ADME), clinical trials) may be used to 
determine that safe level; the margin of safety between the intended level of 
ingestion and a potentially toxic level may be very small.  

    4.    Similar to drugs, there is a potential for contraindicated drug and food interactions; 
these should be determined, if possible, to identify potential safety concerns.     
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 The assurance of safety for functional ingredients is complicated by a potential 
for adverse effects derived not only from toxicity that can be produced by any 
impurities present, but also from physiologic activity. In addition, a functional 
ingredient can be the “active principal” in a complex and uncharacterized mixture. 
The impurities and/or interactions among chemical constituents of mixtures must 
also be evaluated for their potential to produce toxicity. 

 Animal toxicology studies for functional ingredients should be used to determine 
the toxicological endpoints of concern as necessary (repeat dose toxicity with target 
organ evaluation; mutagenicity; carcinogenicity; developmental toxicity; reproduc-
tive toxicity; immunotoxicity; neurotoxicity, etc.), as well as input appropriate 
endpoints into the design of clinical trials. The primary evidence of safety, however, 
must be derived from human clinical trials due to limitations in the animal models 
themselves with respect to factors such as pharmacokinetic and pharmacologic 
handling of the drug. The limitation in extrapolating from animal models to humans 
must be considered when evaluating the safety of functional ingredients and thus, 
clinical substantiation of safety is critical. It is critical to determine on a case-by-case 
basis specifi c elements of the animal study design, such as species, dose level, duration, 
and route of administration and control groups in order to evaluate whether fi ndings 
from the animal study can be used to extrapolate to humans (Kruger and Mann  2003  ) . 

 A strategy for safety determination of a functional ingredient should rely on an 
understanding of both the exposure and structural analysis of the constituents. The 
extent of toxicology testing necessary for supplements is defi ned by both the 
characterization of components (both active and impurities) as well as the pre-
existing data base of safety that can be used to predict, with reasonable certainty, the 
potential for adverse health effects resulting from ingestion at the dose levels recom-
mended. In compositional terms, the type of product may be divided into the 
following categories:

    1.    Conventional, synthetic or extracted single component ingredients;  
    2.    Plant extracts or complex mixtures containing the ingredient; and  
    3.    Products derived from novel sources or processes, e.g., products of fermentation 

or biotechnology (Kruger and Mann  2003  ) .     

 Animal models can be used to ascertain the target organs and effects that are 
produced as a result of toxicity. The following criteria must be met to derive a safe 
level of exposure without additional toxicology testing:

   Active components and related substances are well characterized and there is an • 
adequate understanding of the lack of potential for toxicity at the human dose 
levels recommended based upon existing data from the literature.  
  Impurities are well characterized and there is an adequate understanding of the • 
lack of potential for toxicity based upon existing data from the literature.  
  Manufacturing process is standardized and reproducible (Kruger and Mann  • 2003  ) .    

 The primary objective of long-term repeat-dose toxicity studies in animals is to 
identify the target organs and/or systems for toxicity and the threshold doses for produc-
ing toxic effects. Acute (single-dose) studies may not be adequate to support the conclu-
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sion that multiple administrations are non-toxic because they were not designed to 
monitor the usual parameters of toxicity (e.g., clinical pathology and histopathology) or 
take into consideration the effect of more frequent dosing (Kruger and Mann  2003  ) . 

 In the development of a compound that is a single molecular entity; pharmacoki-
netic studies can demonstrate the systemic exposure and can facilitate dose – 
response comparison between animals and humans. 

 Reproductive toxicology studies, such as those on fertility/reproductive performance, 
teratology, and prenatal/ perinatal development in animals, provide information on 
the potential a botanical drug product has to produce toxicity during the different 
stages of reproductive and developmental processes. 

 Carcinogenicity studies may or may not be needed, depending on the duration of 
intended exposure or any specifi c cause for concern. 

 Studies that screen for modes and sites of action of the ingredient are very useful 
in evaluating pharmacologic activity on organs and/or systems. These studies can 
provide explanation, where appropriate and necessary, of toxic fi ndings in animal 
studies. 

 For functional ingredients, the primary evidence of safety must be derived from 
human clinical trials due to limitations in the animal models themselves with respect 
to factors such as pharmacokinetic and pharmacologic handling of the substances. 
The limitation in extrapolating from animal models to humans must be considered 
when evaluating the safety of functional ingredients and thus, clinical substantiation 
of safety is critical. It is important, however, to evaluate the quality and not just the 
quantity of clinical evidence available to support safety of the functional ingredient 
(Kruger and Mann  2003  ) .   

    5.4   Regulation of Nutraceuticals and Functional Foods 

 Functional foods need to be safe according to all criteria defi ned in current food 
regulations. But in many cases, new concepts and new procedures will need to be 
developed and validated to assess functional food risks. In Europe, some, but certainly 
not all, functional foods will be classifi ed as ‘novel foods’ and consequently will 
require the decision tree assessment regarding safety that is described in the EU Novel 
Food Regulation  (  European Commission Novel Food Directive, 97/258/CEE  ) . 

 It is often quite ambiguous whether a new product should be labeled as food, 
supplement, or drug. These categories are regulated differently; for new foods and 
drugs, an FDA approval is always required, whereas, dietary supplements are more 
lightly regulated. Functional foods exist at the interface between foods and drugs. 
There is no provision in the existing food regulations for foods intended to be con-
sumed to prevent disease. As the current situation stands, dietary supplements will 
be marketed under the Dietary Supplement Health and Education Act, and foods 
will be marketed under the Nutrition Labeling and Education Act. Applicable legis-
lation, regulations, and guidelines is given in Table  5.1 , and Compliance, enforcement, 
and penalties is given in Table  5.2 .   
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 European legislation however, does not consider functional foods as specifi c 
food categories, but rather a concept (Coppens et al.  2006 ; Stanton et al.  2005  ) . 
Therefore, the rules to be applied are numerous and depend on the nature of the 
foodstuff. The General Food Law Regulation is applicable to all foods. In addition, 
legislation on dietetic food genetically modifi ed organism (GMO), food supplements 
or on novel foods may also be applicable to 

 Functional foods depend on the nature of the product and on their use. In the EU, 
rather than regulating the product group per se, legislative efforts currently being 
developed are directed towards restricting the use of health claims on packages and 
in marketing  (  EC 2006 ; Niva  2007  ) . According to the EU regulation on nutrition 
and health claims made on foods (EC No.  1924 /2006), a list of authorised claims 
has to be published for all member states, and nutrient profi les also has to be 
established for foods containing health claims. Health claims can be “function 
claims” and “reduction of disease risk claims”. 

 To complement the food cGMPs, FDA recently promulgated cGMPs for dietary 
supplement ingredients (FDA  2008  ) . Unfortunately, at present FDA’s cGMPs for 
foods, functional foods, and dietary supplements specify neither robust analytical 
methods nor reference standards, both of which are the foundation of public stan-
dards in USP compendia. The lack of standards is particularly problematic for 
ingredients that are derived from herbs and botanicals. Further, food and dietary 
supplement cGMPs use the term specifi cations without ever really defi ning what is 
meant. In 1938, when FFDCA was enacted, the US did not have a food ingredient 
compendium. 

 Therefore, early twentieth century law addressed food adulteration generically, 
e.g., with statements that food must be “wholesome” and “not ordinarily injurious to 
health” and would be deemed adulterated if it contained an “added poisonous or delete-
rious substance, which may render it injurious to health” (FFDCA 402(a)(1)  2008  ) . 

 In contrast to cGMPs, USP–NF and FCC include detailed monographs that cover 
the identity and purity of dietary supplements ingredients and food ingredients, 
respectively. For example, 

 USP–NF and FCC monographs for botanically based ingredients include require-
ments governing a broad range of contaminants, including those that arise from 
microbes, heavy metals, organic volatile impurities, and pesticides. In addition, the 
compendia rely on General Chapters that specify in detail the types of analytical 
technologies that should be used to asses product quality, e.g., Identifi cation of 
Articles of Botanical Origin and a series of chapters devoted to microbial purity in 
nutritional and dietary supplements, including functional foods (USP–NF  2008  ) . 
These and other tests and chapters in USP–NF and FCC establish public standards, 
including specifi cations (advanced analytical tests, procedures, and acceptance 
criteria). Acceptance criteria are usually objective numerical decisions that may 
refer to a comparison to a validated reference material of known purity and known 
performance by the analytical procedure.  
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    5.5   Conclusion 

 Current interest by consumers in taking a proactive role in maintaining their health 
has produced a profusion of products on the market that contain dietary ingredients 
intended to produce a positive effect on the health of the consumer. These ingredients 
are included in food products marketed in the form of both dietary supplements and 
“functional foods” or “nutraceuticals”. 

 Functional foods and nutraceutical ingredients and those legally defi ned as natural 
substances that may be used individually, in combination, or even added to food or 
beverage for a particular technologic purpose or health benefi ts, must have an 
adequate safety profi le demonstrating the safety for consumption by humans. Risk 
of toxicity or adverse effects of medical drugs lead us to the consideration of safer 
nutraceutical and functional food based approaches for health management.      

   References 

    Arvanitoyannis I, Houwelingen-Koukaliaroglou M. Functional foods: a survey of health claims, 
pros and cons, and current legislation. Crit Rev Food Sci Nutr. 2005;45:385–404.  

    Buzby JC. Effects of food-safety perceptions on food demand and global trade. In: Regmi A, edi-
tor. Changing structure of global food consumption and trade. Washington: United States 
Department of Agriculture (USDA), Economic Research Service; 2001. p. 55–66.  

   Clugston G, Lupien JR, Savige GS, Winarno FG, Wahlqvist M, Okada A, Editors. 2002. Novel 
foods in nutrition health and development: benefi ts, risks and communication. Metung, 
Australia, 11–14 November 2001, Asia Pacifi c J Clin Nutr. 2002;Suppl 11:S97–S229.  

    Clydesdale FM. A proposal for the establishment of scientifi c criteria for health claims for health 
claims for functional foods. Nutr Rev. 1997;55:413–22.  

    Coppens P, Da Silva MF, Pettman S. European regulations on nutraceuticals, dietary supplements 
and functional foods: a framework based on safety. Toxicology. 2006;221:59–74.  

    Crutchfi eld SR, Roberts T. Food safety efforts accelerate in the 1990’s. Food Rev. 2000;23:44–9.  
    Crutchfi eld SR, Weimer J. Nutrition policy in the 1990s. Food Review, 2000;23:38–43.  
    De Felice SL. The need for a research-intensive nutraceutical industry: what can congress do? (the 

claims research connection). In: Shaw S, editor. Functional food, nutraceutical or pharmaceuti-
cal? London: IBC; 1996. p. 15–26.  

    Doyon M, Labrecque J. Functional foods: a conceptual defi nition. Br Food J. 2008;110(11):
1133–49.  

   EC. Regulation (EC) No. 1924/2006 of the European parliament and of the council of 20 December 
2006 on nutrition and health claims made on foods. Off J Eur Union. 2006;12:3–18.  

   EC. Regulation (EC) No. 258/97 of the European parliament and of the council of 27 January 
concerning novels foods and novel foods ingredients, Off J Eur Commun. 1997;43:1–7.  

   European Commission Novel Food Directive, 97/258/CEE.  
   FDA. Current good manufacturing practice in manufacturing, packaging, labeling, or holding 

operations for dietary supplements.   http://frwebgate3.access.gpo.gov/cgi-bin/waisgate.cgi?     
(2008) WAISdocID = 36094430629 + 101 + 0 + &WAISaction = retrieve.essed 29 Jul 2008.  

   US Federal Food, Drug, and Cosmetic Act (FFDCA), Section 402(a)(1). 2008.   http://www.fda.
gov/opacom/laws/fdcact/fdcact4.htm     Accessed 29 Jul 2008.  

    FIM. The foundation for innovative medicine. The nutraceuticals initiative: a proposal for eco-
nomic and regulatory reform. Food Tech. 1992;6:77.  



136 S. Otles    and O. Cagindi   

    Food Marketing Institute. Trends in Europe – consumer attitudes & the supermarket. Washington: 
Food Marketing Institute (FMI); 1995.  

    Food Marketing Institute. Trends in the United States – consumer attitudes & the supermarket. 
Washington: Food Marketing Institute (FMI); 2000.  

    GAO. Report to congressional committees: food safety: improvements needed in overseeing the 
safety of dietary supplements and functional foods. Washington: US General Accounting 
Offi ce; 2000.  

      Griffi ths JC. How safe is safe? Dietary supplements and the reasonable expectation of certainty. 
Food law drug institute update. 2007;2:22–24.  

   Griffi ths JC, Teske S. Are functional foods GRAS? Asia Food J. 2007;10 (November):28–30.  
    Hardy G. Nutraceuticals and functional foods: introduction and meaning. Nutrition. 2000;16:688–9.  
    Hasler CM. Functional foods: the western perspective. Nutr Rev. 1996;54:6–10.  
    Hasler CM. Functional foods: benefi ts, concerns and challenges – a position paper from the 

American council on science and health. J Nutr. 2002;132:3772–81.  
    Hasler C, Moag-Stahlberg A, Webb D, Hudnall M. How to evaluate the safety, effi cacy, and quality 

of functional foods and their ingredients. J Am Diet Ass. 2001;101:733–6.  
    Hilliam N. Functional foods: how big is the market? World of Food Ingredients. 2000;12:50–3.  
    Kaferstein F, Abdussalam M. Food safety in the 21st century. Bull World Health Org. 

1999;77:347–51.  
    Kruger CL, Mann SW. Safety evaluation of functional ingredients. Food Chem Toxicol. 

2003;41:793–805.  
    Kubomara K. Japan redefi nes functional foods. Prepared Foods. 1998;167:129–32.  
   Mäkinen-Aakula M. Trends in functional foods dairy market. In: Proceedings of the third 

functional food net meeting. 2006.  
    Milner JA. Functional foods: the US perspective. Am J Clin Nutr. 2000;71:1654–9.  
    Niva M. All foods affect health: understandings of functional foods and healthy eating among 

health-oriented Finns. Appetite. 2007;48:384–93.  
    Nowicka G, Naruszewicz M. Assessing health claims for functional foods. In: Arnoldi A, editor. 

Functional foods, cardiovascular disease and diabetes. England: Woodhouse Publishing in 
Food Science and Technology, CRS Press; 2004. p. 10–7.  

    Rao CV, Wang CX, Simi B. Enhancement of experimental colon cancer by genistein. Cancer Res. 
1997;57:3717–22.  

    Roberfroid MB. Defi ning functional foods. In: Gibson GR, Williams CM, editors. Functional 
foods: concept to product. Cambridge: Woodhead Publishing Limited; 2000. p. 9–28. ISBN 
978-0849308512.  

    Stanton C, Gardiner G, Meehan H, Collins K, Fitzgerald GP, Lynch B, et al. Market potential for 
probiotic. Am J Clin Nutr. 2001;73:476–83.  

    Stanton C, Ross RP, Fitzgerald GF, Van Sinderen D. Fermented functional foods based on probiot-
ics and their biogenic metabolites. Curr Opin Biotechnol. 2005;16:198–203.  

   US CFR; Section 170.3(i). 2008.   http://edocket.access.gpo.gov/cfr_2002/aprqtr/21cfr170.3.htm     
Accessed 29 Jul 2008.  

   US CFR; Section 190.6. 2008.   http://edocket.access.gpo.gov/cfr_2008/aprqtr/21cfr190.6.htm     
Accessed 29 Jul 2008.  

    USP. Food chemicals codex. Rockville: United States Pharmacopeial Convention; 2008.  
   USP. USP 31–NF 26. Rockville: The United States Pharmacopeial Convention; 2008.  
    Woteki CE, Facinoli SL, Schor D. Keep food safe to eat: healthful food must be safe as well as 

nutritious. J Nutr. 2001;131:502–9.  
    Zink DL. The impact of consumer demands and trends on food processing. Emerg Infect Dis. 

1997;3:467–9.     



137A. McElhatton and P.J.A. Sobral (eds.), Novel Technologies in Food Science, 
Integrating Food Science and Engineering Knowledge Into the Food Chain 7, 
DOI 10.1007/978-1-4419-7880-6_6, © Springer Science+Business Media, LLC 2012

           6.1   Introduction 

 In recent years, several food technologies emerged giving rise to new products on 
the market. These so-called novel foods are based on sound scientifi c research, but 
their success on the market depends on how they are perceived by the actors in the 
food supply chain, and especially by the consumers. The aim of this chapter is to 
review the determinants and trends in consumer food choice regarding novel food 
technologies. 

 A novel food is defi ned as a food or food ingredient that does not have a sig-
nifi cant history of consumption within the EU before 15 May 1997 and falls under 
the novel food regulation [Regulation (EC) No. 258/97; European Commission 
 1997  ] . In this chapter, the novel foods considered are products improved using 
the following technologies:

    1.    Biotechnology (or genetic modifi cation, GM) – range of tools which improve 
domesticated plants, animals, or microbes to enhance their traits with regard to 
ease or effi ciency of production or their end-use qualities and characteristics  

    2.    Voluntary food fortifi cation – addition of food substances that provide health 
benefi ts beyond their nutritional value, transforming these products into so-called 
functional foods  

    3.    Ultrahigh pressure (UHP) – physical process that inactivates all vegetative spore 
forms of microorganisms if the pressure applied is high enough  

    4.    Pulsed electric fi eld (PEF) – nonthermal food preservation technology that is 
based on the use of electric fi elds to eradicate food borne pathogens and to con-
trol spoilage microorganisms in food  
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    5.    Food irradiation – the process by which ionizing radiation at controlled levels is 
used to treat food  

    6.    Ohmic treatment – an advanced thermal processing method wherein the food 
material, which serves as an electrical resistor, is heated by passing electricity 
through it  

    7.    Nanotechnology – technology that works at the atomic or molecular level of food 
packages and even food products     

 The above-mentioned technologies were driven by consumer needs for conve-
nience, freshness, safety, and more natural products with fewer additives and 
preservatives, and minimally processed (Hendrickx et al.  2002  ) . Nonetheless, they 
have faced different levels of consumer acceptance over time and across nations. 
Thus, food policies dealing with novel foods should be dynamic and adapted to the 
domestic reality.  

    6.2   Consumer Behavior and Food Choice 

 In this section, some notions regarding consumer sciences will be presented. 
The importance of consumer behavior in food choice is highlighted with respect to 
new product buying and the main determinants of novel food choice. 

    6.2.1   New Product Buying 

 Generally, consumers consider that traditional foods (that have often been eaten for 
thousands of years) are safe (World Health Organization  2002  ) . When new foods 
are developed, they are received with reticence by the general public. People are 
often suspicious of these innovations (Evans et al.  2006  ) , especially radical ones 
such as the case of genetically modifi ed foods. The adoption process takes time 
and depends on the social system of a particular country or region. Nevertheless, 
   McCarthy (1977) cited in Evans et al.  (  2006  )  summarized the characteristics of fi ve 
adopter categories: innovators, early adopters, early majority, late majority, and 
laggards. This is an important base for segmenting markets, for better marketing 
strategies, and for improved policy-making processes by targeting each category. 

 Rogers (1959, 1983) cited in Evans et al.  (  2006  )  proposed several criteria useful 
for determining the likely acceptance of new products: compatibility (the degree to 
which a product is consistent with consumers’ current values, cognitions, and 
behaviors), relative advantage (the degree to which an item has a sustainable, com-
petitive, differential advantage over other products), trialability (the degree to which 
a product can be tried on a limited basis or divided into small quantities for an 
inexpensive trial), observability (the degree to which a product or its effects can be 
sensed by other consumers), speed (how fast the benefi ts of the product are experienced 
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by the consumer), simplicity (the degree to which a product is easy for a consumer 
to understand and use), perceived risk (if the perceived risk for the new product is 
low, it is more likely to be adopted), product symbolism (what the product means to 
the consumer), and aesthetic and hedonistic innovations (appealing to sensory and 
pleasure-seeking needs). In this respect, Novoselova et al.  (  2007  )  recommended    
“future studies on food technology adoption…to develop integrated chain models 
including all chain participants as well as consumers; and for these models to 
explicitly account for uncertainty and the trade-offs between concerns and benefi ts.” 

 Moreover, technological modifi cation of food and food production can evoke a 
negative response among consumers, especially in the absence of good communica-
tion on risk assessment efforts and cost – benefi t evaluations (World Health 
Organization  2002  ) . The acceptance of a technology depends on the consumer’s 
perception of benefi ts and risks. These include the impact of the technology on 
taste, convenience, and nutritional value, the perceived safety of the process or 
technology, the magnitude of the risk the technology reduces, and the effect of the 
technology on the environment. Public acceptance is infl uenced by perceived 
credibility of data, rigor of regulatory policy, impartial action of regulators, and 
demonstrated responsibility of industry (Bruhn  2007  ) . Social amplifi cation processes 
may generate public concern about hazards that are judged as low risks by experts. 
Such social amplifi cation processes can be observed in the domain of genetically 
modifi ed foods in various European countries. There are presently no indications 
that such an amplifi cation process must be expected in the domain of nanotechnology 
food (Siegrist  2008  ) . An important issue relates to the observation that risk estimates 
associated with novel foods may differ depending on whether more emphasis is 
placed by the individual on the results of technical risk assessment or on an indi-
vidual’s perceptions of risk associated with different hazards. Consumer percep-
tions of benefi ts associated with novel foods also differ. Perceptions of what 
constitutes both risk and benefi t appear to be important determinants of consumer 
acceptability of particular products (Van Puttena et al.  2006  ) . 

 Successful consumer-driven food product development resembles the task of 
hitting a moving target. The goal to produce exactly the food that is positively 
perceived by the consumer is a very complex process. Not only characteristics of 
the individual and the food product are important, but so are variables related to the 
context in which the food is to be consumed, such as time and place, and environ-
mental variables such as the family background and societal features. Consumer-
driven food product development is a must for food companies to stay in the market. 
In this process the companies have to take account of societal changes, such as 
mass-individualization, globalization, and broadening of the quality concept, while 
also keeping track of possible new technologies that offer opportunities for their 
product range. Nowadays, many new product introductions still fail. Close coopera-
tion between marketers and food technologists is imperative to be successful in the 
application of these methods, but also in consumer-driven food product develop-
ment in general (Linnemann et al.  2006  ) . 

 Among the different factors that infl uence the acceptance or rejection of foods, 
the attitudes, beliefs, and opinions of their potential consumers are relevant and can 
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in some cases be decisive. The infl uence of these factors on food choice and purchase 
is especially important in the acceptance of some types of foods (organic or 
ecological, genetically modifi ed or functional) that are presented to the consumer as 
a possible alternative to conventional food. The main qualitative and quantitative 
methods applicable to the investigation of the consumers’ opinions and attitudes 
toward food are in-depth interviews, focus groups, and questionnaire-based surveys 
(Barrios and Costell  2004  ) . 

 New technologies that successfully address technical problems may face barriers 
in marketing and consumer acceptance. Products will have the greatest likelihood of 
success when developers listen to consumer needs, respond to consumer concerns, 
and offer tangible benefi ts. Researchers have demonstrated that statements about 
the benefi ts associated with a particular food or food processing technique will 
reduce concerns toward the food or technology and improve both its acceptance and 
the likelihood of its consumption. Factual information about new technologies, 
clear statements about the safety and benefi ts, and exposure to the produce can be 
expected to improve expected liking and increase the likelihood of consumer 
acceptance (Bruhn  2007  ) . 

 Consumer acceptance is crucial to the development of successful food products. 
As a consequence, consumers’ attitudes toward new food technologies should be 
taken into account at an early stage of product development. Consumers’ risk percep-
tion may differ from experts’ assessments. The views of both laypeople and experts 
must be taken into account concurrently in order to be successful in the market. 
Informing consumers about the food technology used for a given product may even 
affect its sensory appeal. Laypeople may not possess the knowledge necessary for 
assessing the risks and benefi ts associated with novel foods. Trust in the industry is, 
therefore, an important factor affecting the acceptance of novel foods. Cultural and 
social norms infl uence trust in industry and attitudes toward food technologies. 
Environmental attitudes and the Food Neophobia Scale are only weakly related to 
the perception of new food technologies. The most important variable seems to be 
personal importance of naturalness. Consumers who show a strong preference for 
organic food and for whom a natural food production is important negatively 
evaluate new food technologies. The public must be informed about the benefi ts of 
new technologies. It is important that this information stems from a trusted source. 
An approach such as labeling or public participation may not be very effi cient and 
may not have the intended effects (Siegrist  2008  ) .  

    6.2.2   Determinants of Novel Food Choice 

 Depending on the region of the world, people often have different attitudes to food. 
In addition to nutritional value, food often has societal and historical connotations, 
and in some instances may have religious importance (World Health Organization 
 2002  ) . Figure  6.1  summarizes some general determinants of novel food choice.  
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 A vital insight is the set of linkages between people’s attitudes, their claimed 
prospective behavior, and their actual behavior. Many studies invite respondents to 
indicate what they think they would do in a particular situation, i.e., to claim a pro-
spective behavior. The evidence suggests that, in general, there are likely to be 
strong links between people’s attitudes and the choices they say they will make, but 
there is a much weaker link between either of these and what they will actually do 
when confronted with a choice in the “real world.” A key reason for this is that atti-
tudes (toward new technologies or about ethics/morals in general) do not exist or 
operate in isolation. In reality, and in particular at the point of making food choices, 
individuals are concerned with, for example, price, convenience, accessibility, taste, 
and quality. These contextual factors are either internal or external. Internal factors 
consist of values, beliefs, attitudes, moral positions, and so forth. These may be 
“irrational,” but they are real. External factors comprise economic factors, family 
setting, social norms, and so forth (Lyndhurst  2009  ) . 

 Some recent food-technology-based innovations have been adopted easily by 
consumers, whereas others have essentially been rejected (Cardello  2003  ) . Prominent 
examples of the latter are genetically modifi ed foods in Europe and food irradiation 
(Henson 1995 cited in Ronteltap et al.  2007  ) . 

 Consumers’ fears of novel food technologies are documented. The ability to 
identify population segments that have greater or lesser neophobia, thus enabling 
identifi cation of early adopters of innovative products, would be useful. The Food 
Neophobia Scale is a useful tool for assessing reactions to ethnic foods (and sensa-
tion seeking) but is less suitable for assessing receptivity to foods produced by novel 
technologies. Therefore, there is a need of a new psychometric tool that identifi es 
food technology neophobia: the Food Technology Neophobia Scale has the basic 
requirement of a valid measure of “attitudes to new food technologies.” This scale 
was constructed for application to food product testing of novel foods to identify 
segments of consumers willing to accept foods produced using novel technologies 
(Cox and Evans  2008  ) . 

Determinants of Novel Food
Choice

Characteristics of the consumer:
-Demographics (age, education, 
income, gender)
-Psychographics(moralpositions,
values, beliefs, attitudes)
-Economic factors (Price, Income)
-Physiological factors (metabolism, 
allergies, health status etc.)

Characteristics of the  novel food:
-Product characteristics (Nutritional 
value, Quality, Taste, Flavour)
-Perceived naturalness 
-Perceived benefits
-Perceived risks
-Perceived costs
-Production system
-Perceived uncertainty 

Characteristics of the context:
-Accessibility- Convenience
-Consumption moment
-Usage situation
-Time
-Place
-Perceived behavioural control 

Characteristics of the environment:
-Family setting (size, lifecycle) 
-Culture (societal and historical 
reasons) 
-Religion 
-Social norms 
-Subjective norm

  Fig. 6.1    Overview of the main determinants of novel food choice       
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 Ronteltap et al.  (  2007  )  developed a conceptual framework for consumer 
acceptance of technology-based food innovations: the framework distinguishes 
“distal” and “proximal” determinants of acceptance. Distal factors (characteristics 
of the innovation, the consumer, and the social system) infl uence consumers’ 
intention to accept an innovation through proximal factors (perceived cost – benefi t 
considerations, perceptions of risk and uncertainty, social norm, and perceived 
behavioral control). In this framework, consumers’ actual adoption of innovation in 
the food area is ultimately determined by their intention to use it. At the proximal 
level, adoption (intention) is determined by (1) perceived costs and benefi ts, (2) 
perceived risk and uncertainty, (3) subjective norm, and (4) perceived behavioral 
control. However, these perceptions are affected by a set of more distal determi-
nants, namely, (1) features of the innovation, (2) consumer characteristics, and (3) 
characteristics of the social system of which the consumer is part. Whereas innova-
tion and consumer characteristics have a direct relationship with perceptions of the 
proximal determinants, the characteristics of the social system affect the framework 
more generically. Communication is an important means linking innovation fea-
tures to consumer perceptions. It is appreciated that this communication may need 
to be adjusted depending on the characteristics of the consumer (segment) at which 
the innovation is targeted. 

 Consumers appear to be cautious about accepting novel technologies applied 
to foods because of perceived risks and lack of benefi ts. Generally, addressing 
“information defi cit” did not overcome aversion to novel technologies applied to 
food concepts (Cox et al.  2007  ) . 

 It is worth bearing in mind that consumers have been making choices about 
“novel food technologies” for many years. Tinned foods and frozen foods, for 
example, were once novel and took many years to achieve saturation acceptance by 
the general public. To this day, myths persist about these “technologies,” and even 
refrigeration is treated with suspicion in some communities. One challenging fea-
ture of “opinion” is its relationship to “knowledge.” The evidence is ambiguous. 
In some cases increased knowledge leads to more positive views, in some cases 
more negative views; in some cases it leads to fi rmer views, in some cases to 
more malleable views. Knowledge can be both direct (through exposure to and/or 
experience of a new technology) and indirect (through receiving information). The 
latter is clearly mediated by the degree of trust in the relevant information channel; 
the former is in part a function of the setting in which direct experience occurs. 
Levels of awareness differ between different technologies, between different groups 
in society, and between countries.   

    6.3   Novel Food Technologies and Emerging Trends 

 This section comprises a presentation of reviewed literature on novel foods and 
consumer acceptance at the global level and a brief overview of some food policies 
for novel foods around the world. 
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    6.3.1   Brief Overview of Novel Technologies 

 In the area of food and nutrition, various technological applications, which have 
resulted in novel foods, have emerged in the past few decades. Many of these 
were related to prolonging the shelf life of foods and enhancing their safety, e.g., 
pasteurization, and novel food packaging. A food preservation technology that has 
failed to reach widespread adoption is food irradiation. Despite the fact that the 
scientifi c community recognized food irradiation as a safe and effective process, 
signifi cant consumer resistance has inhibited the application of the technology 
(Henson 1995 cited in Ronteltap et al.  2007  ) . 

 Since the earliest days of agricultural biotechnology development, scientists 
have envisioned harnessing the power of genetic engineering to enhance nutritional 
and other properties of foods for consumer benefi t. The fi rst generation of agricul-
tural biotechnology products to be commercialized, however, were more geared 
toward so-called input traits, GMs that make insect, virus, and weed control easier 
or more effi cient. These fi rst products were rapidly adopted by US farmers, and now 
account for most of the soybeans, cotton, and corn grown in the USA. Agricultural 
biotechnology innovations aimed directly at consumers, sometimes collectively 
referred to as output traits, have been longer in development. As the technology 
advances and we learn more about the genes and biochemical pathways that control 
those attributes that could offer more direct consumer benefi ts, the genetically 
engineered food with more direct consumer benefi ts moves closer to reality (PEW 
Initiative on Food and Biotechnology  2007 ; World Health Organization  2005  ) . 

 The technology of nutrigenomics focuses on developing an improved under-
standing of the relationship between human nutrition and human genetics in order 
to maintain and promote health and prevent the occurrence of disease. The innovative 
feature of nutrigenomics in nutritional sciences is that it is based on knowledge of 
the individual’s genetic constitution. It could provide opportunities for the develop-
ment of food products or dietary advice tailored to the nutritional needs of specifi c 
groups of consumers, or even individuals. Some authors have optimistically argued 
that these so-called personalized foods will shift the food market from a technology 
push into a consumer pull system, where innovation development is determined by 
the demand side of the market. In that situation, the consumer’s preference for 
optimal health is a major driver for food choice, and as a consequence for how foods 
are produced. Despite its promise, nutrigenomics may also raise consumer concerns 
regarding the impact of human genetics on the integrity of nature, privacy, and 
control of sensitive information (Ronteltap et al.  2007  ) . 

 One category of potential products aimed at consumers is those products with 
added health benefi ts, also known as “functional foods.” The term “functional food” 
means different things to different people, but generally refers to foods that provide 
health benefi ts beyond basic nutrition (PEW Initiative on Food and Biotechnology 
 2007  ) . In recent years, many of the new food technologies and food innovations have 
been targeted at the promotion of good health. Fortifi cation and restoration of foods 
were used as methods to add nutrients to food products that did not contain them 
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originally or had lost them in the manufacturing process. Functional foods constitute 
a range of novel foods designed to deliver benefi ts beyond nutritional value to the 
person consuming them, and the so-called nutraceuticals provide medical or health 
benefi ts by maintaining and modifying bodily functions (Ronteltap et al.  2007  ) . 

 It was mainly the advances in understanding the relationship between nutrition 
and health that resulted in the development of the concept of functional foods, which 
means a practical and new approach to achieve optimal health status by promoting 
the state of well-being and possibly reducing the risk of disease (Siro et al.  2008  ) . 
The European Commission’s Concerted Action on Functional Food Science in 
Europe, coordinated by International Life Science Institute Europe, defi ned functional 
food as follows: “a food product can only be considered functional if together with 
the basic nutritional impact it has benefi cial effects on one or more functions of the 
human organism thus either improving the general and physical conditions or/and 
decreasing the risk of the evolution of diseases. The amount of intake and form of 
the functional food should be as it is normally expected for dietary purposes. 
Therefore, it could not be in the form of pill or capsule just as normal food form.” 
In contrast to this latter statement, since 2001 products categorized as foods for 
specifi ed health use in Japan can also take the form of capsules and tablets, although 
a great majority of products are still in more conventional forms. 

 As an enabling technology, nanotechnology has vast potential to revolutionize 
agriculture and food systems. Two key applications of nanotechnology are particularly 
relevant: sensing technology designed to alert growers and others in the agricultural 
community to soil, moisture, nutrient, pathogen, and related conditions pertinent to 
growing crops, and nano-enabled technologies intended to enhance performance by 
improving the delivery of nutrients and agricultural chemicals, thereby diminishing 
the volume of these materials introduced into the environment (OECD  2009b  ) .  

    6.3.2   Consumer Acceptance of Novel Foods 

 As shown in the previous section, consumer acceptance is critical for the market 
success of novel foods. 

 The Asian Food Information Centre conducted a consumer research study in fi ve 
countries (China, India, Japan, Philippines, and South Korea) to provide insights 
into how consumers in Asia perceive the use of biotechnology to produce foods and 
how likely consumers are to accept the various benefi ts biotechnology-derived 
foods may bring. It appeared that confi dence in the safety of the food supply is on 
average neutral to mildly positive. More accurate food labels seem to be critical in 
order to increase the consumer confi dence level in food safety. Food poisoning, 
country of origin, pesticide residues, and food additives are the top food safety 
concerns in all countries. Consumers in the fi ve countries expressed little to no 
concern about the safety of food biotechnology. An improved understanding of the 
direct consumer benefi ts of biotechnology foods raises consumer acceptance. 
Consumers in the food-producing countries strongly believe that food biotechnology 
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will bring benefi ts in the next few years, whereas consumers in the food-importing 
countries are rather unsure about the future potential of biotechnology food. The 
survey underscores the fact that learning about the benefi ts of biotechnology foods 
has a signifi cant impact on consumers’ perception and acceptance. Science-based 
information promoting an understanding of the consumer benefi ts of biotechnology 
foods should be communicated to the public using easy to understand language 
(Asian Food Information Centre  2008  ) . 

 In a 2009 study requested by the Food Standards Agency (UK), Lyndhurst  (  2009  )  
highlighted that UK public attitudes are unsupportive of the novel food technologies 
reviewed (GM, cloning, nanotechnology, food irradiation, food fortifi cation, synthetic 
biology, and novel food processes). In general, levels of understanding about the tech-
nologies are low. Key factors in determining both fi xed and malleable attitudes are 
perceptions of benefi t, perceptions of risk/threat, and moral/ethical position. Moral 
and ethical concerns loom larger for some technologies than others (notably cloning 
and GM). The use of the word “perceptions” is key: public levels of trust (in govern-
ment, the media, scientists) are generally low and powerfully infl uence the nature of 
beliefs about and attitudes toward novel food technologies. Of all the factors infl uenc-
ing public attitudes, those linked to health may be the most signifi cant. Where new 
technologies are thought or believed to potentially contribute to better health, they are 
likely to be viewed more favorably; and, conversely, where there is a perception of 
threat to health, they are perceived more negatively (Lyndhurst  2009  ) . 

 Verbeke et al.  (  2009  )  reported on consumers’ reactions toward calcium-enriched 
fruit juice, omega-3-enriched spread, and fi ber-enriched cereals, each with a nutri-
tion claim, health claim, and reduction of disease risk claim. Positive attitudes 
toward functional foods and familiarity with the concrete functional product cat-
egory boosted the claim type and product ratings, whereas perceived control over 
the individual consumer’s own health and perceiving functional foods as a market-
ing scam decreased the appeal of all products. 

 Flavonoids from fruit and vegetables are currently widely studied as components 
that have the potential to provide multiple health benefi ts. Lampila et al.  (  2009  )  
examined consumer perceptions of fl avonoids. In general, the term “fl avonoid” was 
unfamiliar. After consumers had received information about the possible health 
benefi ts, positive attitudes toward fl avonoids were expressed. Relevant issues for the 
acceptance of fl avonoids were the natural occurrence and the health benefi ts associ-
ated with common diseases. However, the need to enhance fl avonoid content was 
questioned since fruit and vegetables were perceived to be already healthy with the 
natural fl avonoid content; additionally, consumers had perceptions of risk and 
uncertainty associated with breeding and processing methods. Familiar processing 
methods were said to be most acceptable for enhancing fl avonoid content. Consumer 
knowledge of the health effects of fl avonoids is limited, and thus there is a need to 
inform consumers about them. The challenge in informing consumers about the 
benefi ts of fl avonoids is to maintain the natural image of fruit-based products. 

 Cardello  (  2003  )  has provided evidence that consumer concerns toward the 
technologies used to process and preserve foods may be an important variable 
infl uencing the expected liking/disliking for the product. Cardello  (  2003  )  has also 
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provided evidence that factual information about these technologies, clear statements 
about the safety and benefi t of these technologies, and exposure to visual product 
characteristics can all improve expected liking and increase the chances of con-
sumer acceptance upon initial trial of the product. Future research on novel food 
processing and preservation technologies, including genetic engineering, irradia-
tion, and other emerging nonthermal technologies, should move forward from 
simple assessments of consumer concerns about the technologies and begin to focus 
more directly on questions and issues related to the consumer’s expected liking/
disliking for the products of these technologies. In this way, we can begin to develop 
both a better understanding of the variables that directly infl uence the acceptance of 
these products and more effective marketing and informational strategies to improve 
their likely success in tomorrow’s marketplace. 

 The success of new food processing technologies is highly dependent on 
consumers’ acceptance. Nielsen et al.  (  2009  )  studied European consumers’ percep-
tions of two new processing technologies and food products produced by means of 
these novel technologies. To accomplish this, a qualitative study on consumer 
attitudes toward high-pressure processing (HPP) and PEF processing of food was 
conducted. The results show that consumers perceived the main advantages of HPP 
and PEF products to be the products’ naturalness, improved taste, and high nutri-
tional value, whereas the main disadvantage was the lack of information about the 
PEF and HPP products. The results of the participants’ evaluation of the PEF and 
HPP processes showed that environmental friendliness and the more natural 
products were seen as the main advantages, but there were concerns about body 
and health, the higher price of the products, and the lack of information about the 
technologies, and there was a general skepticism. The study also shows that north 
European participants were a bit more skeptical toward PEF and HPP products 
than the east European participants. 

 According to Cardello et al.  (  2007  ) , perceived risks associated with the technologies 
were the most important factors infl uencing interest in use. Among the emerging 
technologies assessed, irradiation and GM resulted in the greatest negative effect on 
likely use, whereas HPP produced the most positive effect. The term “cold preservation” 
had positive associations for all groups, but “minimally processed” had negative 
associations. Implications of the data for the marketing of foods processed by 
innovative and emerging technologies were discussed. 

 The food industry is currently interested in a variety of novel production and 
processing technologies that may result in economic and improved-quality products. 
However, consumer attitudes toward and conceptions of these new technologies can 
greatly infl uence their success in the marketplace. The results of this study show 
that “perceived risks” of the technologies are the most important determinant of 
interest in their use by consumers. This fi nding and other fi ndings uncovered in this 
study suggest that industry must be vigilant in its knowledge of consumer attitudes 
toward these processes in order to avoid unexpected failure of these products upon 
market introduction. 

 New food technologies enable innovations in the food sector. Not all technologies, 
however, are equally accepted by consumers. According to Siegrist  (  2008  ) , there 
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are hardly any discussions about HPP of food. In contrast, other food technologies, 
such as gene technology, are not well accepted in Europe. For yet other food technolo-
gies, public acceptance is an open question. An example of the latter is nanotech-
nology, which has the potential to generate radically new food products and is 
increasingly being employed in the areas of food production and packaging. How 
the public will react to nanotechnology food products is unclear. 

 According to a Eurobarometer survey in 2006 (Memo/07/130     The European 
Commission 2007  ) , one in two Europeans believes that biotechnology will improve 
their quality of life. The survey showed widespread support for medical and industrial 
applications of biotechnology, although there was a more negative position on geneti-
cally modifi ed foods (58% against, 42% in favor). The same survey showed that the 
EU is more trusted than national governments on issues of regulating biotechnology. 
This supports previous fi ndings from other economic surveys that the way of asking 
people may strongly affect their responses. Hence, further research is needed to com-
pare consumer preferences collected via stated-preference and experimental methods 
with data derived from the food market or alternatively, as long as GM-labeled food 
products are nonexistent, with data derived from fi eld experiments 

 Europeans are the most skeptical group with regard to genetically modifi ed food. 
The analysis of preference dispersion indicates that it is particularly the large fraction 
of the population opposing genetically modifi ed food which distinguishes European 
consumers from American consumers. Consumers in Asia seem to be somewhat polar-
ized in their views, as they are more likely to be pro-GM and less likely to be indiffer-
ent between GM and non-GM. The results show furthermore that the differences across 
regions arise from diverging preferences over time. Whereas the aversion to geneti-
cally modifi ed food is steeply increasing in Europe, it is only gently increasing in 
America and is even decreasing in the rest of the world (Dannenberg  2009  ) . 

 It is clear that consumers want freedom of choice when buying foods and some 
of them say “yes” to GM when offered that freedom. Overall, people seem not to be 
able to recognize genetically modifi ed food in spite of the labeling requirements. 
But this does not appear to be a problem as people are in general not careful to avoid 
these products, a conclusion supported by the scant attention paid to labels. However, 
people do react differently toward GM-free-labeled products, suggesting that those 
products are chosen with greater thought on the part of consumers who want them. 
In practice, shoppers frequently behaved differently from the way they say they 
would do. One third of the respondents were wrong in their perceptions about their 
purchases of genetically modifi ed foods, whereas another third did not know what 
they had bought (European Commission: Framework 6  2008  ) . 

 Furthermore, consumers are not homogenous, and what is perceived as a desir-
able benefi t by one consumer may be regarded as irrelevant by another. In the case 
of novel foods, such products should be marketed specifi cally to consumers who 
want to buy them, under conditions of fully informed consumer choice (Van Puttena 
et al.  2006  ) . 

 The issue of public acceptance of genetically modifi ed foods, and indeed the 
emerging biosciences more generally, is considered in the context of risk perceptions 
and attitudes, public trust in regulatory institutions, scientists, and industry, and the 
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need to develop communication strategies that explicitly include public concerns 
rather than exclude them (Frewer et al.  2004  ) . Increased public participation has been 
promoted as a way of increasing trust in institutional practices associated with the 
biosciences, although questions still arise as to how to best utilize the outputs of such 
exercises in policy development. This issue will become more of a priority as 
decision-making systems become more transparent and open to public scrutiny. It is 
recommended that new methods are developed in order to integrate public values 
more effi caciously into risk analysis processes, specifi cally with respect to the biosci-
ences and to technology implementation in general. Jensen and Sandoe (2002) cited 
in Frewer et al.  (  2004  )  observed that the decline in public confi dence in food safety 
matters continues, despite the creation of new food safety institutions such as the 
European Food Safety Authority. In part, they argue, this is because communications 
about food safety issues (including GM) that are based on scientifi c risk assessments 
do not reassure the public. If public confi dence is to be regained, it is important to 
explicitly incorporate public concerns into the risk analysis process, perhaps through 
developing new and infl uential methods of public engagement and consultation. Once 
public concerns (and the values on which they are based) are understood, they can be 
more effectively introduced into risk assessment and risk management practices. 

 In terms of policy recommendations, it is becoming very apparent that institu-
tional transparency, coupled with the integration of public concerns into policy 
development and implementation, will facilitate the introduction of emerging 
technologies and their applications into society. For this strategy to be successful, it 
is important to understand what is driving public concern, and to integrate this 
into policy development rather than dismiss it as irrational as has sometimes 
happened in the past (Frewer et al.  2004  ) . 

 Delgado-Gutierrez and Bruhn  (  2008  )  evaluated the attitudes of food and health 
professionals to three new food processing technologies (UHP, PEF, and ohmic heat-
ing) that have been developed to respond to consumer demands such as superior taste, 
longer shelf life, higher nutritional content, health benefi ts, and environment-friendly 
processing. Educational brochures were developed based on the current literature and 
consumer information needs. An Web survey was conducted to determine information 
needs of food and health professionals and to assess their satisfaction with the data 
provided in the educational brochures. Health professionals have a positive attitude 
toward UHP, PEF, and ohmic heating. No negative attitudes or discomfort was 
reported. More people indicated they were very comfortable with UHP than with any 
other technology, and as a consequence this technology received the highest scores of 
likelihood to be included in health professionals’ recommendations. 

 Consumers are interested in receiving information about new developments in 
food and nutrition; however, consumers may be confused because of the multiple 
sources and quality and content of information (Delgado-Gutierrez and Bruhn 
 2008  ) . Media reports frequently do not provide enough information or provide 
confl icting information, leading to consumer food and nutrition misinformation. 
One way to avoid consumer confusion is through educational programs. To infl u-
ence consumer attitudes and behavior, people need to trust the information source. 
Food and health professionals are considered legitimate sources of information by 
consumers. Therefore, educational activities should be led by professionals in food 



1496 Consumer Behavior: Determinants and Trends in Novel Food Choice

and health science because other sources may not provide suffi cient or accurate 
information. These activities could contribute to more accurate understanding and, 
under appropriate circumstances, increased acceptance of new technological 
approaches. The acceptance of a novel technology is highly dependent on the infor-
mation provided to the consumer. Acceptance may be increased if consumers per-
ceive direct benefi ts from use of the technology. Food attributes, such as good taste, 
microbiologically safe, absence of pesticides and additives, and extended shelf life, 
form part of consumer demands and expectations.  

    6.3.3   Food Policies for Novel Foods 

 The biological sciences are adding value to a host of products and services, 
producing what some have labeled the “bioeconomy.” From a broad economic 
perspective, the bioeconomy refers to the set of economic activities relating to the 
invention, development, production, and use of biological products and processes. 
If it continues on course, the bioeconomy could make major socioeconomic contri-
butions in all countries. These benefi ts are expected to improve health outcomes, 
boost the productivity of agriculture and industrial processes, and enhance environ-
mental sustainability. The bioeconomy’s success is not, however, guaranteed: 
harnessing its potential will require coordinated policy action by governments to 
reap the benefi ts of the biotechnology revolution  (  OECD 2009a  ) . 

 When new foods are developed by natural methods, some of the existing charac-
teristics of foods can be altered, in either a positive or a negative way. National food 
authorities may be called upon to examine traditional foods, but this is not always 
the case. Indeed, new plants developed through traditional breeding techniques may 
not be evaluated rigorously using risk assessment techniques. With genetically 
modifi ed foods most national authorities consider that specifi c assessments are 
necessary. Specifi c systems have been set up for the rigorous evaluation of geneti-
cally modifi ed organisms and genetically modifi ed foods relative to both human 
health and the environment. Similar evaluations are generally not performed for 
traditional foods. Hence, there is a signifi cant difference in the evaluation process 
prior to marketing for these two groups of food (World Health Organization  2002  ) . 

 In the case of the fi rst genetically modifi ed foods introduced onto the European 
market, the products were of no apparent direct benefi t to consumers (not cheaper, 
no increased shelf life, no better taste). The potential for genetically modifi ed seeds 
to result in bigger yields per cultivated area should lead to lower prices. However, 
public attention has focused on the risk side of the risk – benefi t equation. Consumer 
confi dence in the safety of food supplies in Europe has decreased signifi cantly as a 
result of a number of food scares that took place in the second half of the 1990s that 
are unrelated to genetically modifi ed foods. This has also had an impact on discussions 
about the acceptability of genetically modifi ed foods. Consumers have questioned 
the validity of risk assessments, with regard to both consumer health and environ-
mental risks, focusing in particular on long-term effects. Consumer concerns have 
triggered a discussion on the desirability of labeling genetically modifi ed foods, 
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allowing an informed choice. The public concerns about genetically modifi ed food 
and genetically modifi ed organisms in general have had a signifi cant impact on the 
marketing of genetically modifi ed products in the EU. In fact, they have resulted in 
the so-called moratorium on approval of genetically modifi ed products to be placed 
on the market. Marketing of genetically modifi ed food and genetically modifi ed 
organisms in general is the subject of extensive legislation. European Community 
legislation has been in place since the early 1990s. 

 The way governments have regulated genetically modifi ed foods differs. In some 
countries genetically modifi ed foods are not yet regulated. Countries which have 
legislation in place focus primarily on assessment of risks to consumer health. 
Countries which have provisions for genetically modifi ed foods usually also regulate 
genetically modifi ed organisms in general, taking into account health and environ-
mental risks, as well as control- and trade-related issues (such as potential testing and 
labeling regimes). In view of the dynamics of the debate on genetically modifi ed 
foods, legislation is likely to continue to evolve (World Health Organization  2002  ) . 

 Codex Alimentarius is developing principles for the human health risk analysis 
of genetically modifi ed foods. The premise of these principles dictates a premarket 
assessment, performed on a case-by-case basis and including an evaluation of both 
direct effects (from the inserted gene) and unintended effects (that may arise as a 
consequence of insertion of the new gene). 

 FAO member countries, especially developing ones, look to FAO to provide 
sound and unbiased advice on the safety of genetically modifi ed food, and AGNS, 
in collaboration with international bodies such as Codex Alimentarius, has been 
involved in a wide range of biotechnology-related issues, including science-based 
safety evaluation and risk assessment systems to objectively determine the benefi ts 
and risks of genetically modifi ed food, recommendations for the labeling of foods 
obtained through biotechnology, assessment of nutritional aspects of food derived 
from modern biotechnology, and detection of protein and/or DNA in genetically 
modifi ed food (FAO – AGNS  2009  ) . 

 Labeling in the EU is mandatory for products derived from modern biotechnology 
or products containing genetically modifi ed organisms. Legislation also addresses 
the problem of accidental contamination of conventional food by genetically modi-
fi ed material. It introduces a 1% minimum threshold for DNA or protein resulting 
from GM, below which labeling is not required. In 2001, the European Commission 
adopted two new legislative proposals on genetically modifi ed organisms concern-
ing traceability, reinforcing current labeling rules and streamlining the authorization 
procedure for genetically modifi ed organisms in food and feed and for their deliberate 
release into the environment. 

 The release of genetically modifi ed organisms into the environment and the 
marketing of genetically modifi ed foods have resulted in a public debate in many 
parts of the world. This debate is likely to continue, probably in the broader context 
of other uses of biotechnology (e.g., in human medicine) and their consequences for 
human societies. For instance, the humanitarian crisis in southern Africa has drawn 
attention to the use of genetically modifi ed food as food aid in emergency situations. 
A number of governments in the region raised concerns relating to environmental 
and food safety fears. Although workable solutions have been found for distribution 
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of milled grain in some countries, other countries have restricted the use of genetically 
modifi ed food as food aid and obtained commodities which do not contain geneti-
cally modifi ed organisms (World Health Organization  2002  ) . 

 Most of the countries have a system for the safety assessment and regulation of 
novel foods and feeds, including products of modern biotechnology. Commercialization 
of a number of biotechnology products, particularly new crop varieties, has moved 
into international trade. In this context, international harmonization of regulatory 
assessment of novel foods and feeds will ensure the protection of human and animal 
health  (  OECD 2009a  ) . 

 Nanotechnology applications in the agricultural sector raise many interesting 
and vexing policy issues. Although the potential benefi ts of nanotechnology to agri-
culture and the environment are well recognized, regulators will be challenged to 
ensure that suffi cient measures are in place to balance the potential for adverse 
environmental impacts resulting from the release or potential release and/or degra-
dation of nanomaterials into the environment with the many benefi ts nanotechnol-
ogy offers. Global regulatory and governance systems differ considerably throughout 
the world with respect to managing agriculture and food safety. Care will need to be 
taken to identify and consider the unique geographical and societal differences that 
will materially affect the ability of various governance systems to balance these 
risks and benefi ts responsibly and comprehensively. Effective policies will also 
need to recognize limitations on the available data points that will inform regulators 
and policy-makers of all relevant aspects of the environmental and life cycle impli-
cations of nanotechnology and nanomaterials applications in the agricultural sector, 
and to ensure appropriate measures are in place to ensure sustainable agricultural 
practices that incorporate nanotechnology (OECD  2009b  ) . 

 The Advisory Committee on Novel Foods and Processes is a non-statutory, 
independent body of scientifi c experts that advises the Food Standards Agency 
(UK) on any matters relating to novel foods (including genetically modifi ed foods) 
and novel processes (including food irradiation). The committee carries out safety 
assessments of any novel food or process submitted for approval under Novel Food 
Regulation (EC) 258/97 (ACNFP  2007  ) . Until April 2004, the scope of this regula-
tion included all foods produced using genetically modifi ed organisms. However, 
genetically modifi ed foods are now subject to approval under a separate regulation. 
Approval of genetically modifi ed foods now involves centralized risk assessments, 
which are the responsibility of the European Food Safety Authority. 

 Although there is little controversy about many aspects of biotechnology and its 
application, genetically modifi ed organisms have become the target of a very inten-
sive and, at times, emotionally charged debate. FAO  (  2000  )  recognizes that genetic 
engineering has the potential to help increase production and productivity in agri-
culture, forestry, and fi sheries. It could lead to higher yields on marginal lands in 
countries that today cannot grow enough food to feed their people. However, FAO 
is also aware of the concern about the potential risks posed by certain aspects of 
biotechnology. FAO supports a science-based evaluation system that would objec-
tively determine the benefi ts and risks of each individual genetically modifi ed 
organism. This calls for a cautious case-by-case approach to address legitimate con-
cerns for the biosafety of each product or process prior to release of the product. 
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 Functional foods are found virtually in all food categories; however, products are 
not homogeneously scattered over all segments of the growing market. The devel-
opment and commerce of these products is rather complex, expensive, and risky, as 
special requirements must be met. Besides potential technological obstacles, legis-
lative aspects as well as consumer demands need to be taken into consideration 
when developing functional food. In particular, consumer acceptance has been 
recognized as a key factor to successfully negotiate market opportunities (Siro et al.  2008  ) . 
European legislation, however, does not consider functional foods as specifi c food 
categories, but considers them rather as a concept. Therefore, the rules to be applied 
are numerous and depend on the nature of the foodstuff. The General Food Law 
Regulation is applicable to all foods. In addition, legislation on dietetic food, geneti-
cally modifi ed organisms, food supplements, or novel foods may also be applicable 
to functional foods depending on the nature of the product and on its use. In the EU, 
rather than regulation of the product group per se, legislative efforts currently being 
developed are directed toward restricting the use of health claims on packages and 
in marketing. According to the EU regulation on nutrition and health claims made 
for foods [Regulation (EC) No. 1924/2006], a list of authorized claims has to be 
published for all member states, and nutrient profi les also have to be established for 
foods for which health claims are made. Health claims can be “function claims” and 
“reduction of disease risk claims.” 

 How a product is categorized has a substantial implication for how it is mar-
keted, the safety and labeling standards it must meet, and what requirements it must 
fulfi ll for regulatory review and clearance or approval. If a functional food product 
is marketed for a therapeutic purpose (e.g., to treat a disease), it will be subject to 
regulation as a “drug.” If a product is subject to regulation as a “food,” it may be 
further classifi ed as a conventional food, dietary supplement, food for special dietary 
use (including infant formula), or medical food, again depending upon its intended 
use and other factors. The application of biotechnology to foods expressly to 
improve nutritional and health characteristics holds great potential. The use of mod-
ern biotechnology to enhance human and other animal food will likely not change 
these regulatory paradigms, but may challenge the boundaries of some of the regu-
latory classifi cations (PEW Initiative on Food and Biotechnology  2007  ) . 

 A list of EU-approved health claims was expected to be in place by 2010. Until 
that time, claims would remain subject to general food labeling legislation that 
prohibits claims that are untrue or otherwise misleading to the consumer. Claims 
that state or imply that a food can prevent, treat, or cure a disease will continue to be 
prohibited (ACNFP  2007  ) .      

    6.4   Conclusions 

 The purpose of this chapter was to explore consumer attitudes to novel food 
products. It focused on reviewing literature on consumer acceptance of novel 
food technologies and the determinants in novel food choice. Moreover it presented 
an overview at the policy level. 
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 The literature review fi ndings revealed that public and private institutions have to 
develop clear defi nitions, standards, policies, and strategies for novel foods. In this 
way, consumers’ food choice will become easier, the levels of acceptability will 
increase, and the information asymmetry will decrease; hence, the demand for novel 
foods will increase. If consumers receive mixed messages from policy-makers and 
stakeholders, their level of involvement and motivation will decrease. 

 The full benefi ts of agricultural biotechnology (Hoban  2004  ) , but also of all 
novel food technologies, will only be realized if consumers and food manufacturers 
consider it safe and benefi cial. Although a few internationally comparable public 
opinion surveys have been conducted on this issue, the available evidence suggests 
that public attitudes differ sharply both between and within countries and are evolv-
ing over time. Consumer attitudes toward novel foods differ across and within 
countries. Comparisons of results from different studies must be made with caution, 
because of the sensitivity of such studies to the particular circumstances surround-
ing their design and administration. In general, consumers in the USA and Asia are 
more favorably disposed toward biotechnology than Europeans, although signifi -
cant minorities in most countries express reservations. Trends in the USA and 
Europe have fl uctuated over time, with European views growing generally more 
negative throughout the 1990s before turning slightly more positive in the most 
recent survey. How these trends will evolve is a matter for continuing research. 

 Dannenberg  (  2009  )  concluded that genetically modifi ed food products in Europe 
may have a chance only as a niche product, at least for the time being, whereas they 
may rapidly spread out in other regions of the world. The uncertainty and skepti-
cism of European consumers, on the one hand, and the upcoming cultivation and 
trading of genetically modifi ed crops, on the other hand, will be a challenge for 
European politicians in the near future. The question of why European consumers 
persist in their distrust of this new technology remains to be answered by future 
research. It may be, for example, that they respond differently to the work of envi-
ronmental and consumer protection organizations or to food scandals, e.g., the BSE 
crisis in Europe or the melamine crisis in China. Although the analysis provides 
interesting information about consumer preferences in North America, Europe, and 
Asia, the metastudy includes only a few observations for Australia/Oceania and 
Africa and no observations for South America. Further research is needed to analyze 
consumer preferences in all these regions and their development over time. 

    6.4.1   Emerging Trends 

 Several factors will drive the emerging bioeconomy by creating opportunities for 
investment. In addition to the use of biotechnology to meet the challenge of environ-
mentally sustainable production, a major driver is increasing population and per 
capita income, particularly in developing countries. The latter trends, combined 
with rapid increases in educational achievement in China and India, indicate not 
only that the bioeconomy will be global, but that the main markets for biotechnology 
in primary production (agriculture, forestry, and fi shing) and industry could be in 
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developing countries (OECD  2009a    ). Obtaining the full benefi ts of the bioeconomy 
will require purposive goal-oriented policy. This will require leadership, primarily 
by governments, but also by leading fi rms, to establish goals for the application of 
biotechnology to primary production, industry, and health; to put in place the 
structural conditions required to achieve success, such as obtaining regional and 
international agreements, and to develop mechanisms to ensure that policy can 
fl exibly adapt to new opportunities. 

 The rapidly developing fi eld of nanotechnology is likely to become yet another 
source of exposure to a range of materials incorporating nanotechnology such as 
paints, cosmetics, electronics, clothing, food, medicines, and diagnostics. Depending 
on their planned application, these engineered nanomaterials may be inhaled, 
ingested, absorbed through the skin, or intentionally injected in a medical proce-
dure. In addition, although there are many proposed potential benefi cial outcomes 
of nanotechnology on the environment (remediation, self-cleaning surfaces), there 
is currently a paucity of data to know for sure if these materials could have undesir-
able effects on the environment. Nanotechnology is widely perceived as one of the 
key technologies of the twenty-fi rst century, and accordingly there have been huge 
advances in and increased funding of global technological research on nanomaterials. 
An ever-increasing range of potential nanotechnology applications and higher 
production rates will undoubtedly result in increased human and environmental 
exposure; hence, there is growing consensus among scientists, regulators, industry, 
and the public that we need to know more about the possible harmful or adverse 
effects of nanoparticles on human health and the environment. 

 Nanotechnology has tremendous potential to contribute to humans fl ourishing in 
socially just and environmentally sustainable ways. However, nanotechnology is 
unlikely to realize its full potential unless its associated social and ethical issues are 
adequately attended (Sandler  2009  ) . 

 For all the other novel food technologies, e.g., food irradiation, UHP, PEF, and 
ohmic treatment, there is a need for more marketing knowledge. Nonetheless, there 
is no doubt that functional foods are one of the most promising and dynamically 
developing segments of the food industry (Siro et al.  2008  ) .  

    6.4.2   Recommendations for Future Research 

 It is clear that there is a great deal more that needs to be found out about public 
attitudes (in particular, what lies behind “top line” attitudes, and how the various 
drivers of behavior interact); and it is clear, too, that engagement with the public 
about novel food technologies will require very careful thought and extreme tact 
(Lyndhurst  2009  ) . 

 On the basis of the review and conclusions, the recommendations focus on future 
research needs. There are limited data on how attitudes toward any of the technologies 
looked at have changed over time. There is growing understanding that populations 
are not homogenous – people have different concerns and preferences and set the 
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information they receive about new technologies in different personal contexts. 
With this in mind, there would be benefi t in differentiating populations on the basis 
of values and further examining the drivers of difference. 

 Although there has been some work which examines the effects of giving people 
information about the risks and benefi ts of particular technologies, to date little 
research has been on how people weigh these up. Further examination of how people 
reach their viewpoints would further the understanding of how to communicate any 
information about novel technologies and provide insight into how people might react 
to, for example, health scares or particular publicity. Moreover, the difference between 
food shoppers and food consumers should be taken into account in future studies. 

 Studies have repeatedly found that a large proportion of the population is undecided 
about novel food technologies and yet very little research has been done into the 
source of this indifference. Examining the source of indifference in further detail 
would seem a priority. 

 A gap in the research appeared to be the public’s understanding of the role of 
different agents within the novel food technology arena. In particular, the public’s 
understanding of the role of regulators seemed under researched, and it is recom-
mended that research in this area could support the development of any public 
engagement work. 

 Finally, the relationship between, on the one hand, rational, scientifi c, factual, 
evidence-based perceptions, and understanding and, on the other hand, emotional, 
irrational, ethical, and values-based perceptions is highlighted. In the context of 
public attitudes toward novel food technologies, both perspectives are real and valid 
– there is no right or wrong per se. Any organization seeking to pursue public 
engagement around novel food technologies will need to respect this reality and 
adopt a neutral stance.       
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    7.1   Microencapsulation Techniques 

 Encapsulation can be defi ned as the inclusion of small solid particles, liquid droplets, 
or gases in a coating material. Encapsulation techniques are used in a variety of food 
and nonfood applications. In the food sector, protection of an active ingredient, 
masking of undesirable properties, and the controlled release of substances are the 
major aims of encapsulation techniques. New microencapsulation techniques con-
tinuously emerge and the growing market for functional foods is the major driving 
force behind innovation in this fi eld (Frost & Sullivan  2005  ) . Generally, encapsula-
tion techniques can be divided into three classes: chemical techniques such as 
molecular inclusion and interfacial polymerization; physical techniques such as 
spray-drying, freeze-drying, air-suspension coating, and extrusion; and physico-
chemical techniques such as coacervation and liposome entrapment (Kunz et al. 
 2003  ) . The principal technologies used for encapsulation of lipophilic food ingredi-
ents are spray-drying, coacervation, and extrusion. The structure of microcapsules 
prepared by these techniques is referred to as matrix type with the core material 
homogenously dispersed in the wall material. A scanning electron micrograph of a 
typical matrix-type microcapsule is shown in Fig.  7.1 .  

 Micro- and nanoencapsulation techniques for the protection and controlled 
release of functional food ingredients and aroma compounds have been extensively 
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reviewed (Desai and Park  2005 ; Garg et al.  2006 ; Gharsallaoui et al.  2007 ; Gouin 
 2004 ; Lopez-Rubio et al.  2006 ; Madene et al.  2006 ; Ré  1998 ; Schrooyen et al.  2001 ; 
Ubbink and Krüger  2006 ; Vega and Roos  2006 ; Zeller et al.  1999  ) . This chapter 
focuses on the most recent developments in microencapsulation of oils rich in long-
chain polyunsaturated fatty acids. 

    7.1.1   Microencapsulation by Spray-Drying 

    7.1.1.1   The Selection of a Suitable Core Material 

 Selection of a core material with superior sensory properties and its stability or stabi-
lization, respectively, is particularly important when encapsulating food ingredients 
by spray-drying. In most cases, the wall material is water-soluble and therefore the 
core material is released from the capsule during food preparation or upon chewing in 
the oral cavity. A possible off-fl avor developing during deterioration of the core 
material will consequently impair the sensory perception and product acceptability. 
The selection of the core material is of utmost importance in the case of encapsulation 
of oils for nutritional purposes. All of these oils, such as borage oil, evening primrose 
oil, sea buckthorn oil, and oils from marine sources, contain a high amount of polyun-
saturated fatty acids, which are highly susceptible to oxidation. Their stability during 
the process of encapsulation and storage can be improved by effi cient stabilization. 

 A frequently cited ternary combination of antioxidants and synergists for the stabili-
zation of oils rich in polyunsaturated fatty acids is the mixture of ascorbyl palmitate, 
lecithin, and tocopherols (Hamilton et al.  1998 ; Kulås and Ackman  2001  ) . It has also 
recently been shown that effi cient stabilization might also be achieved by choosing a 
combination of tocopherols rich in  g -tocopherol or  d -tocopherol and low in  a -tocoph-
erol, by including tocopherol-sparing synergists such as ascorbyl palmitate and carnosic 
acid from rosemary extract and metal-chelating agents (Drusch et al.  2008a ). 

  Fig. 7.1    Scanning electron 
micrograph of fi sh oil 
microencapsulated 
in a matrix 
of  n -octenylsuccinate-
derivatized starch and glucose 
syrup by spray-drying.  A  oil 
droplets,  B  wall material,  C  
air inclusion       
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 In the process of microencapsulation, autoxidation occurs in the fi rst stages of 
the microencapsulation process itself during emulsifi cation and spray-drying. 
Serfert et al.  (  2008  )  investigated the effi cacy of antioxidants during the microencap-
sulation process, and trace metal chelation by, e.g., Citrem    or lecithin in combina-
tion with ascorbyl palmitate proved to be of particular importance in the emulsion, 
but not during storage of the microencapsulated oil. As described for the bulk oil, in 
the microencapsulated oil, the addition of rosemary extract rich in carnosic acid to 
ternary blends of tocopherols, ascorbyl palmitate, and lecithin or Citrem signifi -
cantly retarded autoxidation (Serfert et al.  2008  ) . 

 The oxidative stability of an emulsifi ed oil can also be controlled by emulsifi er 
type, concentration, and location (Donnelly et al.  1998 ; Fomuso et al.  2002 ; Hu 
et al.  2003  ) . If emulsion droplets are surrounded by cationic emulsifi ers, prooxida-
tive metal cations are repelled, which leads to stabilization of the core material 
(Mancuso et al.  1999  ) . A strengthening of the emulsion interface and the introduc-
tion of a positive charge by using lecithin and chitosan for emulsifi cation of fi sh oil 
has recently been described. Both emulsions (Klinkesorn et al.  2005a ) and micro-
capsules prepared by spray-drying of these emulsions (Klinkesorn et al.  2005b ) 
showed a signifi cant lower rate of autoxidation during storage. Specifi c literature on 
stabilization of the different core materials is available; some reviews have also 
recently been published (Moure et al.  2001 ; Naguib et al.  2003 ; Nenadis et al.  2003 ; 
Yanishlieva and Marinova  2001  ) .  

    7.1.1.2   The Selection of a Suitable Combination of Wall Materials 

 An overwhelming amount of literature is available on the microencapsulation 
properties of different wall materials for lipophilic food ingredients. Generally, the 
wall materials can be classifi ed into gums (gum arabic, locust bean gum, agar), 
lipids (wax, palm fat), proteins (gelatine, milk proteins, soy protein), polysaccharides 
(starch, xanthan, pullulan, guar gum, alginate), monosaccharides, disaccharides, 
and oligosaccharides (hydrolyzed starch, lactose), and cellulose and its derivatives 
(carboxymethylcellulose, methylcellulose). 

 The different characteristics of the individual wall materials need to be evaluated 
prior to selection of an individual compound or a mixture for a specifi c application. 
Physicochemical features of the wall material such as molecular weight, viscosity 
in solution, fi lm-forming properties, and chemical features determining interactions 
in multicomponent matrices determine the stability of the core material and the 
structural integrity of the capsule. Important features of the wall material have been 
summarized by Desai and Park  (  2005  )  and among these are:

   Good rheological properties at high concentration and easy workability during  –
encapsulation  
  The ability to disperse or emulsify the active material and stabilize the emulsion  –
produced  
  Nonreactivity with the material to be encapsulated both during processing and  –
on prolonged storage  
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  The ability to seal and hold the active material within its structure during  –
processing or storage  
  The ability to completely release the solvent or other materials used during the  –
process of encapsulation under drying or other desolventization conditions  
  The ability to provide maximum protection to the active material against  –
environmental conditions (Desai and Park  2005  )     

 Major emphasis must be put on the stability of the capsule structure during 
storage. Rapid dehydration of the emulsion during spray-drying generally leads to 
an amorphous solid microstructure of the wall material. In the amorphous glassy 
state, the mobility of molecules as well as permeability, a key step in diffusion-
controlled reactions such as the Maillard reaction and lipid oxidation, is reduced. 
Nevertheless, oxygen permeation through glassy carbohydrate matrices still occurs 
and is the rate-limiting step in terms of autoxidation (Andersen et al.  2000 ; Orlien 
et al.  2000  ) . Drusch et al. ( 2009 ) recently reported a difference in the oxidative sta-
bility of fi sh oil encapsulated in carbohydrate-based matrices with different molecu-
lar weight profi les. Using positron annihilation lifetime spectroscopy, they detected 
differences in the size of free volume elements in the amorphous matrices and 
hypothesized that these differences are linked to a change in oxygen diffusivity. 

 In contrast, matrix molecular mobility is not considered to be an important factor 
determining the stability of the core material as long as no collapse of the matrix 
occurs (Grattard et al.  2002 ; Selim et al.  2000  ) . Crystallization of the capsule matrix 
leads to an increase in molecular mobility, with subsequent coalescence of the core 
material and its release from the matrix. The core material migrates to the surface of 
the microcapsule and leads to a change in surface composition. A change in surface 
composition, i.e., an increase in the amount of surface fat, after crystallization of the 
carbohydrate in the capsule wall has been described, e.g., by Elofsson and Millqvist-
Fureby  (  2003  ) . The loss of protection at temperatures above the specifi c glass tran-
sition temperature caused by crystallization of the capsule matrix has been described 
for encapsulated  b -carotene (Elizalde et al.  2002  ) , sea buckthorn oil (Partanen et al. 
 2002,   2005  ) , and fi sh oil (Drusch et al.  2006  ) . Crystallization of carbohydrates from 
the amorphous matrix may be retarded by combining sugars and polymers or sugars 
and divalent cations (Buera et al.  2005  ) . An excellent review on the concept of glass 
transition temperature is that of LeMeste et al.  (  2002  ) . 

 A positive effect of interactions between the individual wall constituents used for 
encapsulation has been reported by Rusli et al.  (  2006  )  and Augustin et al.  (  2006  ) . In 
both studies, a heat-treated protein-carbohydrate mixture was used as an encapsu-
lating agent. For both caseinate (Augustin et al.  2006  )  and whey or soy protein 
(Rusli et al.  2006  )  an increase in oxidative stability compared with encapsulation 
using the wall material without heating was reported. The authors explained the 
increase in stability by the development of antioxidative Maillard reaction products 
during heating of the wall material. However, Drusch et al. ( 2009 ) recently sug-
gested that other factors apart from the antioxidative activity of the glycated pro-
teins must signifi cantly contribute to this effect. Finally, the wall material for 
encapsulation is strongly associated with the choice of homogenization and drying 
conditions, which is discussed in the following sections.  
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    7.1.1.3   Emulsion Preparation 

 It is generally known that according to Stokes law oil the droplet size of the emulsion, 
the density of the different phases, and viscosity affect emulsion stability. The 
composition of the oil–water interface, interfacial thickness and strength, localization 
of antioxidants in the interface, metal-chelating ability, and oxygen- and radical-
scavenging ability play a key role in stabilizing the emulsifi ed material, and these 
factors also play an important role in the stability of the microencapsulated core 
material (Rusli et al.  2006  ) . 

 Results on the infl uence of oil droplet size on the oxidative stability of emulsifi ed 
oils have been contradictory. Lethuaut et al.  (  2002  )  reported that oxygen consumption 
and formation of conjugated dienes was increased in emulsions with large interfacial 
area. A similar observation has been reported for whey-protein-stabilized sunfl ower oil 
emulsions with average oil droplet sizes ranging from 1.9 to 0.5  m m. Although there 
was no clear correlation, the number of conjugated dienes tended to increase with 
decreasing oil droplet size (Kiokias et al.  2007  ) . No effect of oil droplet size on the 
oxidative stability was detected in structured lipid-based oil-in-water emulsions with a 
droplet size ranging from 0.3 to 2.7  m m (Osborn and Akoh  2004  ) . Finally, a higher 
stability for a low oil droplet size was reported by Nakaya et al.  (  2005  ) . The hydroper-
oxide content in emulsions with a mean droplet size of 0.8  m m was signifi cantly lower 
than that in emulsions with a mean droplet size of 12.8  m m for up to 120 h of oxidation 
time. A reduced mobility of the triacylglycerols due to a “wedge effect” associated with 
hydrophobic acyl residues of emulsifi ers was  proposed as a possible mechanism to 
explain differences in oxidative stability. Let et al.  (  2007  )  recently suggested that the 
composition of the interface is more important than the total surface area itself. 

 Only little information on the infl uence of oil droplet size and interfacial compo-
sition on the oxidative stability of encapsulated lipophilic food ingredients is avail-
able. In the case of proteins, structural changes at high homogenization pressure 
may lead to conformational changes and a compositional change of the oil–water 
interface. Integrity of the interface is maintained during drying and results in a more 
effi cient encapsulation (Rusli et al.  2006  ) . For encapsulation of fl avors such as 
orange oil, a small droplet size may be favorable. Soottitaniwat et al.  (  2003  )  reported 
a lower retention of orange oil during encapsulation and a higher amount of surface 
oil for increased oil droplet size in the parent emulsion. The authors speculated that 
shearing and rupture of large oil droplets during atomization may be responsible for 
these effects. Concerning the infl uence of oil droplet size on the stability of the 
encapsulated lipophilic component during storage, available data indicate that a 
small oil droplet size is favorable. Minemoto et al.  (  2002  )  encapsulated linoleic acid 
into a matrix of maltodextrin and Tween 85. Linoleic acid oxidized faster in capsules 
with an oil droplet size of 1.6  m m compared with 1  m m. However, the encapsulation 
effi ciency of 60% was very low. In encapsulated methyl linoleate, stability increased 
when microcapsules were prepared from emulsions with small oil droplet size 
(Nakazawa et al.  2008  ) . A lower surface coverage with oil as reported for microcap-
sules prepared from nanoemulsions as reported by Jafari et al.  (  2008  )  as well as a 
modifi ed interfacial composition might contribute to this effect.  
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    7.1.1.4   Suitable Process Conditions to Optimize Core Material 
Retention and Physicochemical Characteristics 

 Process conditions include selection of the dryer itself, the type of atomization, and 
the relative humidity and temperature of the drying air. The selection of suitable 
process conditions greatly depends on the parent emulsion composition and its 
characteristics. The latter is the reason for contradictory results on the infl uence of 
individual process parameters on microencapsulation effi ciency and core material 
stability, making it diffi cult to derive general recommendations for unit operations 
for microencapsulation by spray-drying. 

 Generally, at elevated inlet air temperature, ballooning may occur (Finney et al. 
 2002  ) . Walton and Mumford  (  1999  )  described the effect of ballooning for skin-
forming materials such as milk powder as follows: “A skin covered the whole drop-
let surface virtually instantaneously; this was rapidly followed by internal bubble 
nucleation. The bubbles expanded to violently distort, and eventually rupture, the 
skin surface causing the particle to collapse, shrivel and then re-infl ate. This cycle 
was repeated three or four times until most of the internal moisture had evaporated. 
As the skin dried out    and hardened, vaporization of residual moisture infl ated the 
particle permanently to form a hollow particle with, in the majority of cases, a 
relatively smooth surface structure.” High total solids in the parent emulsion may 
facilitate ballooning. High total solids leads to fi xation of the particle structure early 
during the drying process (Finney et al.  2002  ) . Thermal expansion of the air and 
water inside the droplet erases dents due to ballooning (Danviriyakul et al.  2002  ) . 
Walton and Mumford ( 1999 )    emphasized that a high surface tension of the droplet 
but low viscosity is required to return to the spherical droplet to maintain particle 
integrity. In addition, it has been reported that small droplet formation associated 
with a large surface area hastens the drying process and infl uences microencapsula-
tion effi ciency (Rusli et al.  2006  ) . 

 Apart from the most critical parameter, inlet air temperature, air inclusion is also 
infl uenced by air inclusion in the feed emulsion and air inclusion during atomiza-
tion, steam formation during drying, and the rate of drying. The latter is determined 
by the difference between inlet and outlet air temperature (Finney et al.  2002  ) .A 
strong infl uence of processing conditions on the physicochemical properties of fi sh 
oil encapsulated with  n -octenylsuccinate-derivatized starch has been reported by 
Drusch and Schwarz  (  2006  ) , including the phenomenon of ballooning (Fig.  7.2 ). 
Ballooning was associated with an increase in vacuole volume and a decrease in 
wall thickness of the microcapsules. Furthermore, high inlet and outlet air tempera-
ture led to ballooning and autoxidation of the encapsulated and nonencapsulated 
core material during the drying process  

 Small and dense particles are expected to have good oxygen barrier properties 
and thus possibly protect the core material. However, Finney et al.  (  2002  )  observed 
that large less dense particles are not necessarily associated with a decrease in 
stability. Orange oil encapsulated in a modifi ed starch showed longer shelf life after 
drying at 220°C/100°C compared with the stability of encapsulated orange oil dried 
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at 170°C/80°C. A similar observation has been reported by Buffo and Reineccius  (  2000  ) . 
Finney et al.  (  2002  )  stated that higher retention of fl avors at elevated outlet temperature 
is only observed for highly volatile compounds. The reason is a lower relative 
humidity and thus a more rapid drying. Slow rotational speed when using a rotating 
disk for atomization led to a larger droplet size and thus particle size during 
encapsulation of linolenic acid into a matrix of gum arabic. Oxidation of linoleic 
acid proceeded more slowly in large particles (Fang et al.  2005  ) . 

 Removal of water during rapid drying can result in conformational changes of high 
molecular weight emulsifying agents such as proteins. Subsequently, destabilization 
of the emulsion and an increase in oil droplet size may occur (Rusli et al.  2006  ) . Low 
molecular weight carbohydrates such as glucose syrup with a dextrose equivalent of 
36 may compensate for this effect by stabilizing the protein during dehydration 
(Danviriyakul et al.  2002  ) . When maltodextrin with a dextrose equivalent of 10 was 
used, this stabilizing effect was missing and an increase in oil droplet size after drying 
was observed. Danviriyakul et al. ( 2002 )    also reported an interrelation between oil 
droplet size and microencapsulation effi ciency. The amount of surface fat in the 
microcapsules increased sevenfold when the oil droplet size increased from 0.5 to 
1.2  m m. The same authors observed an increase in the amount of surface fat from 2% 
to 25% when the carbohydrate source was changed from a glucose syrup with a 
 dextrose equivalent of 36 to a maltodextrin with a dextrose equivalent of 10. Drying 
of the droplets is associated with an increase in viscosity due to a phase transition from 
a liquid to rubbery and fi nally a glassy state. Since the glass transition temperature of 
carbohydrates with a low dextrose equivalent is higher than the glass transition tem-
perature of carbohydrates with a high dextrose equivalent, phase transition occurs 
earlier in the drying process, thus retarding the formation of impermeable microre-
gions entrapping the core material (Danviriyakul et al.  2002  ) .  

  Fig. 7.2    Scanning electron micrographs of microencapsulated fi sh oil prepared with different 
types of modifi ed starch ( A ,  B  medium viscosity;  C ,  D  low viscosity) and dried at 210°C/90°C 
( A ,  C ) or 160°C/60°C ( B ,  D ) (Adapted from Drusch and Schwarz  2006  )        
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    7.1.1.5   The Role of Nonencapsulated Core Material 

 In a study by Rusli et al.  (  2006  ) , microcapsules with a low proportion of 
nonencapsulated oil had lower stability than microcapsules with a high proportion 
of nonencapsulated oil. The authors hypothesized that a reduced oil droplet size in 
microcapsules with high microencapsulation effi ciency was the reason for the 
decreased stability. A small oil droplet size is related to a high surface area and for 
a given amount of wall material subsequently to a thinner fi lm of encapsulating 
material (Rusli et al.  2006  ) . Nonencapsulated core material is frequently not corre-
lated with the shelf life of the microencapsulated product as was also shown for 
orange oil (Finney et al.  2002  ) , methyl linoleate, (Minemoto et al.  1997  ) , and fi sh 
oil (Drusch and Berg  2008  )  and led some authors to the misleading conclusion that 
nonencapsulated core material is not important in terms of product stability or shelf 
life. Confocal laser scanning microscopy, scanning electron microscopy, and different 
extraction procedures revealed that the extractable oil in microencapsulated fi sh oil 
is mainly located on the surface and in oil droplets close to the surface, but is also 
located in inner parts of the microcapsule (Drusch and Berg  2008  ) . 

 Irrespective of its amount, in certain applications such as encapsulation of oils 
rich in polyunsaturated fatty acids nonencapsulated core material may strongly 
impair product acceptability. Autoxidation of polyunsaturated fatty acids leads to 
the development of volatile secondary oxidation products. These volatiles may have 
a very low odor threshold and consequently negatively affect sensory properties of 
the microcapsules (Jacobsen  1999 ; Lee et al.  2003 ; Venkateshwarlu et al.  2004  ) . 
Furthermore, the nonencapsulated fat is directly associated with fl owability and 
wettability of the microcapsules (Vega and Roos  2006  ) . 

 For these reasons, strategies to eliminate the nonencapsulated core material are 
required. One possibility is to mask nonencapsulated core material by applying a 
secondary coating of the microcapsules. Secondary coating within a fl uidized bed 
of starch granules inside the spray-dryer for encapsulated fi sh oil has been success-
fully applied and has been patented (Schaffner  2004  ) . Typical coating materials 
applied in the food industry include gums, cellulose derivatives, modifi ed starches 
proteins, and lipids and waxes. Secondary coating with improved stability has been 
described, e.g., for fl avor compounds encapsulated into a matrix of gum arabic, 
maltodextrin, and modifi ed starch coated with gellan gum (Cho and Park  2002  )  or 
butter oil encapsulated with sucrose using hydrogenated stearins (Onwulata et al. 
 1998  ) . In both cases moisture uptake and thus stability was improved. However, 
when choosing a coating material for secondary coating of polyunsaturated fatty 
acids, one also needs to consider oxygen barrier properties of the coating material. 
Generally, lipids provide good protection against moisture, but not against oxygen. 
Gas permeability can be reduced by using proteins as coating material (McHugh 
and Krochta  1994  ) . An alternative strategy is the removal of nonencapsulated oil 
from the microcapsule. Valentinotti et al.  (  2006  )  recently patented a technology to 
remove nonencapsulated oil by washing microcapsules with limonene. 

 In conclusion, spray-drying is still a valuable, straightforward, and inexpensive 
technology for encapsulation of lipophilic food ingredients. Concise analysis of the 
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available literature showed that success in microencapsulation by spray-drying 
depends on a variety of variables, which are summarized in Fig.  7.3 . Process and 
product variation strongly infl uences microcapsule properties, and process modifi -
cation and additional processing steps may be required for successful development 
of new applications.    

    7.1.2   Microencapsulation by Extrusion 

 Surprisingly few scientifi c studies deal with the microencapsulation of polyunsatu-
rated fatty acids by extrusion and also even more generally with the encapsulation 
of lipophilic functional food ingredients by extrusion. Microencapsulation by 
extrusion faces the same critical factors and challenges as described for microen-
capsulation by spray-drying. An increased stability of the core material due to a 
decrease in the free volume is claimed by companies in the aroma industry, but 
reliable scientifi c data have not been presented. It is well accepted that oxygen 
permeation in glassy matrices occurs. Orlien et al.  (  2006  )  described that glassy 
matrix yields only partial protection against lipid oxidation as it allows permeation 
of oxygen and other small molecules. At low temperature, lipid oxidation was 
rate-determining, whereas at higher temperature, oxygen permeation through the 
matrix with a lower energy of activation became rate-determining. 

 Gray et al.  (  2008  )  recently encapsulated a mixture of free fatty acids rich in 
linoleic acid into a starch-based matrix using a corotating, intermeshing, twin-screw 

  Fig. 7.3    Factors determining the stability of lipophilic functional ingredients and interacting 
product and process characteristics       

 



168 S. Drusch    et al.

extruder. The authors described an increase in fatty acid oxidation during storage, 
when small cracks were visible in the glassy matrix. Furthermore, the authors 
emphasized the signifi cance of nonencapsulated core material at the surface of the 
extrudate for the overall oxidative status. The latter is another similarity to encapsu-
lated oils prepared by spray-drying. To overcome sensory problems associated with 
the oxidation of nonencapsulated core material, Valentinotti et al.  (  2006  )  developed 
a patented encapsulation process in which the extrudate is washed with a limonene-
rich extract from citrus fruits. Van Lengerich  (  2002  )  described extrusion of a 
precoated core material into a starch-based matrix or extrusion with subsequent 
coating of the extrudate.  

    7.1.3   Microencapsulation by Gelation and Phase 
Separation of Proteins and Biopolymers 

 The microencapsulation techniques covered in this section are based on gelation 
and phase-separation phenomena of single biopolymers and/or proteins as well as 
mixtures thereof. The resulting microcapsules are sometimes referred to as 
hydrogel particles (McClements et al.  2007  ) . This generalization is scientifi cally not 
precise, since phase-separation phenomena such as simple or complex coacervation 
do not result in formation of hydrogels. Hydrogels are generally defi ned as hydro-
philic polymeric networks capable of immobilizing large amounts of a liquid phase, 
usually water. 

 Microcapsules based on a single biopolymer can be produced by phase separa-
tion (simple coacervation) or gelation. Gelled emulsion particles are mainly used to 
modulate sensory perception and to deliver aroma compounds released in the oral 
cavity upon chewing (Malone et al.  2003  ) . Ionotropic gelation or postgelation cross-
linking of the biopolymers or proteins alters diffusibility and digestibility and thus 
facilitates the possibility for microencapsulation of oils rich in polyunsaturated fatty 
acids. Bustos et al.  (  2003  )  encapsulated krill oil via ionotropic gelation of a Tween 
20- and chitosan-based emulsion. 

 An alternative method for microcapsule formation is the gelation of a biopolymer 
in an oil–water–oil emulsion. The inner oil phase contains the core material and the 
double emulsion is prepared in two subsequent homogenization steps. The biopoly-
mer is gelled and facultatively cross-linked within this secondary emulsion and the 
outer oil phase is subsequently removed with an organic solvent. Using this method, 
Cho et al.  (  2003  )  encapsulated fi sh oil in capsules based on soy protein isolate. 
Capsules were either cross-linked with transglutaminase ot heat-gelled, or treated 
with a combination of both. Owing to the comparably long reaction time, loss of 
core material was rather high when transglutaminase cross-linking was applied. In 
contrast, the highest stability of the core material was achieved with transglutaminase 
cross-linking, and also a sustained release was only achieved when enzyme treat-
ment was applied. 
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 The dominating technology in this fi eld is complex coacervation. Complex 
coacervation is a phase-separation process based on the simultaneous desolvation of 
oppositely charged polyelectrolytes induced by modifi cation of the medium (Ducel 
et al.  2004  ) . The technique can be used to deposit or to build up the complex 
coacervates on core material particles with subsequent hardening and/or drying. As 
reviewed by de Kruif et al.  (  2004  ) , a number of oppositely charged proteins and 
hydrocolloids have successfully been used for the formation of complex coacervates. 
Lamprecht et al.  (  2001  )  encapsulated eicosapentaenoic acid ethyl ester using gela-
tine as an emulsifi er and subsequent coacervate formation with gum arabic. Ethanol 
hardening of the complex coacervate, cross-linking with dehydroascorbic acid, and 
spray-drying of the complex coacervate were compared, and ethanol hardening 
provided the highest storage stability for the encapsulated core material. Plant 
phenolics represent an alternative class of cross-linkers for food applications 
(Strauss and Gibson  2004  ) . Weinbreck et al.  (  2004  )  highlighted that the size of the 
complex coacervate and the mode of cross-linking affect the release of the encapsu-
lated core material in vivo. An interesting technology combing complex coacerva-
tion and spray-drying to prepare dry microcapsules with an extremely low amount 
of nonencapsulated core material has been patented (Yan et al.  2004  ) . The core 
material is emulsifi ed with an emulsifying polymer such as gelatine. Coacervate 
formation is achieved by adding a specifi c amount of polyphosphate, adjustment of 
pH, and modifi cation of temperature. Stepwise addition of polyphosphate leads to 
the formation of multiple coacervate shells. An alternative method to increase the 
protection against atmospheric oxygen is to encapsulate the coacervate in a glassy 
matrix by extrusion (Bouquerand et al.  2007  ) .  

    7.1.4   Concluding Remarks on Microencapsulation Techniques 

 Ubbink and Krüger  (  2006  )  emphasized that new applications in the food sector are 
particularly challenging, since in the food sector product safety, appearance, storage 
conditions, ease of preparation, freshness, and sensory properties of the product are 
not to be compromised by incorporation of the active ingredient. The different 
requirements concerning the protective environment resulting from the type of core 
material, its controlled release, and the properties of the specifi c food matrix neces-
sitate individual concepts for different encapsulants and applications. A top-down 
approach with a precise defi nition of the goals of the microencapsulation process is 
therefore required prior to development of an application. 

 Signifi cant improvement of existing microencapsulation technologies can be 
achieved by focusing on stabilization and improvement of the composition and 
nanostructural features of existing capsules. In this context, a more detailed investi-
gation of the infl uence of the emulsion interface and its active modifi cation as well 
as the use of “intelligent” wall material systems actively participating in the stabili-
zation of the core material are promising fi elds of future research.   
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    7.2   Energetic Aspects of Microencapsulation 

 The principal operations in nearly all the technologies presented are the preparation 
of an oil-in-water emulsion and in a later stage of the process a drying step, most 
frequently spray-drying. In terms of environmental aspects, energy effi ciency is one 
of the key issues and is discussed in this section. 

    7.2.1   Emulsifi cation 

 During emulsifi cation, droplets of an insoluble phase (A) are dispersed within 
another phase (B), the so-called continuous phase. Disregarding the “energy that is 
gained” by enhancing the entropy during the mixing of the two phases (which only 
plays an important role in nanoemulsions with droplet sizes much below 100 nm 
and strong surfactants), the minimum energy that has to be afforded for the droplet 
generation is that for building the new interface  S  

I
     between the dispersed and the 

continuous phase. This work  W  can be expressed as

     I ,W S.= σ
   (7.1)  

where   s   is the interfacial tension between the two phases, which is mainly depen-
dent on their composition (e.g., can be effectively reduced by surfactants or emulsi-
fi ers). By a simple calculation, the typical range of values of that work can be 
estimated. Using Eq.  7.1  and calculating the newly formed interface  S  

I
  from the 

number  n  of droplets built and with  x  
1,2

  as their Sauter diameter (one of several mean 
diameters possible; Löffl er and Raasch  1992  ) , one obtains for the work

     
2

I 1,2 .W S n x. . .= =σ σ π
   (7.2)   

 The number of droplets is expressed by the ratio of the volume  V  
A
  (of the complete 

phase A) and the volume  v  of one droplet with Sauter diameter     π
= 3

1,26
v x   :
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.
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 This can be inserted into Eq.  7.2 , which yields
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 Using     AV

V
f =   , the volume fraction of the dispersed phase, the work or energy 

density  E  
V
  that is needed to form the new interface is
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     V
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6
.

W
E
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= =

σ
   (7.5)   

 As an example, for the generation of oil droplets of diameter  x  
1,2

  = 1  m m within 
pure water where the interfacial tension is approximately 0.005 N/m with a dis-
persed phase fraction of   f   = 50%, the necessary energy density according to Eq.  7.5  
is

     -

´ ´
= = ´ =3

V 6 2

6 0.5 0.005N / m N
150 10 1.5 .

10 m m
E bar

    

 The energy density has the same dimension as pressure, so this value can be 
compared with a typical value for the pressure drop during high-pressure emulsifi -
cation of 150 bar, for example. Thus, the energy effi ciency   h   of such a system is 
very low at 1%. In reality, this effi ciency is even lower, when the reduced interfacial 
tension in real emulsions (due to emulsifi ers) is taken into account. It has been 
shown recently (Kempa et al.  2006  )  that emulsifi ers do not facilitate the interface 
generation (as was believed previously) but are mainly useful for stabilizing the 
newly built droplets against coalescence. 

 Similar low effi ciencies as in high-pressure homogenization exist for other 
emulsifi cation techniques where large droplets are disrupted by shear and elonga-
tional forces as in rotor-stator and ultrasonic emulsifi cation machines. These low 
effi ciencies point out that most of the energy in these devices is not used for inter-
face generation but is used for turbulence and thus for heat production. In most of 
the cases up to now    this heat is only emitted and is not used for energy recovery. 

 A different principle of droplet dispersion is used in membrane emulsifi cation 
and was recently used in microchannel emulsifi cation. In both techniques the phase 
to be dispersed is pressed by a rather low pressure through pores or channels into the 
continuous phase. On a theoretical basis, much higher effi ciencies should be 
achieved. In traditional membrane emulsifi cation (Schröder and Schubert  1999  )  
droplets are generated from fl uid “jets” (emitted from the pores) by shear forces 
from the continuous phase, passing over the membrane surface. To achieve small 
droplet sizes, the continuous phase fl ow has be high, so high dispersed phase 
volume fractions can only be achieved by large membranes and/or recirculation. 
Both methods lead to higher energy consumption (pressure drops) for pumping the 
continuous phase or the emulsion and thus reduced effi ciencies (compared with the 
theoretical effi ciencies). Nevertheless, the minimum droplet size is limited by 
approximately the pore size of the membrane. That means that in order to increase 
the droplet size, the continuous fl ow can be reduced, whereas to achieve smaller 
droplet sizes it may be necessary to have another membrane with smaller pores. 
Similar effects also occur for premix emulsifi cation, where a pre-emulsion is 
completely pressed through a membrane, decreasing the droplet size. 

 In microchannel emulsifi cation (Sugiura et al.  2002  )  the droplets are generated at 
the end of specially formed microchannels by fl uid dynamic instabilities, so high 
shear forces of the continuous phase and thus high energy consumption are not 
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needed. Nevertheless, problems in scaling up the microscale setups and thus the 
possible emulsion volumes still hinder its possible wide industrial use. 

 For the choice of the most economic emulsifi cation technique the energy density 
concept has been developed: It was shown that in continuous emulsifi cation (with 
not too long residence times within the dispersing zone) the desired Sauter diameter 
 x  

1,2
  of an emulsion can be expressed as a function of the energy density  E  

V
 . In Fig.  7.4  

and Table  7.1  this is depicted for some typical emulsifi cation machines using the 
example of an oil-in-water emulsion. The diameter calculated from Eq.  7.5  is also 
shown, giving the minimum diameter possible at the corresponding energy density 

    1,2
V

6
x

E

f. .
=

σ
  but depending on the interfacial tension and the phase fraction, which 

can approximately be achieved by membrane emulsifi cation.   
 The comparison makes clear that apart from membrane emulsifi cation (and the 

microchannel emulsifi cation; not presented in this section) the effi ciency becomes 

  Fig. 7.4    Comparison of various homogenization processes by means of energy density (From 
Schubert et al.  2006  )        

   Table 7.1    Emulsifi cation processes and their effect on droplet size (process function) (Adapted 
from Schuchmann and Schuchmann  2005  )    

 Process  Flow regime in dispersing zone 
 Dependency of the droplet 
size on energy density 

 Rotor-stator machines:colloid mill, 
toothed ring dispersion machine 

 Laminar shear turbulent   x  
1,2

  ~  E   
V
  −1   

  x  
1,2

  ~  E   
V
  −0.25…−0.4   

 High-pressure homogenizers 
(depending on geometry) 

 Turbulent laminar elongation 
cavitation 

  x  
1,2

  ~  E   
V
  −0.25…−0.4   

  x  
1,2

  ~  E   
V
  −1   

 Ultrasound  Cavitation, turbulent   x  
1,2

  ~  E   
V
  −0.6   

 Membrane  Laminar droplet formation   x  
1,2

  ~  E   
V
  −1   
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even lower when the droplet size is reduced. Thus, it is very important to choose 
the right technique.  

    7.2.2   Spray-Drying 

 The process of spray-drying can be divided into three unit operations that are 
normally coupled in the process: the spraying of the liquid (solution or dispersion), 
the drying, which means the evaporation of the liquid within a noncondensing gas, 
and the separation of the dried solid particles from that gas. Depending on the 
particle size, the total energy used is divided into different fractions in these unit 
operations: the smaller the particles, the more energy has to be invested in spray 
generation and solid–gas separation, whereas the energy for evaporation is more or 
less independent of the droplet size. 

 For the generation of droplets/sprays, as in the case of emulsifi cation, the area of 
the interface (here between liquid and gas) is largely increased, this being the reason 
for short drying times. This droplet formation is generally done in rotating disc 
(so-called) atomizers with different diameters and rotation speeds or in nozzles 
where only the liquid or the liquid and a gas are pressed through. Also, ultrasound 
dispersion is being investigated. Typical specifi c energies  E  

m
  (based on mass, 

    = V
mE T

E

r¢
  , where   r   is the mass density) are given in Fig.  7.5 , showing that as in the 

case of emulsifi cation a lot of energy is dissipated into heat and not used for surface 
generation. But in this case the heat is helpful for increasing the temperature of the 
liquid, thus aiding the evaporation. Besides, the energy densities for spraying are 
often by at least an order of magnitude smaller than the energy density used for 

  Fig. 7.5    Energy densities for spraying (Adapted from Schuchmann and Schuchmann  2005  )        
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heating the liquid and evaporation (e.g.,  h  
V , water

  = 2,260 kJ/kg), so they do not play 
such an important role as in emulsifi cation.  

 Whereas the heat that is stored in the dry product cannot be simply reused, the 
energy stored in the gas or vapor can be recovered by condensation and preheating 
the liquid to be sprayed, simultaneously drying the gas. Nevertheless it is often much 
more effi cient to increase the solid concentration in the liquid dispersion in advance 
of drying by nonthermal methods as, for example, in membrane processes.   

    7.3   Consumer Trends and Market Perspectives 

 The development and marketing of new food products is an important although 
risky strategy of modern food companies in saturated markets. A main contributor 
to the success of new food products is knowledge about the consumer. There has 
been an increasing focus on so-called consumer-driven product development and 
one often talks about the need to listen to the consumers’ voice (Ruder et al.  2007  ) . 

 In this regard, Table  7.2  gives an overview of selected food trends and consum-
ers’ needs and desires concerning food demand, such as growing health concerns, 
growing convenience orientation, hedonism, polarization, and growing environ-
mental and ethical concerns. Additionally, this table provides some examples of 
related marketing opportunities. Health-conscious consumers are expected to buy 
more fresh products, low-calorie products, and/or functional food than consumers 
in other consumer segments.  

 According to Euromonitor International  (  2006  ) , health consciousness is one of 
the dominant drivers of consumer markets in the twenty-fi rst century. Consumers’ 
growing health concerns are caused by a lack of physical exercise, a life full of 
stress, time pressure, and most importantly the rapid aging of the Western population. 

   Table 7.2    Selected food trends and related market opportunities (Adapted from Steenkamp  1997  )    
 Food trend  Opportunities 

 Growing health concerns  Fresh products, salads 
 Low-calorie and light products 
 Functional foods 

 Growing convenience orientation  Frozen food 
 Ready-to-eat foods 
 Food away from home 

 Hedonism  Taste 
 Lifestyle- and image-enhancing products 

 Polarization: price consciousness versus 
enjoyment and fun 

 Store brands, generic brands 
 Gourmet, exotic, ethnic, and luxury food 

 Growing environmental and ethical concerns  Regional products 
 Free-range meat 
 Organic food 
 Fair-trade-certifi ed products 
 Reduced CO 

2
  emission 
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Normally, older people have more health problems than young people. Consequently, 
they are particularly interested in products that can contribute to or restore their 
health (Steenkamp  1997  ) . In addition, empirical results indicate that people who 
maintain a healthy lifestyle tend to be female and better educated (Divine and 
Lepisto  2005  ) . 

 In the context of healthy nutrition, functional foods play a specifi c role. They are 
intended not only to satisfy hunger and provide humans with necessary nutrients, 
but also to prevent nutrition-related diseases and increase physical and mental well-
being of consumers (Menrad  2003  ) . The benefi ts for consumers are wide-ranging, 
and are associated with different advantages regarding human health and quality of 
life (Frewer et al.  2003  ) . The motivation behind consumers’ functional food choice 
differs. They may use functional food in the context of a healthy lifestyle or as a 
means to compensate for an unhealthy one (De Jong et al.  2003  ) . Furthermore, 
functional foods are a rather convenient way to follow a healthy lifestyle. According 
to Euromonitor International  (  2006  ) , convenience is another key reason why con-
sumers choose functional foods. This example shows that the food trends mentioned 
above and shown in Table  7.2  are partially interrelated (Steenkamp  1997  ) . However, 
health and convenience are considered as the two biggest trends in today’s food 
industry (Divine and Lepisto  2005  ) . Functional food has actually been reported as 
the top trend (Verbeke  2005  ) . 

 Between 2004 and 2005, the functional food market grew by 13.4% globally 
(Euromonitor International  2006  ) . Food industry companies have rather high 
expectations for food products that meet consumers’ demand for a healthy lifestyle 
(Menrad  2003  ) . Therefore, to expand the markets for healthy products and func-
tional foods, food companies may focus on ways of making their products more 
convenient for time-pressured consumers (Divine and Lepisto  2005  ) . Additionally, 
to be successful in the market the products should not only bring positive health 
effects, they should also have sensory characteristics that are attractive to the target 
group (Ruder et al.  2007  ) . 

 According to industry consultants Frost & Sullivan  (  2005  ) , the future for omega-3 
polyunsaturated fatty acids – in comparison with all functional food ingredients cur-
rently available – looks most promising. In 2007, heart-related and circulatory con-
ditions, including general heart health, blood pressure, and stroke, were the most 
important health concerns of Consumers in the US (International Food Information 
Council  2007  ) . There is scientifi c evidence that the consumption of long-chain 
omega-3 polyunsaturated fatty acids reduces the risk of coronary artery disease. In 
this regard, many countries have issued recommendations for increasing their con-
sumption. The American Health Association advocates, for example, the consump-
tion of fi sh high in omega-3 fatty acids (Melanson et al.  2005  ) . The UK dietary 
guideline for cardiovascular disease acknowledges their importance in reducing 
heart disease risks (Ruxton et al.  2004  ) . In many European countries, increasing 
sales of products with polyunsaturated fatty acids were paralleled by more favorable 
ratios of polyunsaturated to saturated fat in national diets. 

 Omega-3 fatty acids have also shown great performance in the nutritional sup-
plement market.   The European nutritional supplement market is presumed to be the 
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most developed. One reason might be that consumers’ acceptance is highest in 
regions that have traditionally used marine oils such as northern Europe and 
Scandinavia. Fortifi ed foods and beverages are also starting to gain acceptance 
(Frost & Sullivan  2004  ) . That means omega-3 fatty acids are expected to become 
more and more an important nutrient in a wide range of products: breads, milk, 
juices, tortillas, chocolate, yoghurt drinks, spreads, peanut butter, eggs, meat, etc. It 
is estimated that there were 723 omega-3-bearing product launches in Europe in 
2007 compared with 291 in 2005. In North America there were 315 launches in 
2005 and 541 in 2007 (Starling  2008b    ). 

 New food technologies such as microencapsulation improve the palatability as 
well as the stability of omega-3 polyunsaturated fatty acids (Whelan and Rust  2006  ) . 
The most important factor of market success is the ability to develop and market a 
high-quality food product. Analyses of previous successes and failures of functional 
foods suggest that specifi cally a lack of competencies in the optimization of sensory 
properties of the product, a lack of negotiation power in securing retail distribution 
for the products, and a lack experience with attractive pricing and packaging of 
foods are responsible for failures (Bech-Larsen and Scholderer  2007 ; Menrad  2003  ) . 
Furthermore, as mentioned above, scientifi c evidence and perceived consumers’ 
need from a public health perspective are not a guarantee for market success 
(Weststrate et al.  2002  ) . 

 Presently, very few omega-3 functional foods and beverages have moved beyond 
niche sales level. The omega-3 market is not as strong as expected. Globally, the 
number of mainstream products is low. In Spain, a milk (Puleva) has been on the 
market for about 10 years and in Australia an omega-3 bread (Tip-Top) has gained 
over 10% of the sliced white bread market (Starling 2008). Additionally, infant 
nutrition has become a successful sector for omega-3 functional foods (Starling 
2008). Empirical studies indicate that Consumers in the US are increasingly aware 
of specifi c health benefi ts associated with various functional foods. But consum-
ers tend to think of certain foods or food categories that contain healthy components 
rather than the functional ingredients themselves. That means consumers may iden-
tify fi sh, fi sh oil, certain nuts, and fl ax as being good for their hearts and other condi-
tions, but they are not able to articulate that omega-3 polyunsaturated fatty acids are 
the healthful ingredient that they all have in common (International Food Information 
Council  2007  ) . Consequently, food manufacturers and marketers have to educate 
consumers. They have to make them understand and accept omega-3 fatty acids as 
“good fats” that provide a wide range of benefi ts that are unmatched by any other 
food ingredients (Frost & Sullivan  2004  )  and that not all omega-3 fatty acids are the 
same.  a -Linolenic acid is not the same thing as eicosapentaenoic acid and docosa-
hexaenoic acid (Whelan and Rust  2006  ) . 

 To sum up, according to Weststrate et al.  (  2002  ) , the following factors are important 
prerequisites for success of a functional food:

   Consumer need and awareness   –
  Consumer acceptance of a food solution   –
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  Powerful communication of the health benefi ts to the consumer   –
  Uncompromised taste   –
  Optimal convenience   –
  Adequate retail or out-of-home availability   –
  Proven safety and effi cacy   –
  Acceptable price level   –
  Assurance and support from different sources, including scientifi c opinion leader   –
  A clear regulatory framework for making claims     –

 Finally, manufacturers have to take into account that the application of modern 
food technology may constitute an unaccepted risk from the perspective of consum-
ers. Consumers may perceive functional foods as less natural than conventional 
products. Accordingly, functional foods are avoided by those who value naturalness 
in food choices (Frewer et al.  2003  ) . However, commercial development of new and 
innovative sources of omega-3 polyunsaturated fatty acids (algal oils, including oils 
from organic sources, genetically modifi ed plants) provides a cheaper and safer supply 
compared with traditional sources such as fi sh. This may result in a rapid develop-
ment of nontraditional foods that are enriched or fortifi ed (Whelan and Rust  2006  ) . 
To increase market sales it is important that consumers perceive a match in func-
tional foods between the carrier food and the functional ingredient with which it is 
enriched (Bech-Larsen and Scholderer  2007  ) . For future marketing strategies, an 
approach that integrates insights into consumer needs and desires (market pull) and 
structured scientifi c research (science push) will give the greatest chance of real 
innovations (Weststrate et al.  2002  ) .      
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             8.1   Introduction 

 Consumers dislike the use of chemical preservatives in their food, and with some there 
is an associated public health risk. This has increased the pressure for these chemicals to 
be removed from food and for the identifi cation and adoption of novel and more “ natural” 
means of preservation. Although there are a variety of approaches to using natural pre-
servatives, the most often adopted approach to date has been to use biocontrol. 

 The New Zealand Parliamentary Commissioner for the Environment defi nes biocon-
trol as “Using biological means (such as parasites, viruses or predators) to control a 
pest” (  http://www.pce.govt.nz/reports/pce_reports_glossary.shtml    ). For the purposes of 
this review, the pest is primarily the pathogen of concern in a particular food, but biocon-
trol can also be applied to spoilage organisms and some examples of this will be given. 

 Potential candidates for biocontrol in foods include bacteriophages, bacteriocins (pep-
tides secreted by one species that inhibit another), siderophores (molecules that sequester 
iron), quorum sensing (QS; where the presence of an autoinducer of one species may 
infl uence the growth of another), competitive organisms, and various microbe- and plant-
derived antimicrobials. Of these, siderophores might be considered as a candidate bio-
control mechanism for lower-iron foods such as seafood (Gram and Melchiorsen  1996  )  
and fruits and vegetables (Henry et al.  1991  )  but they are not discussed further here. 
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 What follows is a review of current and potential food-related applications of 
selected biocontrol approaches.  

    8.2   Viral Predators: Bacteriophages 

 Bacteriophages (phages) are viruses that exclusively infect and kill bacteria. Their 
structure is simple, comprising nucleic acid contained within a protein capsule that 
may include a lipid component (Fig.  8.1 ).  

 Lytic phages, which are the phage group most likely to be of use as biocontrol 
agents, kill their hosts soon after infection. This “lytic cycle” is shown in Fig.  8.2 . 
When a phage and its host meet (step 1, Fig.  8.2 ), there needs to be a specifi c inter-
action between the host and the phage for infection to occur, i.e., any given phage 
will only infect a specifi c group of hosts. During infection, nucleic acid is passed 
from the phage into the host through the bacterial cell wall (step 2). The nucleic acid 
is expressed to produce proteins which take over the host cell’s functions, forcing it 
to replicate phage nucleic acid (step 3) and then to produce new phage particles 
(step 4). When, typically, around 100 new phages have been made, they are released 

  Fig. 8.1    Electron micrograph of phage T4. The head contains the DNA, the tail fi bers interact with 
the bacterium, and three lysozyme molecules at the base plate degrade the cell wall. In phage T4 
the tail is contractile and acts to push the tail core into the cell wall. (The image was taken by the 
Electron Microscope Unit of the University of Otago, Dunedin)       
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from the host cell by fatal disruption of the cell wall (lysis, step 5), and each progeny 
phage particle can then infect another cell.  

 The potential for using phages to kill bacteria has been recognized for almost 
100 years, with early pioneering work being conducted at around the time of the First 
World War. Phage therapy for treating human disease was not routinely adopted in 
Western countries, and the discovery of antibiotics saw an end to the early era of 
phage therapeutics, apart from in the Soviet Union and eastern Europe. In more 
recent years, however, with the threat of antibiotic-resistant bacteria emerging as a 
serious problem, the potential human clinical use of phages has received renewed 
attention. Flowing from this has been interest in their use in a variety of other appli-
cations, one of which is as a control of pathogens in foods (Greer  2005  ) . Indeed, 
commercial production of phages for use in foods has begun. For example the antil-
isterial phage Listex™ P100 (Carlton et al.  2005  )  is being produced in the Netherlands 
(  http://www.ebifoodsafety.com    ) and has now received FDA approval. EcoShield TM  
(formerly ECP-100) and ListShield TM  (formerly LMP-102) are commercial products 
for the control of  Esherichia coli  O157 and  Listeria monocytogenes  respectively 
(  http://www.intralytix.com/Intral_FAQ.htm    ). ListShield TM  has FDA approval. 

 Several food studies have now been published (Hudson et al.  2005  ) , and a sum-
mary of some of these studies is shown in Table  8.1 . In many of these food studies, 
inactivation was only achieved by using a high phage concentration. In addition, 
inactivation has been reported to occur at temperatures beneath the growth minimum 
of the host. These facts suggest that the inactivation reported is not caused through 
the lytic cycle  in situ  (as shown in Fig.  8.2 ), as that would require the host cells to be 
growing. It is possible that the reduction occurs through lysis from without, whereby 

  Fig. 8.2    The lytic cycle of bacteriophage infection (not to scale). 1 adsorption, 2 entry of nucleic 
acid into the cell, 3 nucleic acid replication, 4 phage particle replication, 5 host cell lysis       
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   Table 8.1    Examples of investigations into the biocontrol of pathogens on foods   

 Host bacterium  Food  Effect of biocontrol  References 

  Campylobacter   Raw and cooked meat  Reduced host numbers; 
dependent on conditions 

 Bigwood et al. 
 (  2008  )  

 Chicken skin  Reduced host numbers  Atterbury et al. 
 (  2003  )  

  Cronobacter 
sakazakii  

 Reconstituted infant 
milk powder 

 Reduced host numbers/
reduced growth 

 Kim et al.  (  2007  )  

  Escherichia coli  
O157:H7 

 Beef  Reduced host numbers/
eradicated host 

 O’Flynn et al. 
 (  2004  )  

 Cantaloupes  Pathogen numbers reduced at 
4°C but not at 20°C 

 Sharma et al. 
 (  2009  )  

 Lettuce  Pathogen numbers reduced 
at 4°C 

 Tomato, spinach, 
broccoli 

 Reduction in pathogen numbers 
maintained over 168 h 

 Abuladze et al. 
 (  2008  )  

 Minced beef  Reduction in pathogen 
numbers after 24 h 

  Listeria 
monocyto-
genes  

 Smear-ripened 
cheese 

 Growth reduction or eradica-
tion. Concentration 
dependent 

 Carlton et al. 
 (  2005  )  

 Smear-ripened 
cheese 

 Growth reduction or eradica-
tion. Concentration 
dependent 

 Schellekens et al. 
 (  2007  )  

 Beef  No effect  Dykes and 
Moorhead 
 (  2002  )  

 Cut melon  Growth reduction or eradica-
tion. Concentration 
dependent 

 Leverentz et al. 
 (  2004  )  

 Cut melon  Growth reduction  Leverentz et al. 
 (  2003  )   Cut apple  No effect 

 Ham  Growth retarded when phage 
used alone. Final concentra-
tion reduced with protective 
culture at 10°C and growth 
prevented at 4°C 

 Holck and Berg 
 (  2009  )  

 Various liquid foods  Reduction sustained over 
incubation period 

 Guenther et al. 
 (  2009  )  

 Various solid foods  Initial reduction then regrowth 
 Salmon fi llet  Reduction sustained over 

incubation period 
 Soni and 

Nannapaneni 
 (  2010  )  

 Channel catfi sh  Reduction sustained over 
incubation period 

 Soni et al.  (  2010  )  

(continued)
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large numbers of attached phages kill the cell (Delbrück  1940  ) . An example of data 
which could be explained by this is the inactivation of  Salmonella  on melon which 
was reported to occur at 5°C and at a phage to host ratio of 200 (Leverentz et al. 
 2001  ) . However, other explanations are also possible since some consideration needs 
to be given to the probability of phage and host coming into contact at low host cell 
concentrations (Kasman et al.  2002  ) . In liquids, data suggest that high phage concen-
trations are needed to ensure that most cells become infected when they are present 
at low concentrations, which is likely to be the case for foods (Bigwood et al.  2009  ) . 
On surfaces, a similar situation may apply (Hagens and Offerhaus  2008  ) . As this 
occurs under conditions where the host is not growing, it is possible that the cell 
becomes infected and later dies on the resumption of growth.  

 The host specifi city of the phage is important, as within each species of pathogen 
there are numerous subtypes, all of which need to be controlled. An effective phage 
treatment should therefore have a “Goldilocks” host range; not too narrow and not 
too broad. An example of a phage with an almost perfect host range is Felix O1, 
which lyses 96–99.5% of  Salmonella  serovars (Lindberg  1967  ) . In contrast, 
 Campylobacter  phage Cj6 is a phage with a poor host range, i.e., it infects only the 

Table 8.1 (continued)

 Host bacterium  Food  Effect of biocontrol  References 

  Salmonella   Mustard and broccoli 
seeds 

 Reduced growth  Pao et al.  (  2004  )  

 Alfalfa seed sprouts  Initial but temporary 
inhibition 

 Kocharunchitt 
et al.  (  2009  )  

 Mung and alfalfa 
bean sprouts 

 Reduced growth. More 
effective in co-culture with 
antagonistic bacterium 

 Ye et al.  (  2010  )  

 Frankfurters  Reduced growth  Whichard et al. 
 (  2003  )  

 Cheddar cheese  Growth reduction during 
manufacture 

 Modi et al. 
 (  2001  )  

 Raw and cooked 
meat 

 Reduced host numbers  Bigwood et al. 
 (  2008  )  

 Chicken skin  Reduced numbers/eradicated 
host 

 Goode et al.  2003  

 Chicken and turkey 
carcasses 

 Reduced carcass prevalence  Higgins et al. 
 (  2005  )  

 Cut melon  Growth reduction  Leverentz et al. 
 (  2001  )   Cut apple  No effect 

 Tomatoes  No effect  Ye et al.  (  2009  )  
  Staphylococcus 

aureus  
 UHT milk, acid, and 

rennet curd 
 Reduced host numbers  García et al. 

 (  2007  )  
 Raw milk  No reduction in concentration  O’Flaherty et al. 

 (  2005  )   Heat-treated milk  Host cells eliminated 
 Pasteurized milk  Control over a short 

time period 
 García et al. 

 (  2009  )  
 Raw milk  Some inhibition of growth 
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host on which it was isolated (Bigwood et al.  2008  ) . Work with spoilage organisms 
has shown that if the host range is too narrow, biocontrol does not work (Greer and 
Dilts  1990  ) . One possibility that would overcome this limitation is to use combina-
tions of phages, or cocktails, and this has proven successful for controlling  E. coli  
O157:H7 on beef (O’Flynn et al.  2004  ) . 

 The direct application of phages to foods is only one biocontrol approach that 
might be adopted. Many pathogens contaminate meat either directly or indirectly 
from the animal’s feces during processing. The use of phages to destroy pathogens 
within the intestinal tracts of food animals could therefore be a way of reducing the 
number of pathogens on meat. The inactivation of both  Salmonella  and  Campylobacter  
in chickens has been demonstrated (Atterbury et al.  2007 ; Loc Carrillo et al.  2005  ) . 

 It may also be possible to use phages to decontaminate the hides of meat animals 
prior to slaughter (Callaway et al.  2006  ) . Although there are no published data, our 
experience in the laboratory and with housed animals supports this notion. However, 
trials in commercial conditions need to be undertaken to assess the effi cacy of the 
approach. 

 A small number of articles have reported the use of phages in tandem with 
another biocontrol agent to control bacteria on food. For example, the use of 
 Lactobacillus sakei  as a protective culture in combination with phage P100 was 
shown to be superior to use of the phage alone for the control of  L. monocytogenes  
on ham (Holck and Berg  2009  ) . On growing tomato plants, a combination of 
 Enterobacter asburiae  and phages reduced colonization of the resulting fruits by 
 Salmonella , although most of the effect was attributed to the bacterial antagonist 
(Ye et al.  2009  ) . No controlling effect was demonstrated on postharvest fruits, 
although the data were not expressed in units of surface area or weight of fruit, mak-
ing their interpretation diffi cult with respect to assessing whether the phage inocu-
lum was suffi ciently high. The same problem is encountered with another attempt 
to control  L. monocytogenes  on beef cubes with nisin used in combination with 
phages (Dykes and Moorhead  2002  ) . Nisin showed a synergistic activity with 
phages for control of  L. monocytogenes  on melon (Leverentz et al.  2003  )  but not on 
apple, where there was no phage-related reduction. In pasteurized milk a synergy 
was also observed between nisin and phages for the control of  Staphylococcus 
aureus  (Martínez et al.  2008  ) , although the occurrence of nisin-resistant cells was 
noted. Although this approach has produced mixed results to date, it is intuitively 
attractive as control is exerted by two mechanisms, thereby decreasing the possibil-
ity of resistant mutants growing. 

 Another approach is the application of purifi ed phage-derived antimicrobials. 
These include enzymes (endolysins) produced by lytic phages which degrade the 
bacterial cell wall from the inside out, allowing phages to burst out of the cell (step 
5 in Fig.  8.2 ). These enzymes are generally very host specifi c (Fischetti  2005  )  and 
can also work from the outside, at least for Gram-positive pathogens. Purifi ed endo-
lysins have been shown to be effective for the control of  S. aureus  in pasteurized 
milk at 37°C (Obeso et al.  2008  ) . Gram-negative bacteria, on the other hand, have 
an outer membrane which hinders access of the enzyme to the cell wall. However, 
this does not seem to be insurmountable, with peptidoglycan degradation by a 
 Pseudomonas  endolysin having been demonstrated (Paradis-Bleau et al.  2007  ) . 
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 Public perception may pose an obstacle to the use of phages in foods. Would 
consumers respond favorably to knowing that viruses had been added to their food? 
Maybe they would. It was indicated that some people see phages as “green” and 
environmentally friendly (Fox  2005  ) . Phages may also be seen as a natural alterna-
tive to chemical preservatives. Early phage therapy pioneers demonstrated safety by 
ingesting preparations themselves, and the safe intake of phage T4 by volunteers 
has been reported (Bruttin and Brüssow  2005  ) . Whatever the perceptions concern-
ing safety (discussed in a review by Atterbury  2009  ) , it is a fact that phages are a 
normal component of foods (Hudson et al.  2009b ; Tsuei et al.  2007  )  and so are 
being ingested by everyone every day. 

 Another possible objection to the use of phages is the possibility that they will 
mediate horizontal transfer of genes encoding, for example, virulence traits or antibiotic 
resistance. A possible way to mitigate this is to use phages which contain either no 
nucleic acid or severely damaged nucleic acid. In work recently published (Hudson 
et al.  2010  )  UV-treated T4 phages were shown to kill  E. coli  in broth culture and on 
the surface of food. UV-treated phages may inactivate cells in three ways: (1) lysis 
from without; (2) by a single phage infecting a cell and causing it to stop growing; 
and (3) by “multiplicity reactivation,” where multiple phages inactivating the same 
cell contribute suffi cient undamaged DNA that viable phages can be produced by 
the cell, so killing it. 

 Given the possibilities presented above, it is apparent that phages and phage-
derived technologies present a toolbox of techniques employing a spectrum from 
intact viable phages to enzymes derived from them, any of which could be applied 
along the farm-to-fork continuum. The trick will be to identify which tool is best 
suited to which segment of the value chain.  

    8.3   Bacterial Predators:  Bdellovibrio  

 A number of predatory bacteria are capable of attacking and killing bacteria in a 
manner similar to that described previously for phages. The best characterized of 
these is the Gram-negative  Bdellovibrio bacteriovorus , so called because of its para-
sitic leech-like behavior (Latin  bdello ) and curved ( vibrio ) shape. First isolated from 
soil by Stolp and Starr in 1962, this ubiquitous organism has since been found in a 
variety of environments, including freshwater, saltwater, brackish water, sewage, 
and mammalian intestines. 

 Current knowledge of the predatory replication cycle of  B. bacteriovorus  has 
been reviewed by Lambert et al.  (  2006  ) , who described a recent renaissance in 
research activity. This is attributed, in part, to the fi rst description of the entire 
genome sequence of  B. bacteriovorus  strain HD100 by researchers at the Max Plank 
Institute for Developmental Biology (Rendulic et al.  2004  ) . 

 The replication cycle commences with the “attack phase,” during which 
 Bdellovibrio  cells are small, monofl agellated, and extremely fast moving. Following 
a collision with a Gram-negative prey cell, the attacking cell attaches to and invades 
the prey cell using “twitching-type” pili to pull it through holes in the cell wall 
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generated using a blend of hydrolytic enzymes. Internalization of  Bdellovibrio  in 
the prey cell’s periplasm results in loss of the fl agellum and a morphology change 
to produce a nonmotile elongated “growth phase” form in a joint predator–prey 
structure known as a bdelloplast. Replication then occurs in the bdelloplast, 
followed by prey lysis and escape back into the environment. 

 Given the reported absence of horizontal gene transfer during predation and an 
inability to invade mammalian cells,  Bdellovibrio  has been suggested as a “living 
antibiotic,” or at the very least a useful source of novel antimicrobial substances 
(Rendulic et al.  2004 ; Lambert et al.  2006  ) . With its varied environmental niches 
and a relatively broad host range, it has particular appeal in the battle against Gram-
negative pathogens such as  Salmonella  and  E. coli  O157 in both food and water. 

 Unsurprisingly, given the previous lack of interest in this organism, there are 
relatively few applied research publications to date. Fratamico and Cooke  (  1996  )  
reported the ability of  Bdellovibrio  isolates to control  E. coli  O157:H7 and 
 Salmonella  spp. on stainless steel surfaces, suggesting the potential for application 
to food processing equipment and food. The capacity of  B. bacteriovorus  strain 
109 J to attack  E. coli  biofi lms was reported some time later by Kadouri and O’Toole 
 (  2005  ) . A 7 log 

10
  reduction in planktonic  E. coli  numbers was found after 24 h of 

exposure, whereas biofi lm-associated pathogen numbers declined by 4 log 
10

  units. 
Although cells in this biofi lm were clearly able to survive predation to a far greater 
extent, this work does suggest that  Bdellovibrio  could go some way towards reduc-
ing the issues associated with biofi lms in the food industry and in other situations. 
Further research of this type is clearly necessary to determine how whole  Bdellovibrio  
cells or derived antimicrobials can be successfully applied to specifi c situations.  

    8.4   Competitive Enhancement Techniques, Protective 
Cultures, and Antimicrobial Metabolites 

 Competitive enhancement techniques, protective cultures, and antimicrobial metab-
olites offer a number of options in terms of a farm-to-fork approach to food safety. 
Competitive enhancement techniques utilize antagonistic bacteria that can be 
administered before harvest to food animals to either inhibit or reduce intestinal 
colonization and carriage of human pathogens. After harvest, protective cultures 
and metabolites can be added directly to foods during formulation and processing to 
create an additional hurdle either through manipulating the composition of the 
food’s microfl ora to the detriment of pathogens or by introducing inhibitory sub-
stances active against them, or both. Antagonistic bacteria have also been evaluated 
as microbial cleaners to control pathogens such as  Listeria  in processing environ-
ments (Zhao et al.  2006  )  and as a treatment for mastitis. Given the potential breadth 
of application, signifi cant research efforts have been devoted to the characterization 
and commercialization of both bacteria and metabolites for a variety of purposes. 

 In all cases, regardless of the application being considered, defi ning these micro-
organisms is important to ensure that cultures do not contain potentially pathogenic 
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subpopulations or virulence and antimicrobial resistance genes that could be 
transferred to either the animal or the human host microfl ora (Wagner  2006  ) . As major 
components of the microfl ora of both healthy mature animals and foods, lactic acid 
bacteria (LAB) have been most extensively investigated as competitive enhance-
ment and protective culture candidates. They are generally nonpathogenic and pro-
duce antimicrobial compounds, including acids, hydrogen peroxide, diacetyl, and 
bacteriocins, that give them an additional edge against related organisms that might 
otherwise predominate in a particular environmental niche. However, other non-
pathogenic microorganisms such as fungi and yeasts can also be suitable (Vandeplas 
et al.  2010  ) . 

    8.4.1   Competitive Enhancement Techniques 

 Competitive enhancement techniques (as defi ned by Callaway et al.  2008  )  include 
competitive exclusion cultures that are typically native to the animal species in question, 
and probiotics (also referred to as direct-fed microbials) such as lactobacilli and 
bifi dobacteria that are not necessarily isolated from animals. These microorganisms 
may act to control or inhibit other microbes via mechanisms including (1) nutrient 
competition, (2) production of inhibitory compounds, (3) immunostimulation, and 
(4) competition for binding sites. The development of competitive enhancement 
techniques has been prompted in part by the increased use of antibiotics and the 
consequent development of resistance amongst microbes (Anderson et al.  2006 ; 
Diez-Gonzalez and Schamberger  2006  ) , and various aspects have recently been 
reviewed by Callaway et al  (  2008  ) , Gaggìa et al.  (  2010  ) , and Vandeplas et al.  (  2010  ) . 

 The most common uses of competitive exclusion and probiotics/direct-fed 
microbials include the prevention of colonization of  Salmonella  in poultry using 
microbes such as lactobacilli, enterococci, pediococci, and  Saccharomyces  
(Al-Zenki et al.  2009 ; Vandeplas et al.  2010  ) . Improved animal productivity both 
alone (Stephens et al.  2010  )  and in concert with  E. coli  O157:H7 reduction (Younts-
Dahl et al.  2005 ; Stephens et al.  2007  )  has also be observed in cattle. The applica-
tion of competitive exclusion cultures works particularly well in chicks with naïve 
essentially sterile intestinal tracts, whereas probiotics are suggested to be most use-
ful in poultry when benefi cial intestinal bacteria are in decline as a consequence of 
stress (Vandeplas et al.  2010  ) . More recent research has focused on the growing 
problem of  Campylobacter  infection of poultry (Zhang et al.  2007 ; Santini et al. 
 2010  ) . Prebiotic nutrients may also be included in treatments where they either 
promote the growth of probiotics in the intestinal tract or, in the case of mannanoli-
gosaccharides, bind Gram-negative pathogens such as  E. coli  and promote their 
excretion from the intestinal tract (Newman  1994  ) . The use of non-LAB organisms 
includes generic  E. coli  which can inhibit  E. coli  O157 through the production of 
colicins (Schamberger and Diez-Gonzalez  2004  ) . Colicins have also been described 
that inhibit other Shiga-toxin-producing  E. coli     serotypes such as O26 and O111 
(Murinda et al.  1996  ) . 
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 For the development of successful commercial products, the choice of strain is 
an important factor (Stephens et al.  2007  )  along with its survival characteristics, 
particularly under acidic conditions, and the method of administration (Anderson 
et al.  2006  ) . Available commercial products include Bovamine and Lactoedge for 
cattle, and Aviguard, Avifree, Broilact, MSC, Preempt (or CF-3), and Fastrack for 
poultry (Callaway et al.  2008 ; Schneitz  2005  ) . The Canadian biotech company 
CanBiocin currently markets an LAB-based product called Procin ® , developed to 
prevent  E. coli  scours in pigs.  

    8.4.2   Protective Cultures and Antimicrobial Metabolites 

 Current consumer awareness regarding the application of benefi cial bacteria or their 
metabolites to foods is probably limited to the use of LAB as probiotics in yoghurts 
and dairy drinks to improve human gut health. However, LAB protective cultures or 
their associated metabolites can be added directly to foods to enhance food safety 
and have been extensively reviewed (Goktepe  2006 ; Hudson et al.  2009a  ) . The dose 
required for effective antagonism in the food in question and the potential effects on 
sensory properties (Smith et al.  2005  )  are key considerations. 

 Several species of bifi dobacteria have been applied to fi sh, seafood, poultry, and 
dairy foods to extend shelf life and protect against pathogens. Reported shelf life 
extensions ranged from 3 to 14 days depending on the food and the mode of applica-
tion, and can be enhanced by the combined use of acid salts such as sodium acetate 
and potassium sorbate (Goktepe  2006  ) . Similarly, lactobacilli and pediococci have 
been exploited in a variety of food applications, including ready-to-eat meats 
(Amézquita and Brashears  2002 ; Bredholt et al.  1999 ;  2001  ) , ground beef (Smith 
et al.  2005  ) , vegetables (Scolari and Vescovo  2004  ) , and dairy products (Millette 
et al.  2006  ) . Their antimicrobial effect has been attributed to the production of 
organic acids and a variety of antimicrobial compounds. 

 The elucidation of antimicrobial compounds produced by bacteria has been an 
area of intense research, particularly the production of bacteriocins, antimicrobial 
peptides which produce pores in the cytoplasmic membrane, ultimately inhibiting 
energy production and biosynthesis activities. These offer another means of control, 
either through the direct use of cultures known to produce certain compounds or via 
the addition of fermentates containing antimicrobials. 

 The best known bacteriocin, nisin, is produced by  Lactococcus lactis . It has an 
unusually broad host spectrum against both Gram-positive spoilage and pathogenic 
bacteria including  L. monocytogenes ,  Bacillus , and  Clostridium , making it a particularly 
attractive food additive for processed food products. Although nisin has been approved 
for use in an estimated 50 countries, it does demonstrate some limitations in relation to 
food type and pH (Deegan et al.  2006  ) . Hence, research activities have continued 
unabated to isolate and characterize bacteriocins produced by other bacteria. 

 Despite substantial research efforts, the availability of commercialized bacterial 
cultures and metabolite-based antimicrobial products is not as extensive as might be 
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anticipated. Often this is simply related to a failure to reproduce preliminary  in vitro  
successes in more complex food systems (Hudson et al.  2009a  ) . Danisco has been 
successful in this endeavor and the company produces and markets a range of protec-
tive cultures and defi ned and undefi ned fermentates containing antimicrobial metab-
olites for food applications. Cultures and undefi ned fermentates are seen as more-
consumer-friendly approaches not requiring extensive labeling (Deegan et al.  2006  ) . 
Defi ned (purifi ed) fermentates, on the other hand, need to be labeled as additives. 

 The Danisco HOLDBAC™ range of protective cultures can be used in dairy and 
meat products (including fermented versions) to control the growth of fungal and 
bacterial undesirables, including  L. monocytogenes  (Delves-Broughton et al.  2007  ) . 
CanBiocin markets Micocin ® , a US Department of Agriculture-approved LAB 
product with activity against  Listeria  for use in processed meat products. Examples 
of defi ned antimicrobials include powdered nisin, marketed as Nisaplin ® , and 
Natamax ® , a broad spectrum antifungal compound produced by the fermentation of 
 Streptomyces natalensis . Another defi ned bacteriocin, ALTA™ 2431, produced by 
 Pediococcus acidilactici,  is commercially manufactured by Kerry Bioscience 
(Deegan et al.  2006  ) . 

 Undefi ned fermentates are marketed as Microgard ®  fermented milk and sugar 
powders which can be labeled as “cultured milk” or “cultured dextrose” (Delves-
Broughton et al.  2007  ) . These products, typically produced by fermentations using 
 Propionibacterium freudenreichii  or  L. lactis , are multifactorial in their activity, and 
can be used in a range of foods, including dairy products, salad dressings, ready-to-
eat meals, and baked goods. 

 Although the use of antagonistic bacteria and/or bacteriocins is not a total food 
safety solution, they can be combined with other preservation systems, e.g. modifi ed 
atmospheres (Mataragas et al.  2003  ) , bioactive packaging and high pressure 
processing (Deegan et al.  2006  ) , and bacteriophages (Reynolds  2007  ) . Research to 
date suggests that they are most useful as one hurdle in combination with other 
preservation options, and their future success relies on a greater understanding of 
the mechanisms of action occurring in food systems.   

    8.5   Antimicrobials of Plant Origin 

 Although the potential for antimicrobial effects from medicinal plant extracts has 
been appreciated for centuries, it is only relatively recently that plant-derived food 
ingredients have been explored for these properties. The most frequently used form 
of plant extract tested for antimicrobial activity in foods is the essential oils. These 
are aromatic oily liquids, composed of up to 60 individual components that are usu-
ally isolated by steam distillation (Burt  2004  ) . Essential oils have been reported to be 
active  in vitro  against a wide range of foodborne pathogenic organisms, including  E. 
coli  O157:H7,  Salmonella ,  Shigella ,  Campylobacter ,  L. monocytogenes, S. aureus , 
 Bacillus cereus , and  Vibrio  species. They are generally more effective against Gram-
positive than Gram-negative microorganisms, and can be active against fungi. 
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The most frequently described group of inhibitory compounds are phenolic-based, 
with aromatic and isothiocyanate-based components also having been isolated. 
Synergism between individual components from the same essential oil is possible, 
as single fractions are sometimes less effi cacious than whole extracts. Some of the 
compounds are the same as those involved in plant host defense against microorgan-
isms (Holley and Patel  2005  ) . 

 The mechanisms of action of the essential oils are not fully understood. It is 
known that phenolic components appear to integrate into the cytoplasmic membrane 
of the microorganism, causing increased proton and potassium permeability (Perez-
Conesa  et al.   2006  ) . It has been suggested that a lower sensitivity of Gram-negative 
bacteria to essential oils may be due to their relatively impermeable outer membrane 
(Fisher and Phillips  2006  ) . 

 The simplest and most reported method for delivery of essential oil antimicrobial 
activity is incorporation directly into the food, with up to 8 log unit kills reported 
(Fisher et al.  2007  ) . This is an active area of research, with many foods being stud-
ied, such as meat (Govaris et al.  2010  ) , fruit salads (Belletti et al.  2008  ) , vegetable 
salads (Gutierrez et al.  2009  ) , and fruit juices (Duan and Zhao  2009  ) . However, the 
fat composition of foods has been shown to infl uence the effectiveness of essential 
oils. For example, in low-fat cheese, bay, clove, cinnamon, and thyme essential oils 
at 1% reduced  L. monocytogenes  to less than 1 log 

10
  cfu ml −1  at 4°C, but only clove 

oil was effective in full-fat cheese. In further experiments,  Salmonella  Enteritidis 
incubated at 10°C was less affected by fat content, with thyme oil being the only 
ineffective essential oil in full-fat cheese (Smith-Palmer et al .   2001  ) . It is thought 
that the hydrophobic nature of essential oils means that they tend to partition in fat 
and oil phases and decrease the effective concentration in the water phase. Micellar 
encapsulation of essential oils may deliver a higher dose to the bacterial cell 
membrane in these types of food environments (Gaysinsky et al .   2005  ) , and this 
encapsulation strategy may also have potential for the decontamination of surface-
adherent biofi lms containing pathogens (Perez-Conesa et al .   2006  ) . 

 Addition of essential oils to foods can also be used in combination with 
modifi ed-atmosphere packaging (MAP). The quality and safety of MAP-packed 
table grapes was signifi cantly improved by addition of eugenol and thymol (Valero 
et al.  2006  ) . Chitosan and thyme have been used in combination with MAP to extend 
the shelf life of ready-to-cook chicken kebabs (Giatrakou et al.  2010  ) . The combina-
tion of MAP and oregano essential oil has proven effective in improving the quality 
and shelf life of both rainbow trout fi llets (Mexis et al.  2009  )  and bologna sausages 
(Viuda-Martos et al.  2010  ) . 

 Direct addition of essential oils to food can result in reduced pathogen popula-
tions, but may also alter the food’s sensory characteristics. Incorporating essential 
oils into active packaging could be an alternative way of delivering the antimicro-
bial action to the food without negatively impacting on organoleptic properties. 
Whey protein fi lms containing 1–4% (w/v) essential oils from oregano, rosemary, 
and garlic were effective in inhibiting  E. coli  O157:H7,  S. aureus ,  Salmonella  
Enteritidis ,  and  L. monocytogenes  on laboratory media (Seydim and Sarikus  2006  ) . 
The incorporation of tea tree essential oil into chitosan fi lms was found to slow the 
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growth of  L. monocytogenes  on media at 10°C (Sánchez-González et al.  2010  ) . 
A trial of alginate-based edible fi lms containing essential oils of oregano, cinnamon, 
and savory reduced  Salmonella  Typhimurium and  E. coli  O157:H7 growth on beef 
muscle slices by 1–2 log 

10
  cfu cm -2  over 5 days at 4°C (Oussalah et al.  2006  ) . 

The incorporation of essential oils and their active fractions was also found to sig-
nifi cantly reduce tensile strength and elasticity of alginate–apple puree edible fi lms, 
but did not affect vapor or oxygen permeability (Rojas-Grau et al.  2007  ) . 

 Another potential intervention point for the use of essential oils is in the feed of 
food animals. Several polysaccharide-emulsifi ed essential oils were evaluated for 
introduction into pig diets for the preslaughter control of  Salmonella  Typhimurium 
DT104 within the gut (Si et al.  2006a ,  b  ) . Essential oils were stable at low pH and 
active at minimum bactericidal concentrations similar to those of dietary antibiotics 
used in swine rearing in some countries (100–300  m g ml −1 ). Carvacrol and thymol 
were found to have inhibitory activity similar to that of cinnamaldehyde on laboratory 
media; however, after they had been mixed with pig food, only cinnamaldehyde 
retained some activity against  Salmonella . Essential oils may also have a role in con-
trolling pathogens during poultry production (reviewed in Brenes and Roura  2010  ) . 

 Other plant materials with potential antimicrobial use in foods include extracts 
from berries, tea, and wood smoke. Grape skins, juice, and seed extracts have been 
found to be highly inhibitory to  L. monocytogenes  (Rhodes et al.  2006  ) . Wine has 
also been found to rapidly inactivate  Campylobacter jejuni  (Carneiro et al.  2008  ) . 
Both Gram-negative and Gram-positive pathogens were inhibited by Nordic berry 
extracts (Puupponen-Pimia et al.  2005  ) , with cloudberry and raspberry the best 
inhibitors. Whole tea infusions and fl avanoid extracts were inhibitory when applied 
to  B. cereus  cultures (Friedman et al.  2006  ) . Although there are some concerns 
about the carcinogenic effects of wood smoking on food, liquid wood smoke that 
has had suspect compounds removed appears to retain antimicrobial activity and 
has been tested successfully for inhibition of  Listeria  on salmon and trout, and 
molds on cheese (Holley and Patel  2005  ) . 

 Plant extracts are promising antimicrobial agents, with activities often rivaling 
those of synthetic chemicals. However, a signifi cant barrier for the widespread 
adoption of essential oils or their components is that at the concentrations required 
for effective control, the sensory quality of foods may be altered. The use of active 
packaging, multihurdle strategies with lowered doses, or combination with existing 
treatments offers promise to negate these concerns.  

    8.6   Biocontrol Through Quorum Sensing 

 Bacteria live in complex environments that are constantly changing. They do not live 
in isolation but often live within mixed communities that contain more than one spe-
cies of bacteria as well as other microorganisms such as fungi and yeasts. To survive, 
bacteria must be able to sense and interpret their environment, making adaptive 
responses that promote either proliferation or survival. Those that cannot adapt or 
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respond to change do not survive. Those that do are now well adapted to their new 
environment. This is especially true for bacteria that appear in processed foods. 

 Cell signaling, or quorum sensing (QS), within bacterial communities is a well-
established phenomenon that orchestrates coordinated behavior by bacteria through 
the detection of small signal molecules known as autoinducers (Williams et al. 
 2007  ) . QS allows for cell-density-dependent regulation of many different bacterial 
activities, including surface attachment, biofi lm formation, expression of virulence 
factors, and secondary metabolite production (Fig.  8.3 ; Fuqua et al.  2001 ; Williams 
et al.  2007  ) . Many of these QS-regulated microbial activities are involved in food 
spoilage and are essential for the survival of pathogens within the food matrix 
(Ammor et al.  2008  ) .  

 A range of cell signaling molecules have been identifi ed that allow bacteria to 
communicate with each other as well as with other species of bacteria, often manip-
ulating or controlling their activities (Qazi et al.  2006 ; Hogan et al.  2004  ) . In addi-
tion, molecules produced by a host plant or animal can be detected by bacteria, 
infl uencing the microbial composition of the resident microfl ora as well as affecting 
their day-to-day activities (Dudler and Eberl  2006  ) . Many of the bacterial species 
found in food are capable of producing and/or detecting signaling molecules (Liu 
et al.  2006 ; Medina-Martinez et al.  2006 ; Nychas et al.  2009  ) . A wide range of QS 
molecules have been detected in a variety of food products (Ammor et al.  2008 ; 
Medina-Martinez et al.  2006 ; Liu et al.  2006  ) . 

 Biocontrol strategies that exploit bacterial QS provide an opportunity to (1) down-
regulate microbial spoilage activity and thereby increase shelf life and (2) alter 
microbial activity such that survival of the targeted microorganism is unlikely. 
The main advantage with the fi rst approach is that it does not leave open an opportunity 

  Fig. 8.3    Bacterial quorum 
sensing regulates target gene 
expression, resulting 
in altered cell activities       
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for other undesirable microorganisms to colonize the niche, but downregulates the 
expression of enzymes such as proteases and lipases, thus limiting damage to the 
food. In the case of foodborne pathogens, the second approach may be the most 
desirable outcome. Furthermore, using the bacterium’s own QS system against 
itself minimizes the possibility that the bacteria will adapt and become resistant to 
the QS inhibitor used. Interventions targeting bacterial QS in food are currently 
largely unexplored. 

 A number of different classes of molecules that block QS have been sought, 
including enzymes that degrade the signal (e.g. lactonases), signal analogs, and sig-
nal antagonists as well as the use of naturally derived signal molecules to stimulate 
an inappropriate response leading to cell death (Dong et al.  2002 ; Castang et al. 
 2004 ; Müh et al.  2006 ; Ren et al.  2001 ; Qazi et al.  2006  ) . However, many of these 
inhibitory compounds thus far identifi ed are chemically reactive and therefore likely 
to be unstable in complex food matrices. Furthermore, their use in food is question-
able owing to potential toxicity for humans. However, a number of quorum quench-
ing molecules have been identifi ed which are derived from plants commonly used 
in the food industry today. Extracts of garlic have been shown to block QS by 
 Pseudomonas aeruginosa,  in a cystic fi brosis mouse model, limiting the production 
of biofi lm and thereby aiding clearance of the bacteria (Bjarnsholt et al.  2005  ) . 
Similarly, vanilla extracts have been shown to interfere with QS of  Chromobacterium 
violaceum,  suggesting that the consumption of vanilla-containing foods may be 
benefi cial (Choo et al.  2006  ) . Novak and Fratamico  (  2004  )  demonstrated that the 
presence of ascorbic acid, an AI-2 analog, resulted in the reduction of toxin produc-
tion by  Clostridium perfringens  as well as a decrease in spore production when 
added to ground meat extract. Another food additive that exhibits QS-inhibiting 
abilities is cinnamaldehyde (Niu et al.  2006  ) . Low concentrations of cinnamalde-
hyde, similar to those used in food, were shown to block detection of two different 
bacterial cell signaling molecules by competing with the signal molecule itself or 
signal precursors. Although these three QS inhibitors are already used as food addi-
tives, their antibacterial activity potential within different food substrates needs to 
be explored. 

 Medina-Martinez et al.  (  2007  )  showed that  Yersinia enterocolitica  produced QS 
signals when grown on meat and fi sh extracts but not when grown on certain vege-
table extracts, suggesting that QS systems are active but are substrate-dependent 
and most probably organism-dependent. Furthermore, not all QS inhibitors are able 
to block QS systems and prevent food spoilage. Rasch et al.  (  2007  )  showed that 
some QS inhibitors were able to decrease proteolytic activity of  Pectobacterium , but 
their activity did not prevent spoilage of bean sprouts by these bacteria. Furthermore, 
garlic extract did not prevent spoilage of bean sprouts by  Pectobacterium , but rather 
appeared to induce it. It is clear that spoilage is multifactorial, with other regulatory 
pathways involved. It may be that QS inhibition will be the “magic bullet” in some 
situations, whereas in others it may not be successful. What is clear is that for each 
organism the regulatory role played by QS needs to be understood and the signifi -
cance in specifi c food matrices evaluated; it is only then that QS inhibition can be 
effective in the fi ght against bacteria in our food.  



198 L. McIntyre et al.

    8.7   Conclusions 

 Consumer expectations of pathogen-free food with an acceptable shelf life without 
the use of synthetic chemicals present major challenges for food manufacturers 
given the currently available technologies. The biocontrol approaches reviewed 
here offer some particular advantages by being more targeted than conventional 
treatments, both leaving the good bugs alone and reducing wastage, and are perceived 
as more “natural” and “green.” Although no one biocontrol approach currently 
offers a complete solution, collectively they create a toolbox of options employing 
various mechanisms of attack which could be applied individually or in combination. 
Indeed, as our knowledge of the relationship between exposure and disease expands 
through quantitative risk assessment activities, it is becoming more apparent that 
“king hit” reductions are not necessarily the best approach to reducing human 
disease incidence. The use of biocontrol strategies in food, therefore, has great 
potential to achieve more realistic outcomes, although much work is still to be done 
to bring these from the laboratory bench to market.      
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           9.1   Introduction 

 Fungi can contaminate foods in the fi eld, at harvest, and in different stages of 
storage and processing. Common deterioration signs are rotting and the development 
of off-odors and off-fl avors. The most important aspect of spoilage caused by fungi 
is the formation of toxic secondary metabolites called mycotoxins, which may have 
harmful effects on human and animal health. 

 Fungal spoilage is an increasing economic problem in the food industry. Chemical 
antifungals are becoming less attractive as food preservatives, owing to the develop-
ment of resistance and to the stricter legal regulations concerning the permitted 
concentrations. Finally, consumers now tend to demand products preserved through 
natural processes. 

 Food preservation is a continuous battle waged against microorganisms that spoil 
food or make it unsafe. The food industry has sought to replace food preservation 
techniques such as heat treatments, salting, acidifi cation, drying, and chemical 
preservation with new, less invasive techniques (high-pressure, pulsed electric fi eld, 
pulsed light, oscillating magnetic fi elds, ultrasound, and UV treatments) that satisfy 
increased consumer demand for natural, nutritious, and tasty food products. In spite 
of intensive research efforts and investments, very few of these novel techniques 
have been used by the food industry. 

 The banning of chemical additives by EU and other regulatory bodies has driven 
the food industry and food research institutions towards investigation of numerous 
natural antimicrobial compounds that exist in plants and which have evolved as host 
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defense mechanisms. This antimicrobial activity has been demonstrated mainly 
in vitro. Two aspects that are crucial for the use of natural compounds are often 
overlooked: namely, the induced changes in organoleptic and textural properties of 
the food caused by addition of these materials and their interaction with food ingre-
dients and the infl uence of this interaction on antimicrobial effi cacy. In many cases, 
the concentrations of the antimicrobial compounds in herbs and spices are too low 
to be effective without adverse effects on the sensory characteristics of the food 
products (Devlieghere et al.  2004  ) . 

 Fungicides are the primary means of controlling postharvest diseases. About 23 
million kilograms of fungicides are used annually to treat fruit and vegetables. It is 
generally accepted that production and marketing of these products would not be 
possible without such use of fungicides. However, as harvested fruit and vegetables 
are commonly treated with fungicides to retard postharvest diseases, there is a 
greater likelihood of direct human exposure to them. In addition, synthetic fungicides 
can leave signifi cant residues in treated commodities. Development of resistance to 
commonly used fungicides within populations of postharvest pathogens has also 
become a signifi cant problem. For example, many synthetic fungicides are used to 
control blue mold rot of citrus fruit. However, acquired resistance by  Penicillium 
italicum  and  Penicillium digitatum  to fungicides used on citrus fruit has become a 
matter of concern in recent years. The adverse effects of the use and overuse of 
synthetic fungicides means that alternative strategies need to be developed to reduce 
losses due to postharvest decay that are perceived as safe by the public and pose 
negligible risk to human health and to the environment. Bioload reduction achieved 
through sanitation, the use of nonselective fungicides (sodium carbonate, sodium 
bicarbonate, active chlorine, and sorbic acid), and physical treatments such as heat 
treatment, low-temperature storage, hot water treatments, and radiation can signifi -
cantly lower the disease pressure on harvested commodities. Harvesting and handling 
techniques that minimize injury to the commodity, along with storage conditions 
that are optimum for maintaining host resistance, will also aid in suppressing disease 
developing after harvest. However, none of these treatments are signifi cantly effective, 
and they many cause damage to the commodities. Thus, replacement of synthetic 
fungicides by natural products, particularly of plant origin, which are nontoxic and 
specifi c in their action is gaining considerable attention. 

 Biological compounds are comparatively biodegradable and most of them leave 
virtually no residues in nature. Several plants have 1,000 years of history and have 
proven nontoxicity, at least at levels that are commonly ingested. This safety feature 
is very important in formulations of such products because it has an impact on the 
cost of development and registration of new pesticides. The research and development 
cost of botanical fungicides from discovery to marketing is much less than that of 
chemical fungicides. This expense is in large part due to the concern over possible 
high toxicities of chemical fungicides that necessitate long-term toxicological testing 
on experimental animals. Biological products, because of their target specifi city, 
typically require only short-term toxicology studies. Although the exploitation of 
natural products to protect the postharvest decay of perishable products is just 
beginning, these products have the potential to be safe fungicides soon replacing the 
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synthetic ones. In view of the merits of botanicals as postharvest fungicides, the 
products that are effi cacious during in vitro tests should be properly tested for their 
practical potency using in vivo trials, organoleptic tests, and the safety limit profi le 
(Tripanthi and Dubey  2004  ) .  

    9.2   Plant Extracts 

 The essential oils and extracts from different plants are extensively used in the perfume, 
beverage, and food industries. These materials exhibit antimicrobial activities against 
a variety of bacteria and fungi. The potential antimicrobial properties of plants have 
been related to their ability to synthesize, through secondary metabolism, several 
chemical compounds of relatively complex structures with antimicrobial activity. 
These include phenolics, alkaloids, fl avonoids, isofl avonoids, tannins, coumarins, 
glycosides, terpenes, phenyl propanes, and organic acids. These compounds are 
often toxic to insects, pathogens, and other organisms. The increased production of 
phenolics, often identifi ed as condensed tannins, is a plant response to the feeding 
of chewing insects and has been extensively studied and well documented. 
Additionally, certain plant natural products are highly effective against fungicide-
resistant microorganisms. For example, natural compounds such as cinnamalde-
hyde and salicylaldehyde are effective against four strains of  Fusarium sambucinum  
resistant to the synthetic fungicide thiabendazole (Ahn et al.  2005  ) . 

 Plant products of recognized antimicrobial spectrum can appear in food conser-
vation systems as the main antimicrobial compounds or as adjuvants to improve the 
action of other antimicrobial compounds. In general, the inhibitory action of natural 
products on mold cells involves cytoplasm granulation, cytoplasmic membrane 
rupture, and inactivation and/or inhibition of synthesis of intercellular and extracel-
lular enzymes. These actions can occur as isolated events or in a continuous way 
and culminate with the inhibition of mycelium germination. The occurrence of 
phytochemicals that do not show antimold activity could suggest that in some situ-
ations certain phytochemicals have an antimicrobial action only when they are acting 
in a synergistic way with other constituents of plants extracts. Effective phytocom-
pounds are expected to be far more advantageous than synthetic pesticides, as they 
are easily decomposable, are not environmental pollutants, and posses no residual 
or phytotoxic properties (Boyraz and Ozcan  2006  ) . 

    9.2.1   Crude Extracts 

 The fungi that cause biodeterioration can easily develop resistance traits against a 
single active component. However in instances where the plant extracts contain 
different antimicrobial ingredients possessing fungitoxic potency due to the 
synergistic effects of different components, this phenomenon is less likely to occur. 
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Plant extracts are potentially useful additives for food preservation as they are likely to 
prolong shelf life and improve the quality of stored food products (Shukla et al.  2008  ) . 

 The traditional preparation of medicines from herbs often involves a broth or tea. 
However, much of the antifungal research conducted to date has assessed ethanol or 
methanol extracts, whereas only a few studies have utilized aqueous extracts, a 
closer approximation to traditional medicine. This is due to alcohol being a general 
solvent that tends to provide better extraction of compounds with a variety of polarities. 
Thus, aqueous extracts may not contain some of the less polar compounds (Webster 
et al.  2008  ) . 

 The activity of crude extracts from plants against diverse microorganisms has 
been investigated by Tegegne et al.  (  2008  ) , who developed a screening program 
which involved testing crude extracts of more than 3,000 South African plants for 
antifungal activity.  Agapanthus africanus  (L.) Hoffm., an evergreen plant indigenous 
to South Africa, was identifi ed as one of the most potent. Crude methanolic extracts 
of all different plant parts markedly inhibited the mycelial growth of all test fungi, 
in vitro, at a concentration of 1 g/l. 

 Lee et al.  (  2007  )  examined the effect of different herb extracts alone or in 
combinations on some fungal strains, such as  Aspergillus niger ,  Botrytis cinerea , 
 Fusarium moniliforme ,  Glomerella cingulata , and  Phyllosticta caricae . The extracts 
from  Cinnamomum cassia ,  Coptidis rhizoma , and  Curcuma longa  exhibited a signifi -
cant inhibitory effect on fungal growth, and special attention was given to these 
extracts because of their pleasant fl avor. It was also found that the various combina-
tions of herb extracts have a higher inhibitory effect towards the fungi tested than 
that of individual extract. These results indicate that the combinations of extracts of 
 C. cassia ,  C. longa , and  C. rhizoma  have a synergistic effect on the fungi tested. 
Therefore, the combined herb extract is preferential for incorporation into various 
food products where a naturally antimicrobial additive is desired.  

    9.2.2   Medicinal Plants 

 Since antiquity, medicinal plants have been well-known natural sources of treat-
ment of various diseases. In Asia, Latin America, Africa, and India about 20,000 
plant species are known to be used for medicinal purposes. The extensive use of 
natural plants as primary remedies, owing to their pharmacological properties, is 
quite common in various parts of the world. Plants such as  Withania somniferum , 
known as  ashwagandha  in ayurvedic traditional medicine,  Aegle marmelos  (bael 
tree),  Piper nigrum  (black pepper), and  Panax notoginseng  (ginseng) are known to 
have antifungal activity owing to lactones, terpenoids, alkaloids, and saponins, 
respectively. Most of the studies on extracts or essential oils of medicinal plants 
were performed on phytopathogenic fungi. The bael tree ( A. marmelos ) is indige-
nous to India, and various parts of the plant are used in traditional Indian medicine 
for the treatment of many diseases. The bael tree essential oil exhibited a considerable 
degree of inhibition of spore germination of various phytopathogenic fungi, including 
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 Fusarium  and  Alternaria  (Rana et al.  1997  ) . Extracts of another plant used in Indian 
medicine,  Pseudarthria viscida  (L.), also effectively inhibit  Fusarium ,  Alternaria , 
and  Aspergillus niger  (Deepa et al.  2004  ) . Many species of  Hypericum  ( Hypericaceae  
or  Guttiferae ) are used in folk medicine in various regions of the world, including 
Turkey. In recent years,  Hypericum  species have attracted much attention because 
of their antidepressant, antianxiety, antiviral, antimicrobial, and wound healing 
activities. Acetone and methanol extracts of  Hypericum linarioides  showed inhibitory 
effects on the growth of species of  Fusarium  and  Alternaria  (Cakir et al.  2005  ) . 

 Quiroga et al.  (  2001  )  investigated the antifungal activity of the ethanolic extracts 
of ten Argentinean plants used in native medicine, and found that alcoholic extracts 
of  Zuccagnia punctata  and  Larrea divaricata  have considerable in vitro activity 
against all fi lamentous fungi tested, which included members of the  Aspergillus, 
Penicillium , and  Fusarium  genera. The leaf pulp of  Aloe vera , commonly known as 
aloe vera gel, has been used since early times for a host of curative purposes in 
humans and animals. The results of Saks and Barkai-Golan  (  1995  )  indicate that the 
gel extract from leaves of  Aloe vera  possess an inhibitory effect on spore germination 
and mycelial growth of four common postharvest fungi:  P. digitatum, Alternaria 
alternata, B. cinerea , and  Penicillium expansum . 

  Adenocalymma alliaceum  Miers. (family Bignoniaceae), commonly known as 
“garlic creeper,” is native to the Amazon rain forests of South America. The leaves 
and fl owers are widely consumed by Brazilians as a substitute for garlic. The plant 
has a number of traditional medicinal properties: research has documented its 
analgesic, antiarthritic, anti-infl ammatory, antipyretic, antirheumatic, antitussive, 
depurative, laxative, and anthelmintic (vermifugal) properties. The most sensitive 
fungal strains against  Adenocalymma  aqueous extract were  Mucor  sp.,  Dreschlera  
sp.,  Fusarium roseum , and  Humicola  sp. The extract prevented spore germination 
of  Aspergillus fl avus  completely from a concentration of 15 mg/ml upwards (Shukla 
et al.  2008  ) .  

    9.2.3   Spices and Herbs 

 Spices and herbs were originally added to foods to change or improve taste, but can 
also be used to enhance shelf life because of the antimicrobial properties they possess. 
The antimicrobial activity of spices and herbs and their essential oils is well recog-
nized. Essential oils of thyme, cinnamon, bay, oregano, rosemary, sage, vanillin, 
and clove all possess antimicrobial activity, and several studies have reported results 
on their preservative action. 

 Some studies claim that the phenolic compounds present in spices and herbs 
might play a major role in their antimicrobial effects. Shan et al.  (  2007  )  reported a 
highly positive relationship between antibacterial activity and total phenolic content 
in a large number of spice and herb extracts. They also demonstrated that many 
plant extracts containing high levels of phenolics also possess strong antibacterial 
activity. They could be a potential source of inhibitory substances against some 
foodborne pathogens as well as antioxidant agents.  
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    9.2.4   Essential Oils and Oleoresins 

 Essential oils are aromatic oily liquids obtained from plant material (fl owers, buds, 
seeds, leaves, twigs, bark, herbs, wood, fruits, and roots). They are obtained princi-
pally using advanced distillation technology from spices and herbs. Modern distil-
lation techniques ensure that the most valuable fractions are preserved in the 
distillate. These components are highly odorous, volatile compounds of plant material 
that possess characteristic aroma and fl avor. An estimated 3,000 essential oils have 
been identifi ed, of which about 300 are commercially important, destined chiefl y 
for the fl avors and fragrances market. The greatest use of essential oils is in food (as 
fl avorings), perfumes (fragrances and aftershaves), and pharmaceuticals (for their 
functional properties). Individual components of essential oils are also used as food 
fl avorings, either extracted from plant material or synthetically manufactured. It has 
long been recognized that some essential oils have antimicrobial properties, but the 
relatively recent enhancement of interest in “green” consumerism has led to a 
renewal of scientifi c interest in these substances. Besides antibacterial properties, 
essential oils or their components have antiviral, antimycotic, antitoxigenic, anti-
parasitic, and insecticidal properties. These characteristics may be related to the 
function of these compounds in plants (Burt  2004  ) . 

 Plant essential oils are usually mixtures of several components. The oils with 
high levels of eugenol (allspice, clove bud and leaf, bay, and cinnamon leaf), cinna-
mamic aldehyde (cinnamon bark, cassia oil), and citral are usually strong antimicrobials. 
Activity of sage and rosemary is due to borneol and other phenolics in the terpene 
fraction. The volatile terpenes carvacrol,  p -cymene, and thymol are probably 
responsible for the antimicrobial activity of oregano, thyme, and savory. In sage the 
terpene thejone and in rosemary a group of terpenes (borneol, camphore, 1,8-cineole, 
 a -pinene, camphone, verbenonone, and bornyl acetate) are responsible for the 
activity (Holley and Patel  2005  ) . 

 The composition of essential oils from different parts of the same plant can also 
differ widely. For example, oils obtained from the seeds of coriander ( Coriandrum 
sativum  L.) have quite a different composition from oils of cilantro (coriander), 
which is obtained from the immature leaves of the same plant. 

 Although essential oils perform well in in vitro antimicrobial assays, it has gen-
erally been found that a higher concentration of essential oils is needed to have the 
same effect in foods. The greater availability of nutrients in foods compared with 
laboratory media may enable microorganisms to repair damaged cells faster. Not 
only are the intrinsic properties of the food (fat/protein/water content, antioxidants, 
preservatives, pH, salt and other additives) relevant in this respect, the extrinsic 
determinants (temperature, packaging in vacuum/gas/air, characteristics of micro-
organisms) can also infl uence sensitivity (Burt  2004  ) . 

 Oleoresins are the true essence of spices in their most concentrated form and the 
most preferred and convenient substitute for raw spices in the processed food 
industry. Oleoresins are spice or herb extracts produced by solvent extraction con-
taining volatile and nonvolatile components. The isolated nonvolatile components 
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consist of several chemical groups such as carotenoids, steroids, alkaloids, anthocyanins, 
and glycosides. This fraction can be essential for taste, mouthfeel, texture, and 
antioxidant properties of the foods. Oleoresins differ from essential oils as they 
account for all the fl avoring ingredients of a particular spice. They are free of micro-
organisms and may be standardized to a desired degree of fl avor strength. When 
edible fi lms are enriched with essential oils, the drying temperatures usually 
employed to form an edible coating are high enough to volatilize a high percentage of 
the aromatic components. The advantage of substituting essential oils for their 
corresponding food-grade oleoresins could lie in the introduction of other nonvolatile 
components, positively affecting food quality.  

    9.2.5   Antifungal Potential of Plant Extracts 
Against Toxigenic Fungi 

 Essential oils should fi nd a practical application in the inhibition of mycotoxin 
production in stored grains. The presence and growth of fungi in food may cause 
spoilage and result in a reduction in quality and quantity. The use of natural antimi-
crobial compounds is important not only for the preservation of food but also in the 
control of human and plant diseases of microbial origin. 

 Afl atoxin-producing molds are widely distributed in nature and are frequently 
the cause of contamination in human food resources. Afl atoxins are secondary 
metabolites produced by toxigenic strains of  A. fl avus  and  Aspergillus parasiticus . 
These fungi grow rapidly on a variety of natural substrates, and consumption of 
contaminated food can pose serious health hazards to human and animals.  Apergillus  
species are known to produce afl atoxins in a variety of food and feedstuffs. Chemicals 
are currently used to limit the growth of hazardous fungi such as  A. fl avus  and  A. 
parasiticus  in stored foods. In recent years there has been considerable interest in 
the preservation of grains through the use of essential oils that are known to retard 
growth and mycotoxin production. Many investigators used essential oils such as 
cinnamon, peppermint, basil, and thyme to protect maize kernels against  A. fl avus  
infection, without affecting germination and corn growth (Soliman and Badeaa 
 2002  ) . The fi ndings indicate that essential oils should have a practical application in 
the inhibition of mycotoxin production in food products and could be added to 
grain in storage to protect it from fungal infection. 

  A. parasiticus , as food contaminant, has received little attention as far as essen-
tial oils are concerned. Allameh et al.  (  2001  )  investigated the effect of neem leaf 
extract on the afl atoxin production by  A. parasiticus.  The neem ( Azadirachta indica  
Juss) is an ornamental tree of the arid areas of Asia and East Africa. The plant 
extract at a concentration of 50% v/v (1:1 with the culture medium) caused more 
than 90% inhibition in afl atoxin production. Essential oils of  Thymus eriocalyx  and 
 Thymus X-porlock  were inhibitory to fungal development and afl atoxin production 
by  A. parasiticus  at low concentrations (250 ppm) (Rasooli and Owlia  2005  ) . Both 
fungal growth and afl atoxin biosynthesis by  A. parasiticus  were suppressed by essential 



212 V.F. Pinto et al.

oils from  Rosmarinus offi cinalis  and  Trachyspermum copticum  L. The inhibitory 
effect of the oils increased in proportion to their concentrations. Afl atoxin produc-
tion was signifi cantly inhibited at lower than fungistatic concentration of both oils 
(Rasooli et al.  2008  ) . Essential oils could be safely used as preservative materials on 
some kinds of foods, not only to prevent fungal growth but also to reduce the risk of 
mycotoxins. These oils could be used as a substitute for chemical fungicides as they 
are natural and are nontoxic to humans.   

    9.3   Hurdle Technology 

 Hurdle technology, which involves the use of a combination of preservation 
approaches, has generally been successful in controlling pathogens and maintaining 
food quality during storage, but food safety issues remain. Food preservation is 
performed during food processing in an attempt to maintain raw material quality to 
provide safe products that have a low spoilage potential. This is mainly achieved 
through purposely designed processing that varies from one product to another. 
Hence, in preservation processes the general aim is to employ combination processes 
where, for example, a mild heat stress and a low concentration of preservatives are 
combined to fulfi ll the objectives. Combination of preservation treatments permits 
the required level of protection to be reached, while at the same time retaining the 
organoleptic qualities of the products. The natural preservatives’ potential in 
combination with other treatments may lead to the development of novel mild 
preservation regimes (Brul and Coote  1999  ) . 

    9.3.1   Physical and Chemical Methods Used To Reduce 
the Microbial Load of Fresh Products 

 With respect to microbiological safety and extension of the lifespan of products that 
are consumed and commercialized fresh, such as fruits and vegetables, numerous 
physical and chemical methods that reduce the microbial load can be applied. Each 
method has advantages and disadvantages depending upon the type of product, mit-
igation protocol, and other variables. 

 The traditional method to extend the useful life of these products is storage at 
refrigeration temperatures. Nevertheless, these temperatures alone cannot be relied 
on to prevent the development of molds causing spoilage, since many molds are 
capable of developing at low temperatures. 

 Other methods are the physical removal of microorganisms by washing and 
brushing and the application of solutions of hypochlorite, chlorine dioxide (ClO 

2
 ), 

alkaline compounds, organic acids, peracetic acid, and hydrogen peroxide, among 
others. In the fi rst case, the products are washed superfi cially by oscillating brushes 
for the physical removal of soil and microorganisms. This is frequently performed 
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with a detergent, followed by rinsing with potable water. Nevertheless, the brushing 
process also removes a portion of the natural waxy cuticle on the surface of the 
product that acts as a barrier to microorganisms. In the second case, hypochlorite 
has a long history of use. The material corrodes the equipment and chlorine residues 
might have adverse effects on health. The major advantages that chlorine dioxide 
has over hypochlorous acid (HOCl) or hypochlorites are its lower levels of 
reactivity with organic matter, superior antimicrobial activity in media at neutral 
pH, and lower levels of chlorinated residues. Nevertheless, the lesser stability of 
chlorine dioxide might be a problem. Another commonly used method of food pres-
ervation is acidifi cation. The organic acids and their esters are widespread in nature; 
they are found in fruits, examples being citric acid in the citrus fruits, benzoic acid 
in blueberries, and sorbic acid in the fruit of the ash tree ( Fraxinus  species). Several 
organic acids are found in spices. Lactic acid is also found in animal tissues. Today, 
certain organic acids are used to help the preservation of diverse products. The organic 
acids are highly effective and inexpensive means used for the prevention of growth 
of yeasts and fungi that cause food spoilage. Peracetic acid is a strong oxidizing 
agent that is much less corrosive than chlorine compounds. In addition, peracetic 
acid has a greater spectrum of action and is effective in the presence of organic matter. 
Peracetic acid is used at low concentrations and is environmentally friendly as it 
rapidly breaks down to water, oxygen, and acetic acid. Peracetic acid does not stain 
and has long-term stability when stored as a concentrate. 

 Hydrogen peroxide owes its antimicrobial activity to its properties as an oxidizing 
agent and to its capacity to generate other cytotoxic oxidizing species such as hydroxyl 
radicals. Their bactericidal, sporicidal, and inhibitory activities, coupled with rapid 
breakdown to nontoxic products, make it an attractive alternative for application in 
numerous commodities and in the food industry (FDA/CFSAN  2001  ) .   

    9.4   A Case Study 

 The case study concerns the application of mild preservation treatments combined 
with plant extracts to control  Alternaria  diseases in tomato. 

    9.4.1   Hurdle Technology and Its Application 
to Fruits and Vegetables: Combined Methods 

 A variety of mitigation regimens and sanitizers are available to reduce microbial 
populations on different types of produce. Washing and sanitizing effi ciencies 
depend on several factors, such as the characteristics of the surface of the produce, 
water quality, cleaner/sanitizer used, contact time, and presence and type of scrub-
bing action. On the basis of reported data, it is likely that different sanitation mitiga-
tion strategies are needed for different produce items. The concept of using multiple 
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intervention methods is analogous to hurdle technology, where two or more 
preservation technologies are used to prevent growth of microorganisms in or on 
foods. To adequately address safety issues associated with fresh produce, it is neces-
sary to enhance the quantity and quality of research on mitigation strategies. A few 
requisites include determination of additive, antagonistic, or synergistic effects of 
sanitation treatments when used in combination. The hurdle concept can be applied 
to the sanitization of fruits and vegetables. The principal form of marketing of these 
products is as fresh produce. Thus, these products are perishable and highly suscep-
tible to fungal diseases. The spores spread, remain on the surface, and germinate 
when mature, even in refrigeration conditions. A great quantity of fungicides have 
been used to extend the useful life of these products; nevertheless, there is a trend to 
opt for organic produce. With such a trend, the essential oils and the oleoresins may 
prove to be a viable alternative. In combination with other nonharmful and organi-
cally acceptable methods, such as previous washing with solutions of organic acids 
or hydrogen peroxide, they might turn out to be an excellent alternative to extend 
the shelf life of fruits and vegetables.  

    9.4.2   Tomato and Tomato Products 

 Tomatoes are one of the most used fruits    in the world with one of the highest pro-
cessing volumes in the world. The production is destined for fresh consumption and 
for industry, where the tomatoes are converted into tomato puree, pulp, juice, sauces, 
etc. Around 60% of the industrialized tomato fraction is used in the production of 
tomato paste, which is reprocessed by the adding of water, spices, and other ingre-
dients, and then is packed and sold as “tomato puree.” Because of their thin skin, 
tomatoes are very susceptible to fungal decay, and  Alternaria  is the most common 
fungus found on moldy tomatoes.  A. alternata  is the causative agent of black mold 
of ripe tomato fruits, a disease that frequently causes substantial loss of tomatoes, 
especially those used for canning. 

 The genus  Alternaria  contains numerous species that are both saprophytic and 
pathogenic with regard to many plants, including several plants used for food. 
During the colonization of the host, the pathogen can produce toxic metabolites in 
the infected plants that are hazardous to human health.  Alternaria  species are known 
to produce at least 70 secondary metabolites. Some species, in particular  A. alter-
nata , can produce mycotoxins in infected plants. High levels of toxins were found 
in fruits and vegetables such as apples, mandarins, peppers, olives, and tomatoes. 
 Alternaria  toxins have also been found in several other agricultural commodities, 
including wheat, sunfl ower seeds, oilseed rape, sorghum, and pecans. 

 Considering that  Alternaria  spp. are the most frequent fungal species invading 
tomatoes and their toxigenic capacity, the presence of this fungus must be prevented 
in tomatoes and tomato products (Terminiello et al.  2006  ) .  
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    9.4.3   In Vitro Antifungal Activity of Organic Acids, 
Sanitizers, and Oleoresins 

 The effect of organic acids and sanitizers on the load reduction of  Alternaria  spores 
has been investigated. The effi ciency of these sanitizers and organic acids was chal-
lenged with a suspension of  Alternaria  strains (10 4  spores/ml) isolated from toma-
toes. The spore suspension was mixed with 0.05%, 0.5%, and 1% solutions of acetic 
acid, citric acid, salicylic acid, sodium benzoate, sodium lactate, and potassium 
sorbate. After 30 s, the solutions were neutralized and the number of surviving 
spores was determined on potato dextrose agar. One logarithmic reduction of the 
number of  Alternaria  spores was achieved with 0.05% sodium benzoate, 0.05% 
salicylic acid, 0.5% acetic acid, 0.5% potassium sorbate, and 1% sodium lactate 
solutions. An inhibitory effect of 100% was observed with 0.5% of salicylic acid. 

 Peracetic acid and hydrogen peroxide were assayed with the same method. 
The concentrations employed were 0.05%, 0.10% ,and 0.3% for peracetic acid and 
1.5% and 3.0% for hydrogen peroxide. At a low exposure time (30 s) no inhibition 
was observed. One logarithmic reduction was observed with 0.05% peracetic acid 
and 1.5% hydrogen peroxide after 15 min. An inhibitory effect of 100% was 
observed only with 0.3% peracetic acid and 3% hydrogen peroxide. 

 The inhibitory effect of mace, oregano, paprika, and pepper oleoresins on the 
mycelial growth of  Alternaria  strains was also evaluated. The inoculum of  Alternaria  
spores was placed on potato dextrose agar plates and concentrations of 0.1, 3.0, 7.0, 
10.0, 14.0, and 25.0 mg/ml of each oleoresin were added. The plates were incubated 
for 7 days at 25°C. The inhibitory effect was measured on the basis of the percent 
radial growth compared with control colonies. Oregano and pepper oleoresins 
showed the highest inhibitory effect. At concentrations of 7 mg/ml for oregano and 
14 mg/ml for pepper, 100% inhibition was observed. Inhibition was also observed 
at the lowest concentrations of both oleoresins.  

    9.4.4   Application of Disinfection Processes to Tomato Fruits 

 A fi rst disinfection was performed by washing the fruits with potable water and then 
dipping them in a solution of 10:1 water–sodium hypochlorite. The tomatoes were 
then inoculated by puncture with a solution of 10 4   Alternaria  spores per milliliter 
and were then dried for 1 h in a laminar fl ow cabinet. After they had been dried, the 
fruits were dipped into the selected solutions for 2 min and kept in an incubator at 
12°C and 90% relative humidity for 10 days (Fig.  9.1 ).  

 The solutions with the best performance in the in vitro assays were applied either 
alone or in combination on tomato fruits. 

 The treatments assayed were:

    1.    Acetic acid 0.5%  
    2.    0.1% acetic acid plus 0.05% salicylic acid  



216 V.F. Pinto et al.

    3.    0.3% peracetic acid  
    4.    1.5% hydrogen peroxide  
    5.    3.0% hydrogen peroxide  
    6.    7 mg/ml oregano oleoresin  
    7.    0.5% acetic acid plus 7 mg/ml oregano oleoresin     

 The best results were obtained by a fi rst treatment with 0.5% acetic acid plus 
7 mg/ml oregano oleoresin. This combined treatment did not permit fungal growth, 
did not affect the organoleptic properties of the fruit, closed the fruit injuries, and 
improved the visual quality of the tomatoes by making them glossier and healthier 
(Fig.  9.2    ).    

Superficial disinfection
Hipoclorite solution 10%

Washing
Potable water

5 min

2 min

Drying
Laminar cabinet

Rinsing
Sterile water

90 min

twice

Drying
Laminar cabinet

Inoculation
Spore suspension

60 min

20 µl

Drying
Laminar cabinet

Dipping
Treatment solution

90 min

2 min

Storage
Regulated Incubator

10 days
T: 12.5 �C HR: 90%

  Fig. 9.1    Method of 
application of selected 
treatments on tomatoes. 
 RH  relative humidity       
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    9.5   Conclusion 

 The current world trend for trying to achieve a healthier lifestyle has led to increased 
demand for convenient fresh foods free from additives with high nutritional value. 
Fresh-cut unprocessed fruit and vegetable offer great advantages to consumers who 
perceive them as good because of their high quality and less wastage coupled with 
reasonable price. To achieve quality fresh-cut produce and the best possible safety 
levels it is necessary to implement improved strategies through introduction of or 
combination of sustainable techniques for sanitation. Plant extracts in combination 
with other safe treatments are a good alternative for the prevention of fungal infec-
tion of fresh products and could be applied before harvest, during processing, and 
during storage or shipping.      
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           10.1   Introduction 

 Mycotoxins    are toxic, structurally diverse, secondary metabolites produced by a wide 
range of molds which infect food, feed, and agricultural commodities. Mycotoxin 
contamination is one of the major problems detected in maize commercialization. 
The levels of contamination change from year to year and with the season and are 
also infl uenced by geographical variations. 

 Although a large number of mycotoxins are known to be produced by toxigenic 
fungi, especially under suitable culture conditions, relatively few occur naturally in 
maize that are considered to have health and/or economic impact. 

 These toxic compounds could be harmful to different “target organs,” such as liver, 
hematological tissues, and kidney, through biochemical mechanisms that interfere 
with protein synthesis and/or carbohydrate metabolism (Jolly et al.  2007 ; Meky et al. 
 2003 ; Pestka and Smolinski  2005 ; Shephard  2008 ; Wagacha and Muthomi  2008  ) . 

 Food safety is one of the principal requisites of the world food market; hence, 
producers and governments must ensure the quality and safety of foodstuffs. 
The control of mycotoxins in cereal products is one such requisite. The Food and 
Agriculture Organization (FAO) estimates that at least 25% of world cereal produc-
tion is contaminated with mycotoxins (JECFA  2001  ) . 

 The present limits and their enforcement in international trade have created 
greater awareness of the problem of mycotoxin contamination in maize and the 
maize processing industry. Consequently, international attention has become more 
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focused on the occurrence of mycotoxins and the establishment of measures for 
contamination control. 

 Maize has been an important part of the human food supply dating back thousands 
of years to the great Mesoamerican civilizations of the Aztecs, Mayans, and Incas. 
By the time Europeans arrived in the Americas in the late fi fteenth century, maize 
was well established as an agricultural crop throughout South America, Central 
America, North America, and the Caribbean islands 

 Maize is used for animal feed and human food and to different extents, which 
are country-dependent. As an example, Mexico has maize as a staple food, but 
maize consumption is as low as 13 g per person per day in Chile. Figure  10.1  shows 
maize consumption in different geographical regions obtained from the Food Balance 
Sheet ( 2002 ) published by FAO.  

 From the nutritional point of view, in Table  10.1 , the wide variability of proteins, 
carbohydrates, and fats in maize fl our are shown. Maize composition depends on 
various factors, such as soil composition, climatic conditions, management, and 
harvest region. Different hybrids have been developed around the world, and a range 
of compositions are known as shown in Table  10.2 .   

 The strategies for reducing mycotoxin concentrations in maize are currently 
under development. Some approaches are directed toward resistance to infection 
or infection reduction in the grain, whereas others are aimed at detoxifi cation of 
contaminated maize. To reduce contamination by natural mycotoxins, strategies 
for grain handling have been developed or are under development (Abramson 
et al.  2005 ; Ariño et al.  2009 ; Bandyopadhyay et al.  2007 ; Biernasiak et al.  2006 ; 
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  Fig. 10.1    Maize consumption prepared from Food Balance Sheets  (  2002  )        

   Table 10.1    Amounts of proteins, carbohydrates, and fats per 100 g of maize (Taken from Pacin 
 2006  )    
 Proteins  Amount (g)  Carbohydrates  Amount (g)  Fats  Amount (g) 

 Maize  9.6  Flour maize  92.0  Maize  3.5 
 Flour maize  9.0  Flour maize  76.0  Flour maize  3.4 
 Flour maize  8.7  Flour maize  74.5  Flour maize  1.0 

 Maize  73.9 
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Blandino et al.  2009 ; Bullerman and Bianchini  2007 ; Castells et al.  2005 ; Cenkowski 
et al.  2007 ; Dorner  2009 ; Fandohan et al.  2006 ; Hazel and Patel  2004 ; Ioos et al. 
 2005 ; JECFA  2001 ; Kabak  2009 ; Lauren and Smith  2001 ; Meister and Springer 
 2004 ; Miller  2008 ; Neira et al.  1997 ; Pacin et al.  2009 ; Park and Kim  2006 ; 
Pirgozliev et al.  2003 ; Scudamore and Banks  2003 ; Samar et al.  2007 ; Trigo-Stockli 
 2002 ; Vigier et al.  2001 ; Wagacha and Muthomi  2008  ) . 

 Several issues have to be taken into account when discussing grain mycotoxin 
contamination levels. The issues include sampling plan design, occurrence of myc-
otoxins, and analytical method for evaluating handling procedures. 

 This focus of this chapter is on sieving process, with the purpose of analyzing the 
potential reduction of mycotoxin contamination in the cleanup step before maize 
storage.  

    10.2   Brief Review of Concepts Related to Mycotoxin 
Contamination 

 Cereals can be contaminated in the fi eld and after harvest by fungi that may produce 
mycotoxins, and crop handling practices do not adequately control fungal contamina-
tion. There is some fungus contamination associated with maize, as shown in 
Table  10.3 , that is known to be toxigenic (Baird et al.  2008 ; Broggi et al.  2007 ; Folcher 
et al.  2009 ; González et al.  1987,   1988,   1995,   2001 ; Moltó et al.  1997 ; Pacin et al. 
 2001 ; Resnik et al.  2003a,   b ; Torres et al.  1998 ; Solovey et al.  1999  ) .  

 The most frequently isolated toxigenic fungi (Logrieco et al.  2002 ; Pacin et al. 
 2002 ,  2003 , Pacin & Resnik  2007 ; Resnik et al.  1995 ,  1996a ) are  Fusarium 
verticilliodes ,  Aspergillus fl avus , and  Fusarium graminearum,  and if the climatic 
conditions are favorable, these molds produce fumonisins, afl atoxins, deoxynivalenol, 
and zearalenone. The chemical structures are shown in Fig.  10.2 . The total 
afl atoxin contamination level is the sum of the contamination levels of afl atoxin B 

1
 , 

afl atoxin B 
2
 , afl atoxin G 

1
 , and afl atoxin G 

2
 .  

 The groups of fumonisins that occur in nature belong to the fumonisin B series. 
The most important ones are fumonisins B 

1
 , B 

2
 , and B 

3
 . In general, total fumonisins 

is considered to be the sum of fumonisins B 
1
 , B 

2
 , and B 

3.
  

 On the other hand, afl atoxins B 
1
  and B 

2
  are more frequent in temperate weather, 

whereas in tropical countries afl atoxins G 
1
  and G 

2
 , can also be found at high levels. 

   Table 10.2    Range of chemical compositions of different 
types of maize, based on “Maize from human nutrition” 
(Food and Agriculture Organization of the United Nations 
(FAO)  1992  )    
 Component  Content (% wet basis) 

 Moisture  9.5–12.3 
 Ash  1.2–2.9 
 Protein  5.2–13.7 
 Crude fi ber  0.8–2.9 
 Carbohydrates  66.0–75.9 



   Table 10.3    Toxins able to be produced by the maize isolated fungal species in Argentina   
 Fungi  More frequent toxins  Other toxins 

  Alternaria alternata   Tenuazonic acid, alternariol, 
alternariol monomethyl ether 

 Altenuen, altertoxins I and II 

  Aspergillus fl avus   Ciclopiazonic acid, afl atoxins 
B 

1
 , B 

2
 , G 

1
 , and G 

2
  

  Aspergillus niger   Ochratoxin A, malformins 
  Fusarium equiseti   ZEA, T2, HT2, NEO, DON, 

15-acetylDON, NIV 
 FX, equisetin, enniatin, 

culmorin, clamidosporol, 
butenolide, zearalenone 
4-sulfato, fusarocromanona, 

  Fusarium graminearum   DON, 3-acetylDON, 
15-acetylDON, ZEA 

 NIV, T2, HT2, DAS, NEO, 
butenolide, culmorin, 
sambucinol, calonectrin, 
fusarins 

  Fusarium heterosporum   T2 
  Fusarium oxysporum   MON  ZEA, wortmannin, NIV, FX, 

sambucynin 
  Fusarium semitectum   ZEA, DAS, NIV, T2, NEO  FX, equisetina, beauvericin 
  Fusarium sporotrichioides   ZEA, T2, HT2, T-2 triol, 

T-2 tetraol 
  Fusarium subglutinans   MON  Fumonisin B 

1
  

  Fusarium verticillioides   Fumonisins B 
1
 , B 

2
 , B 

3
 , and B 

4
   Fusarins A, C, D, E, and F, 

fusaric acid 
  Fusarium proliferatum   Fumonisins B 

1
 , B 

2
 , and B 

3
 , MON  Fusaric acid 

  Penicillium citrinum   Citrinin 
  Penicillium funiculosum   Patulin 

   ZEA  zearalenone,  T2  T2 toxin,  HT2  HT2 toxin,  NEO  neosolaniol,  DON  deoxynivalenol,  NIV  
nivalenol,  MON  moniliformin,  DAS  diacetoxyscirpenol,  FX  fusarenon X  

  Fig. 10.2    Chemical structure of zearalenone ( a ), deoxynivalenol ( b ), fumonisins ( c ), and afl atoxins ( d )       
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Zearalenone and fumonisins are widely distributed, but maize contaminated by 
deoxynivalenol is found more frequently in the north than in the south of the world. 

 The analytical method and sampling plans must be taken into account to evaluate 
grain mycotoxin contamination levels. 

 The use of reliable and robust analytical methods that are effective for both raw 
maize and maize screenings is vital for studying the effect of processing on the 
mycotoxin contamination level. AOAC International and CEN (the European 
Standardization Committee, the European equivalent of the ISO) have a number of 
standardized methods of analysis for mycotoxins that have been validated in formal 
interlaboratory method validation studies, and this number is gradually growing. 
The latest edition of  Offi cial Methods of Analysis of AOAC International  contains 
approximately 40 validated methods for mycotoxin determination. The CEN has 
produced a document that provides specifi c criteria for various mycotoxin methods.
The reader is referred to the following references for information on methods, vali-
dation aspects, profi ciency testing, and use of certifi ed reference materials: Berthiller 
et al.  (  2007  ) , Castegnaro et al.  (  2006  ) , Krska et al.  (  2008  ) , Macarthur et al.  (  2006  ) , 
Samar and Resnik  (  2002  ) , Trucksess and Pohland  (  2002  ) , Trucksess  (  2006  ) , and 
Van Egmond and Jonker  (  2004  ) . 

 Appropriate sampling plans are essential to ensure that the analytically derived 
results for a sample are representative of the true concentration of a lot (Blanc  2006 ; 
Champeil et al.  2004 ; Coker  1998 ; Coker et al.  2000 ; Johansson et al.  2000a,   b,   c ; 
Macarthur et al.  2006 , Resnik et al.  2003d , Spanjer  2007 ; Spanjer et al.  2006 ; 
Whitaker  2004 ,  2006 ; Whitaker et al.  1998,   2007  ) . The mycotoxin concentration of 
a lot is usually estimated by measuring the mycotoxins in a small portion of a lot. 
The mycotoxin concentration in the lot is assumed to be the same as in the sample. 
The only way to determine the true value of contamination is to analyze all the lot, 
which involves use and destruction of the whole lot, which is not economically 
feasible. There is therefore always a degree of uncertainty about the true value of the 
lot. The two important uncertainties are accuracy and precision. Accuracy is defi ned 
as the closeness of the measured values and the true contamination level. Precision 
is associated with variability and is usually associated with the mycotoxin distribution 
among contaminated particles in the lot. Collecting a representative sample is there-
fore critical to obtain accurate estimates of mycotoxin concentration. Studies have 
shown the most important component of test result variability is lack of sample 
homogeneity. Figure  10.3  shows the distribution of the coeffi cients of variation for 
afl atoxin level assessment (adopted from Whitaker  2004 ).  

 The total variability associated with a mycotoxin test procedure is equal to the 
sum of the sampling, sample preparation, and analytical variances associated with 
each step of the mycotoxin test procedure (Samar et al.  2003  ) . For a maize lot with 
a contamination level of 2 mg/kg total fumonisins, the coeffi cients of variation asso-
ciated with sampling (1.1 kg sample), sample preparation (Romer mill and 25 g 
analytical portion), and analysis by high-performance liquid chromatography were 
16.6, 9.1, and 9.7 %, respectively, and were independent of the fumonisin type (B 

1
 , 

B 
2
 , B 

3
 , or total). The coeffi cient of variation associated with the total test procedure 

(sampling, sample preparation, and analysis) was 21.4% (Whitaker et al.  1998  ) . 
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 The sampling coeffi cients of variation depend on the mycotoxin type and type of 
product studied, but generally show that sampling variance is a function of concen-
tration and decreases with it.  

    10.3   Brief Review of Concepts Related to Cleaning 

 Cleaning is the unit operation in which contaminating materials are removed from 
the grain. The type of contaminants found on raw maize range from stones and 
metals to microbial products such as fungi and mycotoxins. 

 The procedures for cleaning are categorized into wet (e.g., soaking, spraying, 
fl otation washing, and ultrasonic cleaning) and dry (separation by air, magnetism, 
or physical methods) procedures. The selection of a cleaning procedure is deter-
mined by the nature of the product to be cleaned and by the types of contaminant to 
be removed. 

 Dry cleaning procedures are used for grains that are small, have great mechanical 
strength, and possess relatively low moisture content. The main groups of equipment 
used for dry cleaning are classifi ers (use a moving stream of air to separate contami-
nants by differences in their densities, as they are used in most of the new harvesting 
machines), magnetic separators, and separators based on screening. 

  Fig. 10.3    Coeffi cients of variation ( CV ) for sampling, sample preparation, and analysis when 
testing shelled maize for afl atoxin.  HPLC  high-performance liquid chromatography. (adopted from 
Whitaker  2004 )       
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 Screening, segregation, or sieving is a mechanical process, which implies use of 
a net made from metal wire with well-defi ned spacing between the wires (sieve). 
Only particles with a dimension smaller than the openings can pass through. 

 Maize sieving can be considered a process with particles changing orientation in 
a random manner both in time and in space. The physical parameters affecting the 
cleaning process obtained from the literature are broadly grouped into crop charac-
teristics and machine parameters (Simonyan and Yiljep  2008 ; Simoyan et al.  2006  ) :

    1.    Crop factors are crop variety, maturity stage, grain and straw moisture content, 
bulk density of the grain, and grain diameter.  

    2.    Machine factors are frequency of sieve oscillations, amplitude of oscillation, 
sieve slope, length and width of the sieve, diameter of the sieve holes, threshing 
speed, velocity of air, air stream pressure and density, angle of air direction, and 
terminal velocity of particles.     

 Physical procedures generate little heat other than that caused by the operation of 
the machinery for cleaning, so no signifi cant thermal breakdown of mycotoxins is 
expected at this stage. A better understanding and quantifi cation of the cleaning 
process would provide a means of predicting cleaning effi ciency and reduction of 
the level of mycotoxins.  

    10.4   Case Study 

 Molds and mycotoxins are often concentrated in dust and broken grains or in the 
outer seed coats of the maize grains, which are more susceptible to fungal infection 
and toxin contamination (Brekke et al.  1975 ; Brera et al.  2006 ; Broggi et al.  2002 ; 
Saunders et al.  2001 ; Scudamore and Banks  2003  ) . So, cracked, broken, and 
otherwise damaged maize can contain quite high level of mycotoxins, and 
removing these kernels from normal maize is an important step in controlling 
residues. Research fi ndings on how the cleaning process affects the retention of 
mycotoxins in maize have been reported by Fandohan et al.  (  2006  ) , Jouany  (  2007  ) , 
Malone et al.  (  1998  ) , Saunders et al.  (  2001  ) , Scudamore and Banks  (  2003  ) , 
Sydenham et al.  (  1994  ) , and Vanara et al.  (  2009  ) . 

 In Argentina, the equipment often used for cleaning fi rst removes stones or larger 
contaminants as bags or cobs (Fig.  10.4 ). The grain is exposed to air currents to help 
remove minor contaminating matter. The next stage involves separation by size on 
sieves to remove maize screenings or broken maize kernels. Compared with other 
grains, maize has a unique shape and low specifi c gravity and the maize kernels are 
the largest cereal seeds.  

 Figure  10.5  shows a photograph of the equipment evaluated in this case, and in 
Fig.  10.6 , maize kernels can be seen on the sieve.   

 The sieve dimensions were 1.5-m width and 2.5-m length, with the fi rst sieve of 
11 mm at an angle of 7° screening inclination and the next six sieves with a 6° incli-
nation. The maximum output is 105 t/h, and the equipment was operated at an aver-
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  Fig. 10.4    Sieve size from 10 to 14 mm       

  Fig. 10.5    Grain cleaning machine: Garelli model NG 1050/T3       

age speed of 85 t/h. The sieve oscillation frequency was 3.4 1/s and the amplitude 
was 56 mm. 

 The bulk density was 78.40 kg/hl, the maize moisture content was 14.50% on a 
wet basis, the maize was physiologically mature, and 85% of the grain was retained 
on an 8-mm sieve   . 

 Information in this case study is related to afl atoxins B 
1
 , B 

2
 , G 

1
 , and G 

2
 , zearale-

none, deoxynivalenol, and fumonisins B 
1
 , B 

2
 , and B 

3
 , which were analyzed in maize 

screening with six sieves of 7 mm. During the cleaning of 1,024 t of maize, 100 
samples of unclean maize were taken. Every 2 min, 550 g was collected. In a similar 
way, 100 samples of screenings (under sieve) and 100 clean maize samples were 
taken; 944 t of clean maize was obtained. 
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 Deoxynivalenol contamination was not detected in all 300 samples. The level of 
contamination by afl atoxins and zearalenone in the original maize (uncleaned 
maize) before screening was lower than expected. Nevertheless, some important 
conclusions could be reached. The mean levels of mycotoxins (Figs.  10.7 ,  10.8 ) 

  Fig. 10.6    Maize over the sieve       

  Fig. 10.7    Mean levels of alfatoxins (sieve 7 mm) (Resnik et al.  2003c  )        
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were lower in clean maize (over sieve) than in uncleaned maize. In both cases in 
nearly half of the uncleaned maize samples no contamination was detected, but the 
screenings always had greater mycotoxin levels than uncleaned and cleaned maize.   

 The levels of fumonisin contamination were quite different from those of the 
former mycotoxins because all samples were contaminated. But in all cases fumonisin 
found in grain not retained by the sieve was at greater levels than in clean maize. 

 The clean maize was less contaminated by fumonisins B 
1
 , B 

2
 , and B 

3
 , but a 

number of samples still had high levels, rendering them unsafe for consumption.  

    10.5   Economic Implication 

 Afl atoxins and other mycotoxins cost maize growers millions of dollars every year. 
This cleaning process could be useful if it were available on the market. The use of 
different mesh sizes should be based on the reduction of contamination and fraction 
yield. The design must take into consideration the need for a compromise between 
effi ciency (yields) and costs. 

 Cleaning effi ciency (purity) was obtained by the procedure detailed by the 
National Institution of Agricultural Engineering (NIAE  1952  ) :

     η = ´
+

0

0 cg

100,
G

G C    (1)  

where   h   is the cleaning effi ciency (%),  G  
0
  is the weight (kg) of pure grain at the 

outlet (cleaned maize), and  C  
cg

  is the weight (kg) of contaminant (screenings).

  Fig. 10.8    Mean levels of zearalenone (sieve 7 mm)       
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In this case study with the 7-mm sieve, 92% cleaning effi ciency and 8% screenings 
were obtained. The concentration of fumonisins was reduced from 7,847.2  m g/kg in 
the uncleaned maize to 3,638.1  m g/kg in the clean fraction, whereas the levels in the 
screenings reached 17,754  m g/kg. Through the application of different sieve sizes it 
is possible to obtain better reduction of mycotoxin contamination in the cleaned 
maize, but this would imply an enormous quantity of screenings, which would not 
be possible for foods or feeds. Such retention levels could be impracticable and 
potentially render the process nonviable.  

    10.6   Safety Issues 

 Maize utilization can be divided into that which is consumed with minimal preparation 
and that involving substantial value-added processing. An example of the former is 
the maize that can be used directly by livestock to produce meat and dairy products. 
In such a case, contaminated maize screenings could cause harmful effects, so the 
development of inexpensive processes to diminish such contamination would be 
benefi cial. 

 European Commission Regulation (EC) No. 1881/2006 sets maximum levels 
that were implemented in 2006 for certain mycotoxins in foodstuffs. Limits for 
fumonisins B 

1
  and B 

2
  (fumonisin B 

1
  plus fumonisin B 

2
 ) include 2,000  m g/kg in 

unprocessed maize, 1,000  m g/kg in maize fl our, grits, germ, semolina, and refi ned 
maize oil, 400  m g/kg in maize-based foods for direct consumption, and 200  m g/kg 
in processed maize-based foods and baby foods for infants and young children. New 
regulations on mycotoxin levels in feeds are proposed as a result of research in the 
fi eld and levels of acceptability are adjusted accordingly.  

    10.7   Concluding Remarks 

 Mycotoxins are usually concentrated in the bran and outer layers of grains and are 
present at reduced levels in the endosperm. The sieving process reduces mycotoxin 
contamination. 

 Argentinian maize usually has low contaminations levels of deoxynivalenol, 
afl atoxins, and zearalenone and over-sieve fractions are almost “clean” (for these 
levels of afl atoxins and zearalenone), and it could be expected that food and feed 
produced with this “clean maize” should be free of these mycotoxins. But the situ-
ation was not the same in the case of fumonisins, because the heavily contaminated 
unclean grains, in spite of the reduction of levels in clean maize, were not free of 
this toxin. 

 The sieving process reduced the concentration of fumonisins in a step-by-step 
manner, but could not eliminate all contamination in the fi nal products.  
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    10.8   Further Trends 

 The fate of mycotoxins during processing has been, in general, a neglected area 
of study. Most research effort has concentrated on the means of prevention of myco-
toxin formation, and this must remain the best defense for protecting the consumer. 
However, prevention is not always possible, especially for those mycotoxins 
formed under fi eld conditions, such as afl atoxins, fumonisins, deoxynivalenol, and 
zearalenone. 

 Introduction of further legislation for a wider range of mycotoxins in more food 
commodities means that there is a need to determine how mycotoxins survive 
processing so that this can be taken into account when setting statutory or guideline 
limits. 

 Achieving the correct limit minimizes any unnecessary restriction on the use of 
valuable food commodities without compromising human health. It is thus expected 
that there will be a trend toward further study of the fate of those mycotoxins that 
pose the greatest potential risk for humans. In some instances, it may be possible to 
introduce modifi cations to commercial processes that cause a signifi cant reduction 
of mycotoxin content in the retail product.      
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           11.1   Introduction 

 Consumers are increasingly aware of the health benefi ts and risks associated with 
consumption of food. These informed individuals tend to opt for healthy foods that 
have been subjected to less extreme treatments (less heat and chill damage), with 
lower levels of salts, fats, acids, and sugars and/or the complete or the partial removal 
of chemically synthesized additives. There is also an increased demand for conve-
nience foods with fresh attributes and long shelf lives. 

 To meet these expectations, the food industry and food researchers have developed 
in the last two decades a range of novel techniques for food preservation, under the 
concept of minimal processing, that allow better retention of product fl avor, texture, 
color, and nutrient content than comparable conventional treatments (Alzamora and 
Salvatori  2006  ) . The minimal processing concept includes a series of products and 
processes that may be grouped in diverse food categories such as minimally processed, 
with invisible processing, carefully processed, partially processed, and high moisture 
shelf-stable (Welti–Chanes et al.  1997  ) . These terms are not exactly equivalent but 
refl ect the great diversity of alternatives for high-quality products. 

 Originally, the manipulation and basic preparation of foods, as well as life perma-
nence in the biological tissue, were the elements that distinguished the minimal pro-
cessing of foods. Nowadays, the minimal processing concept has evolved, giving a 
wider approach than those terms used earlier by Rolle and Chism  (  1987  ) , Shewfelt 
 (  1987  ) , Huxsoll and Bolin  (  1989  ) ,    Wiley ( 1994a ), and Ohlsson  (  1994  ) .    Manvell ( 1997 ) 
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situated minimal processing methods within the broader objective of food processing 
to extend the shelf life of foods. He defi ned that minimal processing must be a safe 
balance between desired and adverse effects of preservation processes and, accord-
ingly, a minimal process is “the least possible treatment” to achieve a purpose. Thus, 
he considered as minimal processes existing traditional techniques that have been 
improved to obtain safe and high-quality products (e.g., aseptic packaging, ohmic 
heating, radio-frequency heating, and microfi ltration) as well as techniques based on 
emerging preservation factors (e.g., high pressure, ultrasound, and pulsed electric 
fi eld). In the same trend, Ohlsson  (  1996  )  stated that developments in thermal tech-
nologies are considered “minimal” when they minimize quality losses in foods com-
pared with conventional thermal techniques. Lastly, and in partial agreement with 
these terms, Snyder  (  2003  ) , taking into account that there were no regulatory defi ni-
tions for minimally processed foods, gave an operating defi nition of them as “foods 
in which the biological, chemical, and physical hazards are at tolerable level.” 

 The expansion of the minimal processing concept has been refl ected in new, 
renewed, and improved products and processes formulated and designed to produce 
a greater diversity of minimally processed foods. The reviews and/or books of 
Ahvenainen et al.  (  1994,   1996,   2002  ) , Singh and Oliveira  (  1994  ) , Wiley ( 1994b ), 
Oliveira and Oliveira  (  1999  ) ,    Alzamora et al. ( 2000a ), and Ohlsson and Bengtsson 
 (  2002  )  on minimal processing can be used as further reference on the subject. 

 Many of the modifi ed (for enhanced food quality) traditional preservation proce-
dures and the radically new ones (high hydrostatic pressure, ultrasound, ultraviolet 
light, ozone, pulsed light,    electric pulses, etc.) are effective in inactivating only veg-
etative cells of bacteria, yeasts, and fi lamentous fungi. So, emerging preservation 
procedures have to be included as components or hurdles in combined preservation 
systems to ensure food safety. To destroy spores, for example, the lethality of a 
stress factor is strongly affected by the presence/intensity of other lethal/inhibitory 
factors. 

 Within the framework of hurdle technology, a huge amount of scientifi c litera-
ture has been published in recent years, indicating the enormous popularity and 
potential of the concept in the development of emerging combined technologies to 
aid in producing minimally processed foods. 

 A general overview of minimal processing techniques is presented in Table  11.1 . 
Three major initiatives are currently being proposed by the research community and 
the industry to make minimally processed foods with improved quality (Alzamora 
et al.  1998 ,  2000b ): 

    1.    Optimization of traditional preservation methods to enhance sensorial, nutri-
tional, and microbiological quality of foods, yield, and energy effi ciency  

    2.    Development of mild processes by novel combinations of traditional physical 
and chemical preservation factors, each one applied at low intensity, to obtain 
products with quality attributes reminiscent of the fresh or native state of a given 
food but with longer shelf life  

    3.    Development of new techniques to obtain novel foods with fresh-quality attri-
butes by using combinations of emerging preservation factors or combinations of 
emerging factors with traditional ones, all of them applied at low doses     
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 Microbial cell physiological responses in relation to emerging factors in 
combination with other constraints are complex and are not fully understood, as in 
the case of many traditional preservation factors. Predictive modeling in emerging 
technologies permits quantifi cation of the infl uence of various hurdles on the 
microbial behavior, allowing the interaction effects between them – antagonistic, 
synergistic, or additive – to be precisely discerned. It is not easy to anticipate the 
type of the interaction resulting from the combination of many factors. Moreover, 
the characteristics of the interaction can change with storage time or with minimal 
alterations in the food formulation (Alzamora et al.  2003  ) . 

 This chapter compares the ability of selected emerging factors to reduce 
microbial populations. Inactivation/decline kinetic patterns of microorganisms in 
treatments with conventional/unconventional lethal agents combined with other 
environmental stress factors are discussed and analyzed on the basis of a rigorous 
kinetic analysis of survival data.  

   Table 11.1    Selected minimal processing technologies based on conventional and emerging 
preservation factors   

 Enhanced traditional techniques 

 Aseptic packaging of thermally processed foods (tube, plate heat exchangers, etc.) 
 Semiaseptic processes (high heat infusion, vacuum steam plus vacuum cooling, etc.) 
 Ohmic heating 
 Radio-frequency heating 
 Microwave heating 
 Inductive electrical heating 
 Infrared heating 
 Microfi ltration 
 Osmotic dehydration 
 Vacuum dehydration 
 Microwave and dielectric drying 
 Cryogenic freezing 
 Freezing in dynamic dispersion medium 
 New mild techniques based on novel combinations of traditional preserving factors 
  Sous vide  and cook–chilled processing 
 Modifi ed/controlled atmosphere packaging 
 Active packaging techniques 
 “Ready–to–eat foods” 
 New techniques based on combinations of emerging preservation factors 
 Emerging factors 
 High hydrostatic pressure 
 Ionizing radiation 
 High electric fi eld pulses 
 Ultraviolet light 
 Light pulses 
 Natural antimicrobials 
 Ultrasound 
 Biopreservation 
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    11.2   Brief Outline of Concepts Related to Microbial 
Inactivation Kinetics 

 The introduction and/or optimization of any preservation technology requires 
scientifi c data about microbial response. In particular, kinetic parameters and 
models are essential to develop food preservation processes that ensure safety 
(McMeekin  2007 ; Mafart  2005 ; Velázquez et al.  2005  ) . The kinetic parameters also 
allow comparison of the ability of different technologies to reduce the microbial 
population. Accurate model prediction of survival curves would be benefi cial to the 
food industry in selecting the optimum combinations of lethal agents and environ-
mental factors as well as exposure times to obtain desired levels of inactivation 
while minimizing production costs and maintaining a maximum degree of sensory 
and nutrient quality. Potential combinations of preservation factors are numerous, 
but not much quantitative microbiological information is currently available about 
the combination of alternative processes with traditional constraints. Predictive 
microbiology provides the tools to compare the impact of different factors on reduc-
tion of the microbial population and is an aid to understand biological system behav-
ior, assisting in the development of mechanistic models that will explain microbial 
activity in terms of properties and events at the cellular and molecular levels. 

 In thermal and nonthermal inactivation of microorganisms, four commonly types of 
semilogarithmic survival curves (Fig.  11.1 ) are usually found: linear curves (fi rst-order 
inactivation), curves with a shoulder or initial lag period, curves with a tailing region 
(or biphasic curves) and sigmoid curves (Peleg and Cole  1998 ; Xiong et al.  1999  ) .  

    11.2.1   Linear Microbial Inactivation Response 

 Traditionally, microbial inactivation has been considered a process that follows 
fi rst-order kinetics (Fig.  11.1a ) (Bialka et al.  2008 ; Avsaroglu et al.  2006  ) . It has 
been implicitly assumed that all cells or spores have identical resistance to a lethal 
agent and that each microorganism has the same probability of dying (van Boekel 
 2002  ) . Following this mechanistic approach, the equation proposed by Chick  (  1908  )  
has been widely used to calculate sterility in thermal preservation methods:

     = -
( )

( ) ( )
dN t

k T N t
dt    (11.1)  

where  N ( t ) is the number of the cells at time  t  and  k ( T ) is a temperature-dependent 
rate constant. 

 From this equation, after integration and transformation into a decimal logarithm, 
the well-known concept of  D  value or decimal reduction time was derived:

     
æ ö

=ç ÷
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0log
( ) ( )

N t

N t D T    (11.2)  
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where  N  
0
  is the initial number of the cells, with  D ( T )  =  2.303/ k ( T ). 

 The temperature dependence of  D ( T ) is expressed using the so-called  z  value, 
that is, the increase in temperature that would reduce the decimal reduction time by 
a factor of 10:

     

-

=
2 1

1

2

( )
10

( )

T T

z
D T

D T    (11.3)    

    11.2.2   Nonlinear Microbial Inactivation Response 

 Although the fi rst-order model has dominated the fi eld of quantitative inactivation 
microbiology for many years, the decrease of microbial populations does not usually 
follow fi rst-order kinetics (Peleg  2006  ) . Forcing a straight line through a concave 
downward semilogarithmic survival curve or a concave upward semilogarithmic 
survival curve (Fig.  11.1b–d ) can result in an overestimate or underestimate of the 
organism resistance, respectively, and so in overprocessing in the fi rst case or in 
underprocessing in the second case (Peleg  1999  ) . 
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  Fig. 11.1    Different inactivation/decline semilogarithmic curves:  a  log-linear;  b  with a shoulder;  c  
with a tail;  d  sigmoid       
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 Two different approaches, among others, to explain microbial inactivation that 
have been discussed are the following (Heldman and Newsome  2003  ) :

   Mechanistic: the decay is produced by some molecular or physical mechanisms  –
(i.e., a monomolecular transformation, or an enzyme-catalyzed reaction). This 
approach is deterministic in nature, all cells behave in the same way, and the 
death of a single cell is due to a single event.  
  Vitalistic: in line with other areas of biological studies, this approach is based on  –
the assumption that the individual microorganisms in a population do not have 
identical resistances, and that microbial sensitivity to lethal agents is distributed 
(i.e., biological variability). Shoulders and tails are due to underlying physiological 
reactions of the cells/spores to lethal conditions.    

 A variety of alternative models (mechanistic or empirical, deterministic or 
probabilistic) have been developed to describe curvilinear semilogarithmic inacti-
vation curves, and a number of excellent articles, books, and book chapters are 
available on the subject (Xiong et al.  1999 ; McKellar and Lu  2004 ; McMeekin et al. 
 1993 ; Peleg  2006 ; Sapru et al.  1993 ; Mafart et al.  2002 ; Geeraerd et al.  2005  ) . 

 Two versatile and relatively simple mathematical models that allow quantifi ca-
tion of the effects of various lethal agents on microbial inactivation are described. 

    11.2.2.1   The Weibull Distribution of Resistances Model 

 It has been shown that the nonlinear models are better than the linear models to 
describe inactivation kinetics of many microorganisms under thermal or nonthermal 
processes. The Weibull distribution is a nonlinear function that takes biological 
variation into account and is used to describe the spectrum of resistances of the 
population to a lethal agent under different conditions (Peleg and Cole 1998,  2000 ; 
van Boekel  2002 ; Peleg  2006  ) . Survival patterns are explained without assuming the 
validity of any kinetic model. The Weibull function has been widely used to explain 
the probabilistic distribution of fracture stresses in brittle materials as well as yield 
stresses in ductile materials. The main advantages of the model based on the Weibull 
distribution are its simplicity and its capability of modeling survival curves that are 
linear and those that contain shoulder or tailing regions. The inactivation mecha-
nism at the molecular level may differ from cell to cell. It is unlikely that all cells in 
the population behave in the same way and that the death of a single cell is due to a 
single event. So there will be a distribution of inactivation times and the survival 
curve should not be treated in kinetic terms but should be considered the cumulative 
form of the temporal distribution of lethal events. If each individual of a microbial 
population is inactivated at a specifi c time ( t  

ci
 ) and if  t  

ci
  has a continuous distribu-

tion, the survival ratio  S ( t ) can be written as

     [ ]φ φ= ò
1

0

( ) , ( )cS t f t t d
   (11.4)  
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where  t  
c
  is the time at which the microorganism dies or loses its viability,  S ( t ) is the 

survival fraction  N/N  
0
  ( N  

0
  is the initial number of the cells and  N  is the number of 

the cells at time  t ), and  f [ t ,  t  
c
 (  j  )] is a function of the exposure time  t  and the fraction 

of organisms   j   which share any given  t  
c
 . 

 If  t  
c
  has a Weibull type distribution

     
φ - ¢= -1 exp( )n n

c c
c

d
bnt b t

dt    (11.5)   

 dφ in equation 11.4 from equation 11.5, and solving   , the cumulative form of 
Weibull distribution results:

     

æ ö
¢= = -ç ÷

è ø0

( ) ( )nN
S t exp b t

N    (11.6)   

 Since microbiologists use logarithms of numbers, Eq. 11. 6  can be written as 
follows:

     = -10 ( ) nlog S t bt    (11.7)  

where  b  =  b  ¢ /log 
e
  10. 

 The Weibull model has two parameters: the scale or nonlinear rate parameter  b  
(with dimensions  t  - n  ) and the dimensionless shape parameter  n , which indicate the 
overall steepness and the shape of the survival curves respectively. 

 The studies of Pilavtepe-Çelik et al.  (  2009  ) , Avsaroglu et al.  (  2006  ) , San Martin 
et al.  (  2007  ) , and Bialka et al.  (  2008  )  are examples of the successful application of 
the Weibull model to describe the microbial inactivation curves. 

 In Fig.  11.2  the effect of H 
2
 O 

2
  concentration on semilogarithmic curves of 

 Escherichia coli  at 25°C and pH 7.2 is shown. Figure  11.2  shows that at a constant 
time the level of inactivation of  E. coli  increases with increasing H 

2
 O 

2
  concentra-

tion, and that the Weibull model accurately describes inactivation kinetics.   

    11.2.2.2   The Modifi ed Gompertz Model 

 Nonlinear survival curves can be modeled using a modifi ed Gompertz equation as 
follows (Linton et al.  1995  ) :

     

é ù
= - + - -ê ú

ë û0

( ( )) ( ( ))tN
log Cexp exp A Bt Cexp exp A

N
   (11.8)  

where log( N  
 t 
 /N 

0
 ) represents the logarithmic surviving fraction and the three param-

eter estimates ( A ,  B ,  C ) represent the different regions of the survival curve 
(Fig.  11.3 ): the initial shoulder [ A  (min)]; the maximum death rate [ B  (min −1 )]; and 
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the overall change in the number of survivors ( C ). This equation has been 
demonstrated to be particularly suitable for sigmoid survival curves (an initial 
shoulder followed by an exponential phase and a tailing region) and survival curves 
with a tail or shoulder and has the property that, as time approaches infi nity, the 
lethality approaches – C (Juneja and Marks  2003  ) .  

 Some examples of the successful application of the Gompertz model for 
predicting the microbial inactivation were obtained by Char et al.  (  2009  )  in a study 
concerned with the effect of the addition of a natural antimicrobial (vanillin) to 
inhibit the growth of  Listeria monocytogenes  in thermally processed orange juice, 
by Saucedo-Reyes et al.  (  2008  )  for the inactivation of  Listeria innocua  CECT 910 
studied in both exponential and stationary growth phases under high hydrostatic 
pressure (Fig.  11.3 ), and by Slongo et al.  (  2009  )  in a study of the infl uence of the 
pressure and holding time on the growth of lactic acid bacteria in vacuum-packaged 
sliced ham.  

    11.2.2.3   Comparison of Linear, Weibull, and Gompertz Models 
for Microbial Inactivation 

 In a recent study the linear, Weibull, and Gompertz models were compared for the 
suitability to predict the inactivation of  L. monocytogenes  in ground beef under both 
isothermal (Fig.  11.4 ) and dynamic (Fig.  11.5 ) temperature conditions. Under isothermal 
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conditions, a shoulder in the survival curves of  L. monocytogenes  was observed, 
and therefore the inactivation of the microorganism was better described by the 
Weibull and the modifi ed Gompertz models (Fig.  11.4 ). The downward concavity 
observed was attributed to some biological factors where a thermal process must 
overcome an initial energy barrier before a lethal effect can be observed. However, 
under dynamic conditions, only the modifi ed Gompertz model accurately described 
the survival curves of the microorganism (Fig.  11.5 ) (Huang  2009  ) . This kind of 
model comparison is of particular importance in order to defi ne the procedures to 
evaluate the effective use of new preservation technologies.      

    11.3   Inactivation Performance of New Preservation Factors 

 There are a wide range of modern preservation factors that cause physical inactivation 
of microorganisms at ambient or sublethal temperatures (e.g., high hydrostatic 
pressure, pulsed electric fi elds, ultrasound, pulsed light, ultraviolet light, hydrogen 
peroxide), avoiding the deleterious effects that severe heating has on fl avor, texture, 
and nutritional quality of foods. Table  11.2  lists some new physical food preserva-
tion techniques, the proposed mechanisms of action on the microorganisms, and the 
factors of the technique itself that infl uence the effi cacy of the preservation. Some 
of these processes are still under development but have commercial potential. 
Others have completed development and are waiting to be licensed or transferred to 
industry. Others are applied commercially.  

 This section will next focus on the mode of action of ultrasound, ultraviolet light, 
high hydrostatic pressure, high-pressure homogenization, and pulsed electric fi elds 
on microorganisms. 
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  Fig. 11.3    Prediction of the inactivation curves of  Listeria innocua  CECT 910 in the exponential 
phase ( a ) and the stationary phase ( b ) at 325 MPa (♦), 350 MPa (▲), 375 MPa (■), and 400 MPa 
(●) with the modifi ed Gompertz model.  A  is the initial shoulder,  B  is the maximum death rate, and 
 C  is the overall change in the survivor number (Adapted from Saucedo-Reyes et al.  2008  )        
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    11.3.1   High Hydrostatic Pressure 

 The response of microorganisms to high hydrostatic pressure treatments can result 
in inactivation or survival and the cell damage is what determines the effect. 
The ability of cells to recover after being subjected to high hydrostatic pressure is 
very important for the effi ciency of the process and the evaluation of cell destruction 
kinetics; if the repair process remains intact, microorganisms can regenerate and 
grow (Palou et al.  2002 ; Welti-Chanes et al.  2006  ) . A great variety of mechanisms 

  Fig. 11.4    Experimental (●) survival curves of  Listeria monocytogenes  in ground beef at 66°C, 
63°C, 60°C, and 57°C, and prediction (–) with the linear model ( column A ), the Weibull model 
( column B ), and the modifi ed Gompertz model ( column C ) (Adapted from Huang  2009  )        
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for microbial inactivation by high hydrostatic pressure have been proposed. One of 
these mechanisms specifi es that microorganisms are destroyed owing to irreversible 
damage in proteins forming cell membranes (Ortega-Rivas  2007 ; Welti-Chanes 
et al.  2006,   2005  ) . When the cell membrane is altered, the transport processes related 
to obtaining nutrients and release of cellular debris are affected. Another theory 
states that high hydrostatic pressure technology interrupts the functions responsible 
for microbial reproduction and survival. Smelt et al.  (  1994  )  hypothesized that the 
ATPase bound to the cell membrane is strongly involved in the mechanism of inac-
tivation by high hydrostatic pressure. These authors showed that microorganisms 
with a more fl uid membrane are more resistant to pressure than cells with a less fl uid 
membrane, by comparing cells of  Lactobacillus plantarum  with different membrane 
fl uidity. In their studies, Smelt et al.  (  1994  )  also found that after a high hydrostatic 
pressure treatment, cells of  L. plantarum  release ATP. 

 It has also been observed that the growth phase also has an important role in the 
sensitivity of microorganisms to high hydrostatic pressure; in the stationary phase 
cells are much more resistant to high hydrostatic pressure treatment than they are in 
the exponential phase. In the exponential phase, pressure resistance increases as 
membrane fl uidity increases, whereas in the stationary phase a relationship between 
these two variables has not been observed (Torres and Velazquez  2005  ) . Mañas and 
Mackey  (  2004  )  proposed that cells of  E. coli  J1 in the exponential phase are inacti-
vated under high hydrostatic pressure by irreversible damage to the cell membrane, 
and cells in the stationary phase have a cytoplasm membrane that is robust enough 
to withstand very intense pressures, suggesting that the retention of a intact mem-
brane allows cells in the stationary phase to repair gross changes in other cellular 
structures and to remain viable at pressures that are lethal to cells in the exponential 
phase. 
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  Fig. 11.5    Experimental (●) survival curves of  L. monocytogenes  in ground beef during dynamic 
heating, and prediction with the linear (…), Weibull (---), and Gompertz (–) models. (Adapted 
from Huang  2009  )        

 



246 S.M. Alzamora    et al.

   Ta
bl

e 
11

.2
  

  M
ai

n 
em

er
gi

ng
 “

no
nt

he
rm

al
” 

in
ac

tiv
at

io
n 

fa
ct

or
s 

(A
da

pt
ed

 f
ro

m
 B

ut
z 

 20
02

 ; U
S.

 F
D

A
  2

00
1 ;

 B
ar

bo
sa

-C
án

ov
as

  2
00

2  )
    

 Fa
ct

or
 

 M
ec

ha
ni

sm
 o

f 
in

ac
tiv

at
io

n 
 C

ri
tic

al
 f

ac
to

rs
 

 Po
te

nt
ia

l a
pp

lic
at

io
n/

pr
od

uc
ts

 o
n 

th
e 

m
ar

ke
t 

 H
ig

h-
pr

es
su

re
 p

ro
ce

ss
in

g 
 Su

bj
ec

tin
g 

liq
ui

d 
an

d 
so

lid
 f

oo
ds

, 
 w

ith
/w

ith
ou

t p
ac

ka
gi

ng
, t

o 
10

0–
80

0 
M

Pa
, b

el
ow

 0
–1

00
°C

, 
fr

om
 s

ec
on

ds
 to

 a
bo

ut
 2

0 
m

in
, 

in
st

an
ta

ne
ou

sl
y 

an
d 

un
if

or
m

ly
 

th
ro

ug
ho

ut
 f

oo
d,

 in
de

pe
nd

en
t o

f 
si

ze
, s

ha
pe

, a
nd

 f
oo

d 
co

m
po

si
tio

n 

 M
em

br
an

e 
da

m
ag

e,
 p

ro
te

in
 

de
na

tu
ra

tio
n,

 le
ak

ag
e 

of
 c

el
l 

co
nt

en
ts

 

 Te
m

pe
ra

tu
re

, p
re

ss
ur

e 
m

ag
ni

tu
de

, r
at

e 
of

 c
om

pr
es

si
on

 a
nd

 d
ec

om
pr

es
si

on
, 

an
d 

ho
ld

in
g 

tim
e 

at
 p

re
ss

ur
e,

 ti
m

e 
to

 
ac

hi
ev

e 
tr

ea
tm

en
t p

re
ss

ur
e,

 c
om

po
si

-
tio

n,
 p

H
 a

nd
  a

  w
  o

f 
th

e 
fo

od
, p

ro
du

ct
 

in
iti

al
 te

m
pe

ra
tu

re
, a

nd
 c

ri
tic

al
 f

ac
to

rs
 

of
 o

th
er

 c
on

st
ra

in
ts

 in
 c

om
bi

na
tio

n 

 Ja
m

, j
el

lie
s,

 f
ru

it 
ju

ic
es

, o
ys

te
rs

, 
gu

ac
am

ol
e,

 h
am

, f
ru

it 
yo

gu
rt

s,
 

da
ir

y-
ba

se
d 

fr
ui

t s
m

oo
th

ie
, 

pr
oc

es
se

d 
m

ea
t p

ro
du

ct
s,

 
pr

es
su

re
-t

re
at

ed
 r

ea
dy

-t
o-

ea
t 

ri
ce

, s
au

ce
s 

(i
n 

us
e 

si
nc

e 
19

90
) 

 P
ul

se
d 

el
ec

tr
ic

 fi 
el

d 
 A

pp
lic

at
io

n 
of

 p
ul

se
s 

of
 h

ig
h 

vo
lta

ge
 

(≅
 2

0 
−

 8
0 

kV
/c

m
) 

to
 f

oo
ds

 b
et

w
ee

n 
2 

el
ec

tr
od

es
, i

n 
th

e 
fo

rm
 

of
 e

xp
on

en
tia

lly
 d

ec
ay

in
g,

 s
qu

ar
e 

w
av

e,
 b

ip
ol

ar
, o

r 
os

ci
lla

to
ry

 p
ul

se
s 

at
 a

m
bi

en
t, 

su
ba

m
bi

en
t, 

or
 s

lig
ht

ly
 

ab
ov

e 
am

bi
en

t t
em

pe
ra

tu
re

, f
or

 le
ss

 
th

an
 1

5 
s 

 E
le

ct
ri

ca
l b

re
ak

do
w

n 
an

d 
el

ec
tr

op
or

at
io

n 
of

 c
el

l 
m

em
br

an
es

 

 E
le

ct
ri

c 
fi e

ld
 in

te
ns

ity
, p

ul
se

 w
id

th
, 

tr
ea

tm
en

t t
im

e 
an

d 
te

m
pe

ra
tu

re
, 

an
d 

pu
ls

e 
w

av
e 

sh
ap

es
, p

H
, i

on
ic

 
co

m
po

un
ds

, c
on

du
ct

iv
ity

 a
nd

 m
ed

iu
m

 
io

ni
c 

st
re

ng
th

, a
nd

 
cr

iti
ca

l f
ac

to
rs

 o
f 

ot
he

r 
co

ns
tr

ai
nt

s 
in

 c
om

bi
na

tio
n 

 O
nl

y 
tw

o 
in

du
st

ri
al

-s
ca

le
 p

ul
se

d 
el

ec
tr

ic
 fi 

el
d 

sy
st

em
s 

re
ce

nt
ly

 
av

ai
la

bl
e 

 Fl
ui

d 
fo

od
s 

(f
ru

it 
ju

ic
es

, l
iq

ui
d 

eg
gs

, m
ilk

, s
au

ce
s,

 b
ev

er
ag

es
) 

 U
lt

ra
vi

ol
et

 li
gh

t 
 R

ad
ia

tio
n 

fr
om

 th
e 

ul
tr

av
io

le
t r

eg
io

n 
of

 th
e 

el
ec

tr
om

ag
ne

tic
 s

pe
ct

ru
m

 
(U

V
-C

 2
00

–2
80

 n
m

), 
at

 le
as

t 4
00

 J
/m

 2   

 D
N

A
 m

ut
at

io
ns

 in
du

ce
d 

by
 

ul
tr

av
io

le
t l

ig
ht

 a
bs

or
pt

io
n 

 T
ra

ns
m

is
si

vi
ty

 o
f 

th
e 

m
at

er
ia

l, 
ho

m
og

en
e-

ity
 o

f 
th

e 
fl o

w
 p

at
te

rn
 a

nd
 th

e 
ra

di
at

io
n 

fi e
ld

, u
ltr

av
io

le
t w

av
el

en
gt

h,
 th

ic
kn

es
s 

of
 th

e 
ra

di
at

io
n 

pa
th

 th
ro

ug
h 

th
e 

fo
od

 
(g

eo
m

et
ri

c 
co

nfi
 g

ur
at

io
n 

of
 th

e 
sy

st
em

);
 

pr
od

uc
t c

om
po

si
tio

n,
 s

ol
id

s 
co

nt
en

t, 
an

d 
st

ar
ch

es
 

 Pa
st

eu
ri

za
tio

n 
of

 a
pp

le
 a

nd
 c

le
ar

 
ju

ic
es

. S
ur

fa
ce

 a
nd

 a
ir

 
de

co
nt

am
in

at
io

n 



24711 Rational Use of Novel Technologies…
 Fa

ct
or

 
 M

ec
ha

ni
sm

 o
f 

in
ac

tiv
at

io
n 

 C
ri

tic
al

 f
ac

to
rs

 
 Po

te
nt

ia
l a

pp
lic

at
io

n/
pr

od
uc

ts
 o

n 
th

e 
m

ar
ke

t 

 P
ul

se
d 

li
gh

t 
 A

 f
ew

 fl 
as

he
s 

of
 in

te
ns

e 
pu

ls
es

 o
f 

br
oa

d 
sp

ec
tr

um
 “

w
hi

te
 li

gh
t”

 (
ul

tr
av

io
le

t 
to

 th
e 

ne
ar

 in
fr

ar
ed

 r
eg

io
n)

 a
pp

lie
d 

in
 a

 f
ra

ct
io

n 
of

 a
 s

ec
on

d 

 C
he

m
ic

al
 m

od
ifi 

ca
tio

ns
 a

nd
 

cl
ea

va
ge

 o
f 

th
e 

D
N

A
 a

nd
 

de
st

ru
ct

io
n 

of
 c

el
lu

la
r 

co
m

po
ne

nt
s 

by
 th

e 
hi

gh
 p

ea
k 

po
w

er
 a

nd
 th

e 
br

oa
d 

sp
ec

tr
um

 o
f 

th
e 

fl a
sh

 

 L
ig

ht
 c

ha
ra

ct
er

is
tic

s 
(w

av
el

en
gt

h,
 

in
te

ns
ity

, d
ur

at
io

n,
 a

nd
 n

um
be

r 
of

 
pu

ls
es

),
 p

ac
ka

gi
ng

 a
nd

 ty
pe

, t
ra

ns
pa

r-
en

cy
, a

nd
 c

ol
or

 o
f 

fo
od

 a
re

 c
on

si
de

re
d 

to
 b

e 
cr

iti
ca

l p
ro

ce
ss

 p
ar

am
et

er
s 

 St
er

ili
za

tio
n 

or
 r

ed
uc

tio
n 

of
 

m
ic

ro
bi

al
 lo

ad
 o

n 
su

rf
ac

es
 a

nd
 

tr
an

sp
ar

en
t p

ro
du

ct
s 

 U
lt

ra
so

un
d 

 E
ne

rg
y 

ge
ne

ra
te

d 
by

 s
ou

nd
 w

av
es

 o
f 

20
 k

H
z 

or
 m

or
e 

 D
is

ru
pt

io
n 

of
 c

el
lu

la
r 

st
ru

ct
ur

e 
an

d 
fu

nc
tio

na
l c

om
po

ne
nt

s 
an

d 
ce

ll 
ly

si
s 

at
tr

ib
ut

ed
 to

 
ca

vi
ta

tio
n 

 Po
w

er
 a

nd
 a

m
pl

itu
de

 o
f 

ul
tr

as
on

ic
 w

av
es

, 
ex

po
su

re
 ti

m
e,

 v
ol

um
e 

an
d 

co
m

po
si

-
tio

n 
of

 th
e 

fo
od

 to
 b

e 
pr

oc
es

se
d,

 
te

m
pe

ra
tu

re
 o

f 
tr

ea
tm

en
t, 

an
d 

th
e 

cr
iti

ca
l f

ac
to

rs
 o

f 
pr

oc
ed

ur
es

 
us

ed
 in

 c
om

bi
na

tio
n 

 N
o 

co
m

m
er

ci
al

 f
oo

d 
pr

od
uc

ts
. 

L
im

ite
d 

to
 p

ro
du

ct
 m

od
ifi 

ca
tio

n 
an

d 
pr

oc
es

s 
ef

fi c
ie

nc
y 

im
pr

ov
em

en
ts

 (
en

ha
nc

em
en

t 
of

 m
as

s 
an

d 
he

at
 tr

an
sf

er
, 

de
ga

ss
in

g 
of

 li
qu

id
s,

 c
le

an
in

g 
of

 s
ur

fa
ce

s)
 

 H
ig

h-
pr

es
su

re
 h

om
og

en
iz

at
io

n 
 Pr

es
su

re
 r

an
ge

s 
fr

om
 1

00
 to

 3
50

 M
Pa

. 
T

he
 p

ro
ce

ss
 is

 a
ff

ec
t b

y 
th

e 
nu

m
be

r 
of

 p
as

se
s 

 M
ec

ha
ni

ca
l d

es
tr

uc
tio

n 
of

 th
e 

ce
ll 

in
te

gr
ity

, c
au

se
d 

by
 th

e 
sp

at
ia

l p
re

ss
ur

e 
an

d 
ve

lo
ci

ty
 g

ra
di

en
ts

, t
ur

bu
le

nc
e,

 
im

pi
ng

em
en

t, 
an

d/
or

 
ca

vi
ta

tio
n.

 C
av

ita
tio

n 
an

d 
vi

sc
ou

s 
sh

ea
r 

ha
ve

 b
ee

n 
id

en
tifi

 e
d 

as
 th

e 
pr

im
ar

y 
m

ec
ha

ni
sm

s 
of

 m
ic

ro
bi

al
 c

el
l 

di
sr

up
tio

n 
du

ri
ng

 th
is

 p
ro

ce
ss

 

 M
ic

ro
bi

al
 s

tr
ai

n 
an

d 
su

sp
en

si
on

 
m

ed
iu

m
, p

re
ss

ur
e 

an
d 

te
m

pe
ra

tu
re

 
of

 h
om

og
en

iz
at

io
n,

 a
nd

 a
pp

ar
at

us
 

em
pl

oy
ed

 

 T
hi

s 
pr

oc
es

s 
is

 u
se

d 
in

 th
e 

fo
od

, 
ch

em
ic

al
, c

os
m

et
ic

, a
nd

 
ph

ar
m

ac
eu

tic
al

 in
du

st
ri

es
 

pr
im

ar
ily

 to
 p

re
pa

re
 o

r 
st

ab
ili

ze
 

em
ul

si
on

s 
an

d 
su

sp
en

si
on

s 



248 S.M. Alzamora    et al.

 High hydrostatic pressure treatment has a greater effect in inactivating 
Gram-negative bacteria than Gram-positive bacteria, and in general, vegetative 
cells are much more sensitive to high pressure than spores. Raso et al.  (  1998  )  noted 
for apple, orange, pineapple, blueberry, and grape juices treated under high hydro-
static pressure that ascospores of  Zygosaccharomyces bailli  exhibited a resistance 
5–8 times greater than that exhibited by vegetative cells. The population of vegetative 
cells decreased by almost 5 log cycles after 5 min of treatment at 300 MPa, whereas 
the load of ascospores was reduced by only 0.5–1 log    cycle.  

    11.3.2   Pulsed Electric Field 

 Although many studies have reported the effectiveness of a pulsed electric fi eld to 
eliminate microorganisms (Álvarez et al.  2000 ; Martín et al.  1997 ; Yeom et al. 
 2000  ) , the mechanisms of action have not been clearly established (Somolinos et al. 
 2008 ; Yeom et al.  2002  ) . One of the theories for the inactivation of bacteria by a 
pulsed electric fi eld is known as “dielectric breakdown,” which indicates that the 
application of an electric fi eld induces an electrical potential across the membrane, 
causing an electrostatic charge based on the nature of the bipolar molecules forming 
the membrane. 

 When the transmembrane potential exceeds a critical value (approximately 1 V), 
the repulsion between molecules initiates the formation of pores in weak areas of 
the membrane, or enlarges the existing pores, which may be permanent or temporary 
depending on the intensity of treatment. This process will increase the permeability 
of the cell, which causes loss of cellular material or intrusion of medium compo-
nents into the cell, causing microbial death. 

 Most microorganisms have a cell wall that surely also interferes in the mecha-
nism of inactivation. Studies of the mechanisms of inactivation of bacteria by a 
pulsed electric fi eld have shown differences in Gram-positive and Gram-negative 
bacteria. Bacterial permeabilization in  E. coli  and  Salmonella typhimurium  by a 
pulsed electric fi eld suggests that differences in structure and composition of the 
cell wall could be responsible for the different behavior observed under the pulsed 
electric fi eld treatment (Somolinos et al.  2008  ) .  

    11.3.3   Ultraviolet Light 

 When a foodstuff is subjected to radiation of 200–280 nm, the microbial load is 
reduced because the DNA absorbs the UV-C radiation, resulting in cross-linking 
between the neighboring pyrimidine nucleoside bases (thymine and cytosine) in the 
same DNA strand (Miller et al.  1999  ) , affecting both replication and transcription of 
the nucleic acid (Guerrero Beltrán et al.  2009 ; Sastry et al.  2009  ) ; so microbial func-
tions are damaged and eventually the cell dies (Sastry et al.  2009  ) . The intensity of 
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UV-C treatment affects the level of cross-linking. The mutation can be reversed, and 
this depends on the repair systems of each microorganism (Miller et al.  1999  ) . 

 This treatment has a germicidal effect against bacteria, viruses, protozoa, molds, 
yeasts, and algae (Bintsis et al.  2000 ; Guerrero-Beltrán and Barbosa-Cánovas  2005 ; 
Morgan  1989 ; Sizer and Balasubramaniam  1999  ) . For some food products, water is 
used and for the disinfection of surfaces, a wavelength of 254 nm is used (Guerrero 
Beltrán et al.  2009 ; Guerrero-Beltrán and Barbosa-Cánovas  2005  ) . This wavelength 
and an exposure of at least 400 J/m 2  of UV-C light is necessary to ensure a reduction 
of 5 log cycles in the microbial load, and therefore safe products can be obtained. 

 The effectiveness of UV-C treatment depends on many factors. One of these fac-
tors is the type of microorganism to be treated. Because of the extensive variety of 
microorganisms and strains, the doses can differ greatly for each product depending 
on the desired effect. Another factor infl uencing the effi ciency of treatment is the 
medium in which the microorganisms are suspended owing to the different penetra-
tion capacity of UV-C light through different media. The absorptivity decreases as 
the concentration of soluble and suspensed solids increases (Guerrero-Beltrán and 
Barbosa-Cánovas  2005  ) . The geometric confi guration of the product is another fac-
tor that can affect the treatment with UV-C radiation. 

 UV-C radiation at a wavelength of 253.7 nm was investigated by Schenk et al. 
 (  2008  )  for its microbicidal effects on pear slices with and without peel. Survival 
curves of inoculated  L. monocytogenes ,  L. innocua ,  Zygosaccharomyces bailii , and 
 Debaryomices hansenii  showed upward concavity and a pronounced tailing effect, 
indicating that most of the organisms were destroyed in a short time during UV-C 
exposure and that a fraction of the population survived after the treatment. This tail-
ing effect was attributed among other factors to the heterogeneity in the resistances 
of the population to UV-C irradiation, and to the presence of suspended solids and 
of matrix solids that may block the UV irradiation. The Weibull distribution of 
resistances model described well the inactivation of the microorganisms on pear 
surfaces which had been inoculated with them. 

 The importance of conducting kinetic inactivation studies is illustrated by the 
following example. Gómez et al.  (  2008  )  studied the surface color change of fresh-
cut apple slices irradiated with UV-C radiation at different doses (0–25 kJ/m 2 ) and 
stored in a refrigerator for 7 days. The color parameters were found to be dependent 
on the UV-C dose and storage time. At the end of storage, samples exposed to UV-C 
light turned darker and less green when compared with fresh-cut apple slices or with 
samples before storage, and this browning effect was more pronounced with the 
greatest UV-C dose. Breakage of cellular membranes in UV-C-treated samples as 
observed by microscopic observations could explain the increase in browning of 
irradiated apples. For the surface of cut apples inoculated with  L. monocytogenes  
and  Z. bailii , the survival curves of the microorganisms showed an upward concav-
ity and a pronounced tailing effect, and, in general, for irradiation times longer than 
approximately 15 min (corresponding dose approximately 8.4 kJ/m 2 ), the inactiva-
tion rate signifi cantly decreased or was null. Thus, the integration of both color and 
inactivation studies could result in products with better quality.  
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    11.3.4   Ultrasound 

 It has been observed that the effectiveness of ultrasound treatment depends on the 
type of organism and the product to be treated. Spores are relatively resistant to 
ultrasonic waves, and long treatment times are therefore required to obtain safe 
products. Moreover, when ultrasound is applied to reduce the bacterial load in foods 
the process is not very effective (Piyasena et al.  2003  ) . 

 The mechanism of microbial inactivation is due to thinning of cell membranes, 
localized heating, production of free radicals, and cell lysis attributed to cavitation 
induced by changes in pressure (there are regions of alternating compression and 
expansion) created when a sonic wave meets a liquid medium (Butz and Tauscher 
 2002  ) . The effect of cavitation causes the formation of bubbles that have a larger 
surface area during the expansion cycle, which increases the diffusion of gas, caus-
ing the bubble to expand. When the ultrasonic energy provided is not suffi cient to 
retain the vapor phase in the bubble, a rapid condensation occurs, and the condensed 
molecules collide quickly, creating shock waves that create regions of very high 
temperature and pressure, reaching up to 5,500 K and 50,000 kPa. The hot zones 
can kill some bacteria, but they are localized and do not affect a large area (Piyasena 
et al.  2003  ) . 

 The minimum oscillation of pressure that is required to produce cavitation is 
determined by factors such as dissolved gas, hydrostatic pressure, specifi c heat of 
the liquid and the gas in the bubble, and the tensile strength of the liquid. Other fac-
tors affecting the effectiveness of microbial inactivation are the amplitude of the 
ultrasonic waves, the exposure/contact time, the volume of food being processed, 
the composition of the food, and the treatment temperature. Some microorganisms 
that have been treated with ultrasound are  L. monocytogenes , a number of strains of 
 Salmonella  spp.,  E. coli, S. aureus , and  Bacillus subtilis  (Piyasena et al.  2003  ) .  

    11.3.5   High-Pressure Homogenization 

 The capacity of high-pressure homogenization to reduce the microbial load of food 
and other products has been investigated by several researchers (Diels et al.  2005, 
  2003  ) . It has been reported that the factors infl uencing killing of microorganisms 
are the strains, pressure and temperature of homogenization, the apparatus employed, 
and the suspension medium (Donsì et al.  2009  ) . High-pressure homogenization kills 
vegetative bacteria mainly through mechanical destruction of the cell integrity 
caused by the spatial pressure and velocity gradients, turbulence, impingement, and/
or cavitation occurring in liquids during high-pressure homogenization (Donsì et al. 
 2009  ) . Cavitation and viscous shear have been identifi ed as the primary mecha-
nisms of microbial cell disruption during this process. It has been observed that 
Gram-negative bacteria are more sensitive than Gram-positive bacteria to this tech-
nology (Donsì et al.  2009 ; Wuytack et al.  2002  ) , and yeasts and fungi have resis-
tance intermediate between that of Gram-negative bacteria and that of Gram-positive 
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bacteria; this is due to their larger size and glucans, mannans, and proteins as basic 
structural components of their cell walls. Bacterial spores are more resistant than 
vegetative cells to the high-pressure homogenization process (Wuytack et al.  2002  ) .   

    11.4   Combined Treatments and Their Effect 
on Microbial Inactivation 

 The usefulness of many of the emerging factors described already when used as the 
only preservation factor is limited because of the following aspects:

    1.    Most of these emerging factors are effective in inactivating vegetative cells of 
most microorganisms, but spores are far more tolerant, and very high treatment 
intensities are required to achieve spore destruction in low-acid foods. These 
large doses may signifi cantly affect the sensory and/or functional properties of 
foods. So, these alternative factors for inactivating microorganisms are analo-
gous to thermal pasteurization and their use for the sterilization of low-acid foods 
at room temperature is not yet possible.  

    2.    The scheduled process for traditional thermal processes is based on knowledge of 
the thermal inactivation kinetics of the most-heat-resistant pathogen of concern 
for each specifi c product and of the heat transfer rate. But alternative nonthermal 
techniques involve different mechanisms for microbial destruction and the 
organisms of concern are not the same, nor do the inactivation kinetics follows 
the exponential relationship that is usually the basis of thermal process design. 
The most resistant pathogens and the corresponding surrogate organisms for 
alternative preservation processes are yet to be clearly defi ned. Moreover, limited 
information is available about the mechanisms of inactivation of microorganisms 
by alternative factors and survivor plots commonly exhibit a shoulder and/or a 
tail. A highly resistant subpopulation usually remains viable over a long period of 
treatment time, causing a substantial decrease in the effi cacy of the processes.     

 A multifactorial preservation approach can enhance inactivation of highly resis-
tant microbial subpopulations by alternative nonthermal factors, so lower factor 
intensities can be used. Combining emerging factors with conventional preservation 
ones or with other novel techniques has been explored in recent years with promis-
ing results (Alzamora et al.  2003 ; Ross et al.  2003 ; Lado and Yousef  2002 ; Raso and 
Barbosa-Cánovas  2003  ) . The effect of combining different preservation technolo-
gies can be additive, synergistic, or antagonistic (Raso and Barbosa-Cánovas  2003  ) . 
According to Leistner  (  2000  ) , attacking various cellular targets will have a synergis-
tic effect by making the organism use every possible repair mechanism simultane-
ously, and the activation of stress shock proteins also becomes more diffi cult. Some 
successful additive or synergistic combinations are the following:

   High hydrostatic pressure and lowered pH. This combination prevents microbial • 
growth and the germination of spores that can survive high hydrostatic pressure 
treatment at acidic pH.  
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  High hydrostatic pressure and heat. This combination increases the lethality of • 
the nonthermal process and decreases the intensity of the nonthermal treatment.  
  High hydrostatic pressure and antimicrobial agents. Cells injured sublethally by • 
high hydrostatic pressure become more susceptible to antimicrobials.  
  Pulsed electric fi elds and heat. High temperatures increase the fl uidity and the • 
thickness of membranes, increasing the lethality of pulsed electric fi eld treatment.  
  Pulsed electric fi elds and antimicrobials. Antimicrobials which act on the cell • 
membrane may increase the susceptibility of membranes to dielectric breakdown 
and/or a pulsed electric fi eld may facilitate the access of antimicrobials that cross 
the membrane and act in the cytoplasm.  
  Ultrasound and natural antimicrobials (e.g., cinnamon). The lipophilic antimi-• 
crobial can accumulate in the lipid bilayer of the membrane, sensitizing this 
structure to the action of ultrasonic waves.    

    11.4.1   High Hydrostatic Pressure Combined with Other 
Conservation Factors 

 An antagonistic effect has been observed when high hydrostatic pressure is combined 
with a low  a  

w
 . Palou et al.  (  1998  )  found that lethality increased as  a  

w
  of the suspension 

medium increased; therefore, there was a baroprotective effect when  a  
w
  decreased. 

 Low pH has a signifi cant effect on high hydrostatic pressure treatments, because 
it allows a reduction in the intensity of the nonthermal process and increases its 
lethality. Low pH prevents microbial growth and the germination of spores that can 
survive a high hydrostatic pressure process at acidic pH (Raso and Barbosa-Cánovas 
 2003  ) . Koseki and Yamamoto  (  2006  )  found that a reduction of pH greatly affected 
the high hydrostatic pressure effi ciency in the inactivation of  L. monocytogenes . 
Hoover et al.  (  1989  )  reported that high pressure in combination with pH has a particu-
larly inhibitory effect on membrane ATPase, a very important enzyme in the acid–
base physiological processes of cells. 

 The combined effect of high hydrostatic pressures and antimicrobials has also 
been studied. The addition of antimicrobials allows both an increase of the lethality 
and a decrease of the intensity of the nonthermal process; moreover, microbial 
growth after the treatment is inhibited. High hydrostatic pressure can damage the 
membrane, increasing both the cell penetrability and the activity of antimicrobial 
agents. After treatment with high hydrostatic pressure, antimicrobials continue to 
exert their inhibitory effect, preventing the recovery of any sublethally injured cell 
(Morgan et al.  2000  ) . It is important to mention that the method of application of a 
high hydrostatic pressure treatment can also infl uence the lethal effect of antimicro-
bials agents (Ross et al.  2003  ) . Palou et al.  (  1997  )  obtained a higher inactivation of 
 Z. bailii  when a high hydrostatic pressure was combined with 1,000 ppm potassium 
sorbate. Guerrero-Beltran et al.  (  2006  )  also obtained a benefi cial effect in reducing 
the microbial load in mango puree when high hydrostatic pressure was combined 
with 500 ppm ascorbic acid. 
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 The combined effect of high hydrostatic pressure and heat has been widely 
investigated for the inactivation of several microorganisms suspended in different 
media and foods. In general, the combination of high hydrostatic pressure with 
heat has the advantages of increasing the lethality of the nonthermal process and of 
decreasing the intensity of the thermal treatment (Raso and Barbosa-Cánovas 
 2003  ) . At higher and lower temperatures, microorganisms are more sensitive to the 
treatment (Raso and Barbosa-Cánovas  2003  ) , and the resistance among strains is 
much lower when pressure is combined with moderate temperatures (Alpas et al. 
 1999  ) . The combined treatment of heat and high hydrostatic pressure has a benefi -
cial effect on the inactivation of spores. The high pressure causes germination of 
spores and once spores have germinated, high temperature destroys them (Raso 
and Barbosa-Cánovas  2003  ) . Estrada-Girón et al.  (  2007  )  observed an inverse rela-
tionship between pressure and temperature and the number of survivors of 
 Geobacillus stearothermophilus  spores (ATCC 7953) added to soymilk. Palou 
et al.  (  1998  )  found no inactivation of  Byssochlamys nivea  ascospores suspended in 
apple and cranberry juices after a continuous treatment of pressure and tempera-
ture. Nevertheless, in an oscillatory pressurization of three to fi ve cycles, inactiva-
tion was observed. Investigations have also been performed with  L. innocua  and 
 Citrobacter freundii  (Carlez et al.  1993  ) .  

    11.4.2   Pulsed Electric Field Combined 
with Other Conservation Factors 

 It has been observed that the combination of a pulsed electric fi eld with low pH 
increases the lethality of the nonthermal process and decreases the intensity of the 
treatment required to achieve a certain microbial reduction; moreover, the low pH 
inhibits microbial growth after the treatment (Raso and Barbosa-Cánovas  2003  ) . 
Therefore, the addition of organic acids has a synergistic effect when this is com-
bined with a pulsed electric fi eld; this effect might be because both treatments target 
the cell membrane, increasing the permeability of the cell wall and membrane, 
enhancing the entry of undissociated acids into the bacterial cell (Ross et al.  2003  ) . 
Gómez et al.  (  2005  )  found for the inactivation of  L. monocytogenes  in McIlvaine 
buffer a proportional relationship between microbial load and pH. The same behav-
ior was found by Wouters et al.  (  1999  ) . However, the opposite effect was found by 
Álvarez et al.  (  2000  )  for the inactivation of  Salmonella senftenberg . This demon-
strates that pH plays an important role in determining the inactivation kinetics under 
pulsed electric fi eld treatments. 

 When a pulsed electric fi eld is combined with addition of any antimicrobial, a 
powerful synergistic effect is expected because antimicrobials can increase the sus-
ceptibility of membranes to dielectric breakdown and/or a pulsed electric fi eld can 
facility the access of such agents to the membranes or cytoplasm. An increase in the 
inactivation effect of a pulsed electric fi eld has been observed for both Gram-positive 
and Gram-negative bacteria when the system is treated in the presence of nisin. 
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This synergistic effect has been found when bacteria are incubated with nisin after 
pulsed electric fi eld treatment, when nisin is present during the treatment, or when 
the antimicrobial is added after the pulsed electric fi eld treatment (Raso and Barbosa-
Cánovas  2003  ) . 

 Sobrino-López and Martín-Belloso  (  2008  )  found a synergistic effect on the 
inactivation of  S. aureus  in milk when the addition of nisin and lysozyme ws 
combined with a pulsed electric fi eld. A synergistic and additive behavior was 
observed by Mosqueda-Melgar et al.  (  2008  )  in the inactivation of  Salmonella enter-
itidis  and  E. coli  O157:H7 in apple, pear, orange, and strawberry juices which had 
been inoculated with these microorganisms when pulsed electric fi eld treatment was 
combined with the addition of citric acid and cinnamon bark oil. 

 A direct relationship between temperature and pulsed electric fi eld treatment, 
operated as a batch or as a continuous system, has been observed. The synergistic 
behavior of heat and a pulsed electric fi eld is related to the temperature effect on 
membrane fl uidity properties. At high temperatures phospholipids are less ordered 
than at low temperatures, and therefore the membrane has a liquid-crystalline structure, 
and its thickness is reduced (Raso and Barbosa-Cánovas  2003  ) . Amiali et al.  (  2007  )  
observed an increase in the inactivation rate of  E. coli  O157:H7 and  S. enteritidis  in 
liquid egg yolk with increasing temperature.  

    11.4.3   Ultrasound Combined with Other Conservation Factors 

 There is not enough information about the effect caused by combining ultrasound 
with reduced  a  

w
  on microbial load, but it appears that the lower the  a  

w
 , the greater 

the resistance of a microorganism to ultrasound, as Valero et al.  (  2007  )  observed for 
orange juice in which the presence of pulp increases the resistance of microorgan-
isms to ultrasound. 

 The combined effect of ultrasound with low pH has been studied for the inacti-
vation of some microorganism (Pagan et al.  1999 ; Kinsloe et al.  1954  ) , but no 
effect was observed in the survival curves with such a combination. However, a 
benefi cial effect on microbial load has been observed when ultrasound treatment is 
combined with addition of antimicrobials (Ross et al.  2003  ) . As an example, for  L. 
monocytogenes  it has been observed that the higher the concentration of vanillin, 
the greater the inactivation of the microorganism obtained, and for the same con-
centration of vanillin, the microbial load obtained is lower when ultrasound treat-
ment is applied. 

 It appears that there is a benefi cial effect on the microbial inactivation when ultra-
sound is combined with heat. López-Malo et al.  (  1999  )  obtained a benefi cial effect of 
combining ultrasound with heat for the inactivation of  Saccharomyces cerevisiae . The 
same effect was observed by Baumann et al.  (  2005  )  for the inactivation of  L. monocy-
togenes  10403S at lethal and sublethal temperatures combined with ultrasound, and 
by Stanley et al.  (  2004  ) . However, D’Amico et al.  (  2006  )  observed that ultrasound 
treatment with or without the effect of heat was effective at reducing microbial levels 
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in raw milk,  L. monocytogenes  levels in ultra-high-temperature milk which had been 
inoculated with this microorganism, and  E. coli  O157:H7 in apple cider.  

    11.4.4   High-Pressure Homogenization Combined 
with Other Conservation Factors 

 There is not enough information about the combined effect of high-pressure 
homogenization and reduced  a  

w
 , but it appears that there is no infl uence on micro-

biological load of such a combination as Diels et al.  (  2005  )  found for  E. coli  MG1655 
in buffered suspensions. 

 In contrast to  a  
w
  ,  there is a benefi cial effect on the microbial inactivation when 

high-pressure homogenization is combined with addition of antimicrobials. Tribst 
et al.  (  2008  )  obtained a benefi cial effect when high-pressure homogenization and 
addition of lysozyme (an antimicrobial enzyme) where combined for the inactivation 
of  Lactobacillus brevis . Similar results were obtained by Vannini et al.  (  2004  )  using 
lysozyme or lactoperoxidase for the inactivation of some Gram-positive and Gram-
negative species in skim milk which had been inoculated with them. They concluded 
that the interaction of high-pressure homogenization and lysozyme or lactoperoxi-
dase is associated with conformational modifi cations of the two proteins, with a 
consequent enhancement of their activity. Pathanibul et al.  (  2009  )  used nisin as an 
antimicrobial combined with high-pressure homogenization for the inactivation of 
 E. coli  and  L. innocua  in apple or carrot juice which had been inoculated with them, 
but obtained no effect for such a combination for  E. coli , but interactions were 
observed with  L. innocua.  

 The effect of high-pressure homogenization combined with heat has also been 
studied. Diels et al.  (  2003  )  observed that temperatures between 5°C and 40°C do not 
affect inactivation of  S. aureus  by high-pressure homogenization, but  Yesinia entero-
colitica  inactivation was affected by temperature over a much wider range.   

    11.5   Concluding Remarks 

 The rational design of minimal processes for food preservation using emerging and 
traditional agents in combination requires, among other factors, a careful analysis of 
the mechanisms of action of the factors on microorganisms and knowledge of their 
inactivation kinetics and the characteristics of the interaction of the factors in com-
bination (additive, synergistic, or antagonic), as well as the effect of the preservation 
system on food quality.      
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           12.1   Introduction 

 Consumers’ demand for increased quality standards has led to the development of 
new and less aggressive processing technologies which permit greater retention of 
natural taste. As a consequence, minimal processing techniques designed to replace 
traditional preservation methods have emerged. This will extend shelf life without 
the detrimental effects attributed to severe heating. Furthermore, the presence of 
pesticides in food products and the use of synthetic additives to preserve fresh fruits 
and vegetables have increased the necessity to use other innovative methods that do 
not leave chemical residues in foods, avoiding some serious diseases (Ohlsson  2002 ; 
Bruhn  2005  ) . Nonthermal methods have emerged as attractive alternatives to con-
ventional thermal processing methods. They constitute challenging processes aim-
ing at reducing pernicious effects of thermal methods, by preserving quality and 
nutritional attributes of fruits and vegetables, and yielding safe and less perishable 
products. Ozone, UV-C radiation, and ultrasound treatments are promising techniques 
intended for the fruit and vegetable industry. The application of such technologies may 
yield products with limited losses of color, fl avor, texture, and nutrients, while 
retaining the desired shelf life and safety. However, the effi ciency related to each 
safety or quality indicator depends on the product/indicator under consideration.  
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    12.2   Safety and Quality Aspects of Fruits and Vegetables 

    12.2.1   Safety 

 Fruits and vegetables are often consumed uncooked; anything that is left on them, 
after they have come into contact with other inanimate or animate surfaces and entities, 
will be consumed. Fruits and vegetables often contain a great diversity of microbial 
fl ora. Some of those microorganisms are involved with the body’s defense; most have 
no direct impact on human’s health, but some are responsible for disease states. 
Bacteria, parasites, and viruses are the most relevant organisms that can be transported 
on fruits and vegetables and that may pose a hazard to health (the ones associated with 
outbreaks are included in Table  12.1 ). Some of those pathogens are naturally present 
in the environment, and one of the main sources of contamination is fecal deposits 
(human and/or animal). From the farmer to the fi nal consumer there are a huge number 
of occurrences that compromise fresh produce safety. Irrigation and/or washing waters 
and soils containing such pathogens are subsequent sources of transmission; organic 
fertilizers or soil conditioners derived from wastewater sludge are also dangerous 
contaminants; insects and birds are also vehicles that may cause cross-contamination. 
In a later step, lack of hygiene rules related to manufacturers and procedures may 
contribute to the presence of undesired microorganisms in the products.  

 Chemical contaminants such as heavy metals and persistent organic pollutants 
(e.g., polycyclic aromatic hydrocarbons) are frequently found in fresh fruits and 
vegetables. They are derived from the application of insecticides, fungicides, herbi-
cides, rodenticides, and fertilizers. Many pesticides, owing to their potent neuro-
toxic chemicals, attack and disable portions of the nervous system. Compounds 
containing lead, arsenic, copper, mercury, and zinc are frequently used on annual 
crops and fruit trees (Alloway  2004  ) . Some studies have reported the presence of 
unacceptable levels of pesticide residues in fresh fruits and vegetables, which 
implies that there is need for regular monitoring, especially of imported crops 
(Torres et al.  1996 ; Knezevic and Serdar  2009  ) . 

 Fertilizers are also of concern and are broadly classifi ed in two categories: organic 
(composed of decayed plant/animal matter) and inorganic (composed of simple chemi-
cals and minerals). These materials may contain signifi cant concentrations of trace 
metals, including cadmium and zinc (in phosphate fertilizers), and a wide range of 
metal and organic contaminants (in composts and sewage sludges) (Alloway  2004  ) .  

    12.2.2   Quality 

 Food quality is defi ned by the consumer, buyer, grader, or any other client on the 
basis of subjective and objective measurements of the food product. The characteristics 
of the product should satisfy the fi nal consumer, and there are a range of attributes 
that can be considered to analyze the expected product quality. 



26312 Emerging Technologies to Improve the Safety…

   T
ab

le
 1

2.
1  

  M
aj

or
 p

at
ho

ge
ns

 a
ss

oc
ia

te
d 

w
it

h 
co

nt
am

in
at

io
n 

of
 f

ru
it

s 
an

d 
ve

ge
ta

bl
es

 a
nd

 h
um

an
 i

ll
ne

ss
 (

A
no

ny
m

ou
s 

 20
01

 ; 
W

ar
ri

ne
r 

 20
05

 ; 
Z

ha
o 

 20
05

 ; 
G

or
ny

  2
00

6  )
    

 O
rg

an
is

m
 

 Sp
ec

ie
s 

 T
ra

ns
m

is
si

on
 s

ou
rc

e 
 Fo

od
 v

eh
ic

le
 

 B
ac

te
ri

a 
  C

lo
st

ri
di

um
 b

ot
ul

in
um

  
 So

il,
 la

ke
s,

 s
tr

ea
m

s,
 c

oa
st

al
 w

at
er

s,
 in

te
st

in
al

 
tr

ac
ts

 o
f 

m
am

m
al

s,
 d

ec
ay

in
g 

ve
ge

ta
tio

n,
 

re
pt

ile
s 

 M
us

hr
oo

m
s,

 g
re

en
 p

ep
pe

r, 
co

le
sl

aw
, c

ab
ba

ge
, 

ga
rl

ic
, p

ot
at

o,
 c

ar
ro

t 

  E
sc

he
ri

ch
ia

 c
ol

i  
 A

ni
m

al
 f

ec
es

, e
sp

ec
ia

lly
 c

at
tle

, c
hi

ck
en

s,
 d

ee
r, 

sh
ee

p,
 g

oa
ts

, a
nd

 p
ig

s;
 c

ro
ss

-c
on

ta
m

in
at

io
n 

fr
om

 r
aw

 m
ea

t 

 B
er

ri
es

, m
el

on
s,

 le
ttu

ce
, s

pi
na

ch
, c

an
ta

lo
up

e,
 

al
fa

lf
a 

sp
ro

ut
s,

 c
ab

ba
ge

, c
el

er
y,

 w
at

er
cr

es
s 

  Sa
lm

on
el

la
  s

pp
. 

 A
ni

m
al

 a
nd

 h
um

an
 f

ec
es

; c
ro

ss
-c

on
ta

m
in

at
io

n 
fr

om
 r

aw
 m

ea
t, 

po
ul

tr
y,

 o
r 

eg
gs

 
 B

er
ri

es
, s

tr
aw

be
rr

ie
s,

 m
el

on
s,

 r
aw

 to
m

at
oe

s,
 

al
fa

lf
a 

sp
ro

ut
s,

 c
ab

ba
ge

, c
el

er
y,

 a
rt

ic
ho

ke
s,

 
en

di
ve

, f
en

ne
l, 

le
ttu

ce
 

  Sh
ig

el
la

  s
pp

. 
 H

um
an

 f
ec

es
 

 R
aw

 v
eg

et
ab

le
s,

 le
ttu

ce
, g

re
en

 o
ni

on
s,

 c
el

er
y 

  Li
st

er
ia

 m
on

oc
yt

og
en

es
  

 So
il,

 f
oo

d 
pr

oc
es

si
ng

 e
nv

ir
on

m
en

ts
, s

ur
fa

ce
s 

 L
et

tu
ce

, c
ab

ba
ge

, c
ar

ro
ts

, c
hi

co
ry

, p
ot

at
oe

s,
 

ra
di

sh
, b

ea
n 

sp
ro

ut
s 

 Pa
ra

si
te

s 
  C

ry
pt

os
po

ri
di

um
  s

pp
. 

 W
at

er
, a

ni
m

al
 a

nd
 h

um
an

 f
ec

es
 

 V
eg

et
ab

le
s 

sa
la

ds
 

  C
yc

lo
sp

or
a  

sp
p.

 
 T

he
 r

ou
te

 o
f 

tr
an

sm
is

si
on

 is
 u

nc
le

ar
; w

at
er

 
is

 o
ft

en
 m

en
tio

ne
d 

 R
as

pb
er

ri
es

, b
la

ck
be

rr
ie

s,
 le

ttu
ce

, b
as

il,
 

an
d 

ot
he

r 
fr

es
h 

pr
od

uc
e 

 V
ir

us
es

 
 H

ep
at

iti
s 

A
 

 W
at

er
, h

um
an

 f
ec

es
 a

nd
 u

ri
ne

 
 L

et
tu

ce
, m

el
on

s,
 s

tr
aw

be
rr

y,
 w

at
er

cr
es

s,
 

to
m

at
oe

s,
 g

re
en

 o
ni

on
s,

 f
re

sh
-c

ut
 f

ru
it 

 N
or

ov
ir

us
 

 H
um

an
 f

ec
es

, v
om

itu
s 



264 E.M.C. Alexandre    et al.

 In recent years, increased attention has been given to the quality and safety of 
foods, not only from a consumer’s perspective but also from the perspective of govern-
mental entities. To ensure consumer satisfaction, some food standards were designed 
to provide information about the product and the means to preserve product quality. 
Food standards were also developed to prevent economic fraud and to establish the 
market value of products (Anonymous  2002  ) . There are various institutions world-
wide that specialize in the preparation of food standards and codes of practice for 
fresh products and in quality inspection and certifi cation of fresh fruits and vegeta-
bles. These measures provide consumer protection in relation to quality parameters 
that are often diffi cult to measure when the product is bought. However, there are 
some quality attributes that consumers can scrutinize themselves, such as the external 
attributes. Appearance, feel, and defects can be easily evaluated by vision and touch 
(evaluation of size, shape, state of maturation, general coloration, softening, and 
defects of the product). Internal quality attributes can be more diffi cult to evaluate, 
as characteristic aroma, taste, and texture can only be analyzed if the consumer eats 
the product before acquiring it. Hidden quality parameters such as nutritive value 
and wholesomeness are impossible to measure at the time of purchase. The more 
relevant attributes and some detection methods that can be used for quality evalua-
tion of fresh fruits and vegetables are included in Table  12.2 .  

 The consumption of fresh fruits and vegetables is of signifi cant benefi t to human 
health. Antioxidants, minerals, vitamins, and fi bers in produce are good examples of 
food components that can help in the prevention of diseases. For example, calcium 
has a signifi cant role in the prevention or control of osteoporosis, folate is associ-
ated with the prevention of neural tube defects in infants, and fi ber is associated 
with the prevention of colon cancer. Some phytochemicals such as carotenoids 
present in carrots and the yellow, red, and orange pigments of plants are highly 
signifi cant in the prevention of cancer, diabetes, and hypertension. Vitamin A (found 
in carrots, spinach, and cantaloupe), vitamin B (present in broccoli, strawberries, 
and tomatoes), and vitamin C (found in signifi cant levels in oranges, kiwifruit, and 
mango, and in certain types of nuts) are examples of compounds that can help to 
minimize cellular oxidative damage and have a role in the immune system.   

    12.3   Traditional Technologies 

    12.3.1   Thermal Treatments 

 Conventional thermal processing methods, such as blanching, pasteurization, and 
sterilization, play a very important role in the food industry, since high temperatures 
will cause a rapid inactivation of microorganisms and enzymes. 

 Blanching is one important process that precedes other preservation processes 
such as freezing and dehydration. It is mainly applied to vegetables with the purpose 
of reducing enzyme activity, which is responsible for undesirable colors and fl avors, 
texture alteration, and nutritional decay. The process is characterized by the use of 
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short bursts of heat lasting about 2–3 min at temperatures usually between 85°C and 
100°C. The defi nition of blanching time/temperature to which the product must 
be submitted depends on the size, shape, thermal diffusivity, and natural levels of 
enzymes (Fennema et al.  1973 ; Knorr  1995  ) . 

 The negative aspects of blanching are related to the effects that heat has on 
sensorial and nutritional characteristics of foods. Softening of tissues, vitamin loss, 
development of undesirable cooked fl avors, and loss of soluble solids (to the blanching 
water) are some examples (Qi et al.  1995 ; Martins and Silva  2001  ) . These occur-
rences promoted research into and development of alternative methods as effi cient 
as blanching in the ability to reduce enzyme activity and microbial load of the products, 
yet allowing them to retain organoleptic and nutritional characteristics (Piyasena 
et al.  2003 ; Knorr et al.  2004  ) . 

 Pasteurization is a thermal treatment that reduces pathogenic bioload to a level 
that is unlikely to cause disease. The temperatures used are usually below 100°C 
and the time/temperature combination used depends on the product and microor-
ganism profi le in the product. With solid foods, particularly fruits and vegetables, 
the pasteurization process is often applied to the products’ surfaces (immersed in 
hot water). Annous and Kozempel  (  2006  )  reported apples, melons, mangoes, lemons, 
oranges, cucumbers, pears, tomatoes, and alfalfa seeds as examples of produce 
negatively affected by surface pasteurization. 

 Sterilization is a thermal process that kills all microorganisms and vegetative cells. 
The severity of such a process limits its application to fruits and vegetables since 
the impact on the quality is considerable.  

    12.3.2   Chemical Treatments 

 A number of sanitizing agents may be used to reduce the risk of contamination. 
Traditionally, fresh fruits and vegetables are rinsed in chlorine, hydrogen peroxide, 
and acid solutions. However, the impact of those treatments depends on the initial 
microbial loads; with high bioloads, such treatments may not be suffi cient. 

 Chlorine has been used as an effective disinfectant of drinking water, wastewater, 
and food processing equipment and surfaces. The chlorination process can be 
performed by addition of chlorine (Cl 

2
 ) or by addition of sodium hypochlorite 

(NaOCl) or calcium hypochlorite Ca(OCl) 
2
  to wash waters. Such solutions, when 

applied to the disinfection of fruits and vegetables, are used at concentrations ranging 
from 50 to 200 ppm with a short treatment time of 1–2 min. The lack of effectiveness 
of chlorine solutions for disinfection of fresh fruits and vegetables is correlated to 
the neutralization of chlorine by tissues components, thus limiting its oxidative 
action on microorganisms (Beuchat  1998 ; Bachmann and Earles  2000  ) . 

 In addition to chlorine, iodine is also used to sanitize food processing equipment 
and surfaces. Iodine formulations called iodophors are water-soluble   , less volatile, 
and less irritating to the skin than other iodine formulations. Iodophors inactivate a 
wide spectrum of microorganisms. At low temperatures they are less corrosive 
than chlorine and are minimally affected by the presence of organic compounds. 
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However, at higher temperatures (above 50°C) they vaporize easily and become 
very corrosive. The application of iodophors to fruits and vegetables is restricted, as 
iodine forms a purple complex with starch (Beuchat  1998  ) . 

 Acetic, citric, succinic, malic, tartaric, benzoic, and sorbic acids are the acids in 
solution form most commonly used for disinfection of fruits and vegetables. 
Pathogenic microorganisms present on the surfaces of products are killed or inhibited 
through washes and sprays with such materials. The use of lemon juice to wash lettuce, 
or its application during the cutting of fruits and vegetables, can eliminate or prevent 
microbial growth (Hernandez-Brenes  2002 ; Parish et al.  2003  ) . 

 Hydrogen peroxide (H 
2
 O 

2
 ) is another well-studied oxidizing agent that is toxic to 

microorganisms. Hydrogen peroxide has a very low toxicity and is recognized as 
eco- friendly  owing to its low impact on the environment. However, considering 
different types of fruits and vegetables, it has been reported that hydrogen peroxide 
can negatively impact the quality of some products. Hydrogen peroxide may induce 
browning (mushrooms, lettuce), may cause bleaching of anthocyanins (strawberries 
and raspberries), and is not effi cient in killing yeasts and molds. However, for some 
fruits and vegetables (i.e., cantaloupes, grapes, prunes, raisins, walnuts, and pista-
chios), hydrogen peroxide is an effi cient disinfectant with no signifi cant impact on 
product quality (Sapers and Simmons  1998 ; Bachmann and Earles  2000  ) . 

 Sapers  (  2001  )  reported that the use of sanitizing agents to wash inoculated apples 
(on a laboratory scale) can reduce the bioload to the order of 2–3 log units. However, 
when they were applied as a wash treatment in actual industrial environments, the 
population reduction was less than 1 log cycle. 

 The effectiveness of all these technologies depends on microbial sensitivity to 
the sanitizer agent used and, consequently, variable results are commonly reported 
by researchers. In part, the lack of effi ciency can be attributed to the inaccessibility 
of locations with structures and tissues that support microbial fl ora. Investigation of 
specifi c combinations of pathogens and produce is lacking. 

 The information presented in Table  12.3  is related to sanitizer solutions often 
applied to fruits and vegetables and their impact on safety and quality.    

    12.4   Emerging Technologies 

 There is signifi cant interest in the development of new minimal nonthermal processing 
technologies that do not use severe heat-based methods. These processes are known 
to preserve quality parameters such as odor, visual appearance, color, texture, nutritive 
value, and absence of additives   . At the same time, they have the added advantage of 
reduction of the microbial load (Kuldiloke  2002 ; Piyasena et al.  2003  ) . 

 Emerging technologies such as ozonation, ultrasonication, and ultraviolet (UV) 
light treatment are applicable to an extensive variety of food products. Fresh fruits and 
vegetables have a short shelf life when compared with chilled ingredients and conve-
nience foods (cooked meats and vegetables), which are usually ambient temperature 
stable foods with a long shelf life (Kuldiloke  2002  ) . The sequential use of innovative 
preservation methods or their combination with a less intensive heat treatment or with 
traditional sanitizers, as a form of hurdle technology, is fast gaining interest. 
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    12.4.1   Ozone 

    12.4.1.1   Properties and Microbial Effects 

 Ozone (O 
3
 ) is a powerful oxidizing agent formed in the stratosphere by sunlight 

(at a wavelength of 185 nm). In nature, ozone is present at very low concentrations 
which do not satisfy industrial/commercial requirements. 

 Commercially, this molecule is obtained by exposing oxygen molecules to 
corona discharges and to UV light; both procedures are similar to what happens in 
nature (Sharma  2005  ) . The corona discharge is achieved by passing the feed gas 
between two closely spaced electrodes. When the feed gas (such as dry air, oxygen, 
or a gaseous mixture) passes between the electrodes, the gas is partially ionized and 
subsequent atomic collisions produce ozone. The process of ozone generation by 
UV light is similar. The isolated oxygen atoms are formed by the photodissociation 
of oxygen caused by short-wavelength UV radiation, around 240 nm. Similarly, 
oxygen atoms and molecules interact to form ozone (Fig.  12.1 ).  

 Ozone can also be produced by water electrolysis, but the cost is very high com-
pared with that for corona discharge (Graham  2000  ) . Electrolysis is predominantly 
used by the pharmaceutical and electronic industries. 

 Ozone gas has a blue tint at room temperature; at higher concentrations the color is 
not noticeable. It has a strong characteristic smell that many authors have described as 

  Fig. 12.1    Ozone formation by corona discharge       
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that of “fresh air after a thunderstorm.” Human olfactory senses are able to detect this 
odor, even when ozone is present at a very low concentration (below 0.01 ppm). 

 Ozone is thermally unstable and dissociates in a very short time, forming oxygen 
or reacting with other gases (Butz and Tauscher  2002 ; Güzel-Seydim et al.  2004a  ) . 
Ozone is more soluble in water than oxygen, with a half-life in distilled water of 
20–30 min before breaking down to form oxygen. However, it is diffi cult to main-
tain ozone dissolved in water, especially if temperatures are high. Consequently, to 
maintain or increase its concentration in aqueous solution, it is necessary to have 
continuous ozone production and low temperatures (Güzel-Seydim et al.  2004b ; 
Graham  2000  ) . Ozone is considered as a valuable disinfection agent because of its 
high oxidation potential (of 2.07 mV), with only fl uorine having a greater potential 
(3.06 mV). The effi ciency of ozone as an oxidizing agent depends greatly on the 
balance between ozone concentration and organic matter content (Sharma  2005  ) . 
In aqueous solution, ozone is slightly more unstable than it is in the gas phase. 

 Ozone is effective against some Gram-positive bacteria such as  Listeria monocy-
togenes ,  Staphylococcus aureus ,  Bacillus cereus , and  Enterococcus faecalis , as well 
as against some Gram-negative bacteria such as  Pseudomonas aeruginosa  and 
 Yersinia enterocolitica , some yeasts such as  Candida albicans  and  Zygosaccharomyces 
bacilli , and some molds such as  Aspergillus niger  (Restaino et al.  1995 ; Güzel-
Seydim et al.  2004b  ) . Ozone’s ability to inactivate such a spectrum of microorgan-
isms is due to its strong oxidation power. Figure  12.2  shows the way ozone 
approaches/destroys the bacterial cell and subsequent cell lysis.  

 Ozone promotes progressive oxidation of vital cellular components; the cell sur-
face is the initial ozone target. Ozone has the capacity to oxidize the double bonds 
of unsaturated lipids, resulting in cell disruption and subsequent leakage of cellular 
contents (Güzel-Seydim et al.  2004b  ) . Kim et al.  (  1999  )  reported that lipoprotein 
and lipopolysaccharide layers of Gram-negative bacteria are the fi rst sites destroyed 
by ozone, and consequently the cell permeability is very strongly affected, resulting 

  Fig. 12.2    Effect of ozone on the bacterial cell       
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in cell lysis. The same authors also reported that nucleic acids are signifi cantly 
damaged or even destroyed by ozone, as is viral RNA, and that ozone alters poly-
peptide chains in viral protein coats.  

    12.4.1.2   Applications to Fruits and Vegetables 

 Ozone was fi rst used as a disinfectant for municipal waters, process waters, bottled 
drinking waters, and swimming pools. Later, its application was extended wastewa-
ter, dairy and swine effl uent, cooling towers, hospital water systems and equipment, 
aquariums and aquaculture, water theme parks, and public spas and spas in the 
home (Smilanick  2003  ) . 

 Some applications in the food industry include food preservation, surface hygien-
ization, sanitation, water disinfection, and wastewater reutilization (Sheldon and 
Brown  1986 ; Schneider et al.  1991  ) . Even at low ozone concentrations and/or con-
tact times, ozone can be effective in the inactivation of pure cultures of bacteria, 
molds, yeast, parasites, and viruses in solution. However, the success of the food 
sanitation process is conditioned by the composition of the food surface, the type of 
microbial contaminant, and the degree of attachment to or association of microor-
ganisms with food. In such situations, the food itself may compete with the micro-
organisms for ozone and may limit the accessibility of ozone to the microbial food 
contaminants (Kim et al.  1999 ; Sharma  2005  ) . Ozone reacts with a large variety of 
organic compounds at very different rates, so there are many oxidation by-products 
that are formed during the ozonation process. However, those by-products and resi-
dues are not potentially harmful and, consequently, the ozonation process is consid-
ered safe. 

 Ozone, when dissolved in water, has been tested in postharvest treatments of 
fruits and vegetables. However, it has greater effi cacy when in the gaseous form, 
associated with refrigerated storage and modifi ed-atmosphere packaging. When 
ozone is used in water, its concentrations range from 0.03 to 20.0 ppm. When it is 
used in the gaseous form, the concentration reaches highly elevated doses such as 
20,000 ppm (Selma et al.  2008b    ). Since ozone decomposition is rapid in water, its 
antimicrobial action may take place only at food surfaces (Aguayo et al.  2006  ) . 

 The information included in Table  12.4  provides an overview of the impact of 
ozone on the quality and safety features of fruits and vegetables.    

    12.4.2   Ultrasound 

    12.4.2.1   Properties and Microbial Effects 

 Ultrasound is defi ned as pressure waves with a frequency of 20 kHz or more, which is 
a frequency greater than the upper limit of human hearing (Butz and Tauscher  2002  ) . 
Ultrasound technology has been studied for several years and can be classifi ed as 
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   Table 12.4    Overview of impact of ozone on quality and safety of fruits and vegetables   

 Product 
 Processing/storage 
conditions  Quality/safety indicators  References 

 Fresh-cut celery  Ozone in water (0.03, 
0.08, and 0.18 ppm) 
Storage under 
refrigerated 
conditions 

 Vitamin C, total sugar, and 
sensory retention; decrease 
of enzyme activity 

 Zhang et al. 
 (  2005  )  

 1.69 log reduction (total 
microbial counts) 

 Fresh-cut 
lettuce 

 Ozone in water 
(0.5–4.5 ppm) 
Storage under 
refrigerated 
conditions 

 Vitamin C and  b -carotene 
retention; decrease 
of enzyme activity; better 
scores for all sensory 
parameters 

 Ölmez and Akbas 
 (  2009  )  

 1.5, 1.1, and 1.5 log reduction 
(aerobic mesophilic bacteria, 
psychrotrophic bacteria, 
and  Enterobacteriaceae , 
respectively) 

 Ozone in water (10 and 
20 mg/L) Modifi ed-
atmosphere 
packaging or in air 
and storage under 
refrigerated 
conditions 

 No impact on respiratory 
activity, visual appearance, 
and fi nal phenolic content 

 Beltran et al. 
 (  2005  )  

 1.6 and 3.2 log reduction 
(aerobic mesophilic 
and coliforms counts, 
respectively) 

 Iceberg lettuce  Ozone in water (4 mg/L)  No impact on color, vitamin C, 
 b -carotene, texture, 
and moisture content 

 Akbas and Olmez 
 (  2007  )  

 1.7 and 1.5 log reduction 
(aerobic mesophilic 
and psychrotrophic bacteria, 
respectively) 

 Ozone in 
water(0.5–16.5 ppm) 

 1.8 log reduction ( Shigella 
sonnei ) 

 Selma et al. 
 (  2007  )  

 Ozone in water (1 mg/L) 
Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 No impact on color, texture, 
visual appearance, aroma, 
off-fl avor, and off-odor 

 Baur et al.  (  2004  )  

 Reductions of aerobic 
mesophiles were similar to 
those from water washing 
but  Enterobacteriaceae  and 
 Pseudomonades  were 
strongly reduced 

 Enoki 
mushrooms 

 Ozone in water (1, 3, 
and 5 ppm) Storage 
at 15°C 

 <1.0 and 0.5 log reduction 
( Escherichia coli  and 
 Listeria monocytogenes , 
respectively) 

 Yuk et al.  (  2007  )  

(continued)
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 Product 
 Processing/storage 
conditions  Quality/safety indicators  References 

 Peaches and 
table grapes 

 Gaseous ozone 
(0.3 ± 0.05 ppm) 
Storage under 
refrigerated 
conditions 

 No impact on respiration and 
ethylene production rates 
of peaches, incidence 
and severity of decay, 
and phytotoxic injuries of fruit 
tissues; inhibition of aerial 
mycelial growth and 
sporulation on peaches 
and gray mold nesting among 
grapes; water loss increased 
in peaches but not in grapes 

 Palou et al.  (  2002  )  

 Fresh, 
prepackaged 
whole 
spinach 
leaves 

 Gaseous ozone (1.6 and 
4.3 mg/L) Storage 
under refrigerated 
and nonrefrigerated 
conditions 

 No impact on relative humidity 
in air storage condition but 
changes for oxygen stored 
conditions; discoloration of 
spinach leafs 

 Klockow and 
Keener  (  2009  )  

 3–5 log reduction/leaf 
( Escherichia coli ) 

 Fresh-cut green 
asparagus 

 Ozone in water (1 mg/L) 
Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 Decrease of enzyme activity; 
increase of lignin, cellulose 
and hemicellulose contents 
of cell wall 

 An et al.  (  2007  )  

 Precut or 
postcut 
carrots 

 Ozone in water(1 mg/L)  Losses of soluble solid content, 
color changes and impair-
ment of aroma perception 

 Alegria et al. 
 (  2009  )  

 > 0.4 and 0.6–0.7 log reductions 
(total aerobic plate and 
yeasts/molds, respectively) 

 Date fruits  Gaseous ozone (1, 3 and 
5 ppm) 

 0.26–0.56, 2.65–3.10, 2.67–
3.11, and 0.13–0.43 log 
reductions (total bacterial 
count, coliforms, 
 Staphylococcus aureus , 
and yeasts/molds, 
respectively) 

 Najafi  and 
Khodaparast 
 (  2009  )  

 Dried fi gs  Gaseous ozone 
(0.1–9.0 ppm) 

 No impact on color, pH, 
moisture content, sweetness, 
rancidity, fl avor, appearance, 
and overall palatability 

 Akbas and 
Ozdemir 
 (  2008  )  

 0.9–3.5, 2.7–3.5, and 1.0–2.0 
log reductions ( Escherichia 
coli, Bacillus cereus , and 
 Bacillus cereus  spores, 
respectively) 

Table 12.4 (continued)

(continued)
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 Product 
 Processing/storage 
conditions  Quality/safety indicators  References 

 Ozone in water 
(1.7 mg/L) Gaseous 
ozone (13.8 mg/L) 

 Both forms affect afl atoxin B 
1
  

degradation 
 Zorlugenç et al. 

 (  2008  )  
 Aqueous: 1.49–2.42, 1.33, 

and 1.73 log reductions 
(aerobic mesophilic bacteria, 
total yeasts, and total molds, 
respectively);  Escherichia 
coli  and coliforms not 
detected 

 Gaseous: 0.81–1.42, 0.46–1.84, 
0.16–2.09, and 0.59 log 
reductions (aerobic 
mesophilic bacteria, 
coliforms, total yeasts, 
and total molds, respectively); 
 Escherichia coli  
not detected 

 Gaseous ozone (1, 5 and 
10 ppm) 

 1.59–2.51, 0.0–0.39, and 
0.40–1.30 log reductions 
(total aerobic mesophilic 
bacteria, coliforms, and 
yeast/molds, respectively); 
 Escherichia coli  not 
detected 

 Öztekin et al. 
 (  2006  )  

 Fresh-cut 
cilantro 

 Ozone in water 
Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 Slight decrease of fi rmness; no 
infl uence on color, off-odor, 
and aroma; overall quality 
retention 

 Wang et al.  (  2004  )  

 1–1.5 log reduction (total 
aerobic plate); total 
 Enterobacteriaceae  increase 
after 4 days of storage 

 Cherry 
tomatoes 

 Gaseous ozone (5, 10, 
20, and 30 mg/L) 
Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated or 
nonrefrigerated 
conditions 

 Color changes for higher 
concentrations; texture was 
maintained 

 Das et al.  (  2006  )  

 Complete reduction of 
 Salmonella enteritidis     

 The higher the ozone concentra-
tion, the less contact time 
required 

Table 12.4 (continued)

(continued)
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 Product 
 Processing/storage 
conditions  Quality/safety indicators  References 

 Whole and 
sliced 
tomatoes 

 Gaseous ozone 
(4 ± 0.5  m L/L) 
Storage under 
refrigerated 
conditions 

 Decrease of respiration rate 
during storage; decrease of 
metabolic activity; increase 
of contents of sugars and 
organic acids; tissue 
fi rmness maintained; 
retention of good appear-
ance and overall quality in 
slices but aroma decayed 

 Aguayo et al. 
 (  2006  )  

 1.1–1.2 and 0.5 log reductions 
(mesophilic and psy-
chrotrophic bacteria and 
yeast/molds, respectively) 

 Longan fruit  Gaseous ozone 
(200  m L/L) Storage 
at 25°C 

 Reduced growth of  Lasidiplodia  
sp. and completely inhibited 
growth of  Cladosporium  sp. 

 Whangchai et al. 
 (  2006  )  

 Blackberries  Gaseous ozone (0.1 and 
0.3 ppm) Storage 
under refrigerated 
conditions 

 No impact on total anthocyanin 
content, color retention; 
decrease of enzyme activity 

 Barth et al.  (  1995  )  

 Fungal decay was not observed 
 Grape berries  Gaseous ozone 

(16 mg/L) 
 Induced resistance to posthar-

vest decay; no deleterious 
effects on appearance; no 
phytotoxicity; fi rmness was 
not adversely affected 

 Sarig et al.  (  1996  )  

 Total elimination of fungi, 
yeasts, and bacteria (after 
20 min) 

 Rocket leaves  Ozone 
in water(10 mg/L) 
Modifi ed atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 No impact on visual quality, 
vitamin C, phenolic, and 
fl avonoids contents 

 Sánchez et al. 
 (  2006  )  

 ~1, ~0.5, and ~0.5 log 
reductions (total mesophilic 
bacteria, total coliforms, 
and yeasts and molds) 

 Cantaloupe 
melon 

 Gaseous ozone (5,000, 
10,000, and 
20,000 ppm) Storage 
under refrigerated 
conditions 

 No impact on the visual quality, 
aroma, fi rmness, and soluble 
solid content; increase 
in translucency and decrease 
of lightness 

 Selma et al. 
( 2008b ) 

 1.6, 1.6, 0.7, and 1.1 log 
reductions/(28.2 ± 5.7g)    
(total coliforms, 
 Pseudomonas fl uorescens , 
yeasts, 
and lactic acid bacteria, 
respectively) 

Table 12.4 (continued)
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 Product 
 Processing/storage 
conditions  Quality/safety indicators  References 

 Gaseous ozone 
(10,000 ppm) 

 No impact on visual quality, 
aroma, translucency, 
fi rmness, or color 

 Selma et al. 
( 2008a ) 

 1.1, 1.3, 1.5, and 1.3 log 
reductions (aerobic 
mesophilic bacteria, 
psychrotrophic bacteria, 
molds, and total coliforms, 
respectively) 

 Precut or whole 
green 
peppers 

 Gaseous ozone 
(2–8 mg/L) 

 0.69–7.18 log reductions 
( Escherichia coli ) 

 Han et al.  (  2002  )  

 Ozone in water 
(0.30–3.95 ppm) 
Storage under 
refrigerated 
conditions 

 0.72 log reduction (aerobic 
plate counts) 

 Ketteringham 
et al.  (  2006  )  

 Strawberries  Gaseous ozone 
(0.35 ppm) Storage 
under refrigerated 
conditions followed 
by storage at 20°C 

 Impact on contents of sugars, 
anthocyanin, and ascorbic 
acid and aroma 

 Pérez et al.  (  1999  )  

 Prevention of fungal growth 

 Fresh strawber-
ries and 
shredded 
lettuce 

 Gaseous ozone 
(1–10 mg/L) Storage 
under refrigerated 
conditions 

 Little impact on fi rmness; 
increase of browning 
in lettuce; no colur 
changes in strawberries 

 Wei et al.  (  2007  )  

 0.79–1.28, 1.17–1.51, and 
0.99–0.78 log reductions 
on lettuce–strawberry 
(mesophiles, psychrotrophs, 
yeasts, and molds, 
respectively) 

 Tomatoes, 
strawberries, 
table grapes, 
plums, and 
clementines 

 Gaseous ozone 
(0.005–5.0  m mol/mol 
ozone) Storage at 
13°C 

 Marked reduction of molds 
( Botrytis cinerea ) 

 Tzortzakis et al. 
 (  2007  )  

 Shredded 
lettuce and 
baby carrots 

 Ozone in water (5.2, 9.7 
and 16.5 mg/L) 
Gaseous ozone (2.1, 
5.2 and 7.6 mg/L) 

 Singh et al. 
( 2002b )  Decolorization of lettuce leaves 

for higher concentrations 
 Water: 5.97–7.32 log reductions 

( Escherichia coli ) 
 Gaseous: 5.16–7.21 log 

reductions ( Escherichia coli ) 
 Apples, lettuce, 

strawberries, 
and 
cantaloupe 

 Ozone in water (3 ppm) 
Storage under 
refrigerated 
conditions 

 ~5.6 log reductions 
( Escherichia coli  and 
 Listeria monocytogenes ) 

 Rodgers et al. 
 (  2004  )  

 No infl uence on  Escherichia coli  
and  Listeria monocytogenes ; 
increase in mesophilic bacteria 
and mold and yeast counts 

Table 12.4 (continued)
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  Fig. 12.3    Ultrasonic 
cavitation and implosion       

being of low and high energy (high and low frequency, respectively), having differ-
ent applications on the basis of this criterion. 

 Ultrasound is known to cause chemical and physical changes in biological 
structures (in a liquid medium), owing to the rapid formation and destruction of 
cavitation bubbles (Fig.  12.3 ).  

 When ultrasound waves pass through a liquid, a continuous wave type of motion 
is created. Longitudinal waves are propagated via a series of compression and 
rarefaction waves, which are induced in the medium particles. If the wave has 
suffi ciently high amplitude and gas bubbles or cavities are produced in the medium 
(cavitation process). Growth of these bubbles produces a phenomenon called recti-
fi ed diffusion, i.e., during the expansion cycle gas diffusion causes bubble expan-
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sion   . That gas taken in during the expansion is not completely expelled during 
the compression cycle and, consequently, the bubbles grow in size. After some 
compression cycles, rapid condensation occurs, because the ultrasonic energy is not 
suffi cient to retain the vapor phase in the bubble. The condensed bubble implodes 
violently, creating shock waves and generating the energy for chemical and 
mechanical effects. In a liquid medium, the collapse of bubbles using a frequency 
of 20 kHz creates regions of very high temperature, around 5,500°C, and pressure, 
about 50,000 kPa (Mermelstein  2000 ; Kuldiloke  2002 ; Ohlsson  2002  ) . 

 The destructive potential of ultrasound was discovered in the 1960s when it was 
observed that sound waves used in antisubmarine warfare killed fi sh. Since then, 
studies on how ultrasound disrupts biological structures have been conducted, and 
numerous theories and mechanisms concerning ultrasound’s harmful effects on 
cells have been proposed (Earnshaw et al.  1995 ; Piyasena et al.  2003  ) . Intracellular 
cavitations are responsible for this phenomenon (as previously described) and the 
pressure changes are the main cause for the bactericidal effect of the ultrasound 
technology. The micromechanical shocks rapidly form bubbles (that collapse 
equally fast), which promotes the disruption of cellular structures and functional 
components, thus causing cellular lysis (Anonymous  2000 ; Butz and Tauscher  2002 ; 
Ross et al.  2003  ) . The effectiveness of ultrasound treatment on microorganisms 
depends on the type of bacteria and on the treatment time and temperature.  

    12.4.2.2   Applications to Fruits and Vegetables 

 Ultrasonication is an innovative technology in food processing that is believed to 
have potential but still requires further investigation and optimization for use in 
the food industry application to fruits and vegetables, which have acoustical proper-
ties signifi cantly different from those of biological and industrial materials. One of the 
most important limiting factors is the dispersion of void and pores, which infl uence 
the monitoring and interpretation of ultrasound data in those products. However, 
the development of sensors, microprocessors, and methods of signal analysis are 
facilitating the use of this nonthermal, nondestructive, and environmentally friendly 
technology in measurements of fresh products. At the industrial level, it is necessary 
to study the frequency and power requirements for different fresh products and to 
choose the best equipment and measurement tests (Mizrach  2008  ) . 

 Nevertheless, the use of ultrasound technology has increased in the food industry 
(Knorr et al.  2002  ) . Low-intensity ultrasound, at intensities lower than 1 W/m 2  and 
a frequency higher than 100 kHz, is used for noninvasive detection (food control), 
providing information about physical-chemical properties of food materials, and is 
used in relaxation phenomena studies (Kuldiloke  2002 ; Knorr et al.  2004  ) . High-
intensity ultrasound, at intensities higher than 1 W/m 2  and frequencies between 18 
and 100 kHz, is regularly used during physical and chemical changes of food prop-
erties, such as extraction, emulsifi cation, homogenization, separation, extrusion, 
cell disruption, degassing of liquid food, viscosity alteration, chemical reaction 
promotion (oxidation/reduction), enzyme and protein extraction, meat softening, 
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and modifi cation of crystallization processes (McClements  1995 ; Villamiel and de 
Jong  2000 ; Knorr et al.  2004 ; Zheng and Sun  2006 ; Patist and Bates  2008  ) . 

 Higher-power ultrasound at lower frequencies, associated with heat and pressure, 
has been reported to successfully inactivate heat-resistant enzymes and cause 
cavitation and subsequent inactivation of microorganisms (Vercet et al.  1997 ; 
Piyasena et al.  2003 ; Knorr et al.  2004  ) . 

 The complexity of foods, and their potential protective effect on microorganisms, 
makes ultrasound treatment ineffective as a preservation technique. However, there 
are several processes that can be combined with ultrasound treatment: (1) heat 
and sonication (thermosonication), (2) pressure and sonication (manosonication), and 
(3) pressure, heat, and sonication (manothermosonication). The combination of such 
processing technologies may cause additive, antagonist, or synergistic effects, depending 
on the type of combination and on the safety or quality standards analyzed. In fruits 
and vegetables, these hurdle combinations are considered improved applications, as 
positive changes in quality characteristics are attained when compared with results 
from conventional thermal processes. The amplitude of ultrasonic waves, the contact 
time, the nature of the microorganism/food, the volume of food to be processed, the 
food composition, and the treatment temperature are examples of some critical 
processing factors of concern (Anonymous  2000 ; Butz and Tauscher  2002 ; Piyasena 
et al.  2003 ; López-Malo et al.  2005  ) . Additionally, ultrasound is responsible for the 
production of free radicals and localized heating (Earnshaw et al.  1995  ) . 

 An overview of the impact of ultrasound processing applied to fruits and vegetables 
is given in Table  12.5 .    

    12.4.3   Ultraviolet Light 

    12.4.3.1   Properties and Microbial Effects 

 The electromagnetic spectrum consists of different types of radiation that are clas-
sifi ed according to their wavelengths. UV radiation covers a wide range of wave-
lengths in the nonionizing region of the electromagnetic spectrum, with wavelengths 
between 100 and 400 nm (Fig.  12.4 ). UV radiation is categorized as UV-A (315–
400 nm), UV-B (280–315 nm), UV-C (200–280 nm) and vacuum UV (100–200 nm). 
UV-A causes indirect damage to DNA, proteins, and lipids through reactive oxygen 
intermediates; these are responsible for the changes in human skin that lead to tanning. 
UV-B and UV-C cause indirect and direct damage to DNA because they are strongly 
absorbed at wavelengths below 320 nm. UV-B can cause skin burning and eventu-
ally lead to skin cancer. UV-C is known to be germicidal; it inactivates bacteria, 
viruses, protozoa, yeasts, molds, and algae (Anonymous  2000 ; Hollósy  2002 ; Matak 
 2004 ; Zenoff et al.  2006 ; Keyser et al.  2008  ) .  

 The germicidal effect of radiation is mainly due to the photochemical reactions 
that are induced inside the microorganisms. The major lesion in the microorganisms 
is due to DNA absorption of UV light (254 nm is the most lethal), taking place by 
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   Table 12.5    Overview of impact of ultrasound on quality and safety of fruits and vegetables   
 Product  Processing conditions  Quality/safety indicators  References 

 Precut or 
postcut 
carrots 

 Ultrasonication 
(45 kHz) and 
thermosonica-
tion (45 kHz 
and 50°C) 

 Signifi cant soluble solid content 
loses, color changes, pH 
changes did not exceed 0.2 pH 
units, and impairment of aroma 
perception 

 Alegria et al.  (  2009  )  

 0.5–1.7 and 0.5–1.2 log reduction 
(total aerobic plate counts and 
yeast and molds, respectively) 

 Watercress  Thermosonication 
(20 kHz and 
82.5–92.5°C) 

 No signifi cant differences in color 
or chlorophyll content 

 Cruz et al.  (  2007  )  

 Thermosonication 
(20 kHz and 
40–92.5°C) 

 Peroxidase became more heat 
labile as temperature increased 

 Cruz et al.  (  2006  )  

 Strawberries  Sonication (25, 28, 
40, or 59 kHz) 

 Retention of fi rmness, total soluble 
solids, total titratable acidity 
and vitamin C; decay reduction 

 Cao et al.  (  2010  )  

 Storage under 
refrigerated 
conditions 

 0.88 and 1.1 log reductions 
(aerobic microorganisms 
and mold and yeast) 

 Brine bell 
pepper 

 Thermosonication 
(47 kHz and 
25–55°C) 

 Negative effect on fi rmness; 
uptake of solutes increased 
with exception of Ca 2+ , Na +  
ions, and acidity; water losses; 
increase of total and soluble 
solids 

 Gabaldón-Leyva 
et al.  (  2007  )  

  Fig. 12.4    Electromagnetic spectrum       

cross-linking pyrimidine nucleoside bases (thymine and cytosine) in the same DNA 
strand. The formation of thymine dimers in DNA and RNA will compromise the 
cellular functions, since microorganisms are unable to perform    the normal tran-
scription and replication of the nucleic acids, and eventually cell death occurs (Giese 
and Darby  2000 ; Ohlsson  2002 ; Wang et al.  2005 ; Sharifi -Yazdi and Darghahi  2006 ; 
Altic et al.  2007 ; Unluturk et al.  2008  ) . The germicidal effect of UV-C light has been 
demonstrated to be effective against some common foodborne photogenes such as 
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 Campylobacter ,  Salmonella , and  Escherichia coli  (Yaun  2002  ) . However, several 
microorganisms possess repair mechanisms to counteract the effects of UV light 
exposure. Microorganisms can repair their DNA by light-independent (dark repair) 
as well as light-dependent (photo reactivation) mechanisms. Dark repair mecha-
nisms occur through nucleotide excision repair, postreplication recombinational 
repair, or error-prone repair. The induction of those mechanisms is dependent on 
DNA damage. The photoreactivation can be produced by inactivating microorgan-
isms that recover their activity by repairing pyrimidine dimers in the DNA. This 
phenomenon is light-dependent because it uses a photolyase enzyme that can be 
activated in the presence of different wavelengths, such as UV-A radiation and photo-
synthetically active radiation (400–700 nm) (Yaun  2002 ; Matak  2004 ; Zenoff et al. 
 2006 ; Sanz et al.  2007  ) .  

    12.4.3.2   Applications to Fruits and Vegetables 

 Owing to its strong germicidal effect, UV-C radiation has a great potential in food 
processing. Industrially, two types of UV lamps are of main interest: (1) the usual 
low-pressure mercury arc lamps with a monochromatic output at 254 nm (UV-C range), 
and (2) the high-intensity and medium-pressure mercury arc lamps with a polychromatic 
output at all UV wavelengths (however concentrated at certain peaks within the 
UV-C region). Lamps that emit polychromatic light continuously have medium 
light intensity. For high light intensity, UV light pulses are often used (Giese and 
Darby  2000 ; Sassi et al.  2005  ) . 

 UV-C light is a promising alternative to the traditional sanitizers and thermal 
treatments. Industrially, it has been used in the disinfection of drinking water, waste-
water, and air, as well as in the disinfection of surfaces and food containers 
(Marquenie et al.  2002 ; Ohlsson  2002 ; Matak  2004 ; Wang et al.  2005 ; Altic et al. 
 2007  ) . Some juices, fruits and vegetables, meat, and fi sh can be processed by UV 
light with the aim of microbial load reduction (Guerrero-Beltrán and Barbosa-
Cánovas  2004 ; Unluturk et al.  2008  ) . However, water treatment and surface steril-
ization are the fi elds where UV-C radiation has been applied with greatest success 
owing to the diffi culty of achieving light deep penetration beyond the opaque surface 
of several substances (Ohlsson  2002  ) . This may limit the application of UV radia-
tion to solid foods. 

 The critical parameters to be considered when designing a convenient UV radia-
tion process for reduction of microbial load of foods, extension of shelf life, and 
maintenance of satisfactory sensory and nutritional quality are the type of food, the 
type of food surface, the food composition, the intensity of radiation, and the 
exposure time (Anonymous  2000 ; Yaun  2002 ; Guerrero-Beltrán and Barbosa-
Cánovas  2004  ) . 

 The impact of UV radiation on the quality and safety characteristics of fruits and 
vegetables is shown in Table  12.6 . Exposure to low doses of UV-C has been reported 
to reduce postharvest decay of fruits and vegetables (Erkan et al.  2001 ; Marquenie 
et al.  2002 ; Allende and Artés  2003a ; Allende and Artés  2003b    ), which augurs well 
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   Table 12.6    Overview of impact of UV-C radiation on quality and safety of fruits and vegetables   

 Product 
 Processing 
conditions  Quality/safety indicators  References 

 Red oak leaf 
lettuce 

 UV-C light (1.18, 
2.37, and 
7.11 kJ/m 2 ) 
Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 Shelf-life extension; higher dose 
induced tissue softening and 
browning after 7 days of storage 
at 5°C 

 Allende et al. 
 (  2006  )  

 Reduction of natural microfl ora 
(highest doses showed the greatest 
microbial inhibitions) 

 Fresh processed 
Lollo Rosso 
lettuce 

 UV-C light 
(0.4–8.14 kJ/
m 2 ) Package 
stored under 
refrigerated 
conditions 

 Increase of respiration rate and tissue 
brightness; decrease of browning 
(for the highest doses) 

 Allende and 
Artés 
( 2003b ) 

 Reduction of psychrotrophic bacteria, 
coliforms, and yeasts; growth 
stimulation of lactic acid bacteria 

 Pomegranate 
arils 

 UV-C light 
(0.56–13.62 kJ/
m 2 ) 

 No impact on respiration rate, total 
anthocyanin, content and 
antioxidant activity 

 López-Rubira 
et al. 
 (  2005  )  

 Modifi ed-
atmosphere 
packaging and 
storage under 
refrigerated 
conditions 

 Reduction of mesophilic, psy-
chrotrophic, and lactic acid 
bacteria and  Enterobacteriaceae ; 
yeasts and molds were unaffected 

 Fresh-cut 
watermelon 

 UV-C light 
(1.6–7.2 kJ/m 2 ) 
Package stored 
under refriger-
ated conditions 

 Higher UV-C doses induced slightly 
higher CO 

2
  production; impact on 

color parameters; lycopene 
content was maintained (2.8 kJ/
m 2 ) or it was slightly decreased 
(1.6 kJ/m 2 ); no impact on vitamin 
C; catalase activity and total 
polyphenols content declined; 
total antioxidant capacity 
increased 

 Hernández 
et al. 
 (  2010  )  

 Reduction of mesophilic bacteria, 
psychrophilic bacteria, and 
enterobacteria 

 UV-C light 
(1.4–13.7 kJ/
m 2 ) 

 No impact on juice leakage, color, 
and overall visual quality 

 Fonseca and 
Rushing 
 (  2006  )   >1 log reduction (aerobic plate count) 

 Pepper  UV-C light (7 kJ/
m 2 ) Storage 
under refriger-
ated conditions 

 No impact on fi rmness, pH, sugar 
content, fruit lightness or 
superfi cial color; lower carotenoid 
content; antioxidant capacity 
increased; reduced decay 

 Vicente et al. 
 (  2005  )  

 Golden papaya  UV-C light 
(0.2–2.4 kJ/m 2 ) 
Storage under 
controlled 
atmosphere 

 Scald of the fruit  Cia et al. 
 (  2007  )   Inhibition of conidial germination; 

reduced fungal sporulation; higher 
doses inhibited mycelial growth 

(continued)
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Table 12.6 (continued)

(continued)

 Product 
 Processing 
conditions  Quality/safety indicators  References 

 Strawberry  UV-C light (0.25 
and 1.0 kJ/m 2 ) 
Storage under 
refrigerated 
conditions 

 Shelf-life extension; lower respiration 
rate; higher titratable acidity and 
anthocyanin content; fi rmness and 
free sugars increased; lower 
electrical conductivity for 0.25 kJ/
m 2  (slower rate of senescence) 

 Baka et al. 
 (  1999  )  

 Controlled decay caused by  Botrytis 
cinerea  

 UV-C light (1 kJ/
m 2 ) Storage 
under refriger-
ated conditions 

 Reduction on phenolic and vitamin C 
contents; no impact on overall 
visual quality 

 Allende et al. 
 (  2007  )  

 Promoted psychrophilic growth 
 UV-C light (4.1 kJ/

m 2 ) Storage 
at 20°C 

 Reduced decay, softening, 
and reddening; steady increase 
in anthocyanin concentration; no 
impact on total sugar content 
and titratable acidity; reduction 
of total phenolic compounds; pH 
increased 

 Pan et al. 
 (  2004  )  

 Fungal growth was retarded 
 Peach  UV-C light (3.71 

and 11,15 kJ/
m 2 ) Storage 
under room 
conditions 

 Impact on total solid soluble content, 
total titratable acidity, and 
fi rmness; no impact on pH 

 Coutinho et al. 
 (  2003  )  

 UV-C light 
(0.84–40 kJ/m 2 ) 
Storage in the 
dark at room 
temperature 

 Low UV-C doses induced host 
resistance by controlling latent 
brown rot infection; photorever-
sion with visible light resulted in 
reduction of host resistance 
to brown rot; increase of 
phenylalanine ammonia-lyase 
activity, delayed ripening and 
suppressed ethylene production 

 Stevens et al. 
 (  1998  )  

 Survey of yeast populations; 
reduction of  Monilinia fructicola  
surface lesions 

 Zucchini 
squash 

 UV-C light(0.493–
9.86 kJ/m 2 ) 
Storage under 
refrigerated 
conditions 

 No impact on the degree of chilling 
injury, ethylene production, and 
sugar or malic acid concentra-
tions; higher respiration rates; 
reddish-brown discoloration for 
storage at 10°C 

 Erkan et al. 
 (  2001  )  

 Retarded microbial growth (meso-
philic bacteria and yeast and 
fungal populations) 
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Table 12.6 (continued)

 Product 
 Processing 
conditions  Quality/safety indicators  References 

 Strawberry 
and cherries 

 UV-C light 
(0.05–1.50 J/
cm 2 ) 

 No impact on fi rmness of both 
products, browning and drying 
of strawberry leaves 

 Marquenie 
et al. 
 (  2002  )  

 Fungal growth on strawberries 
was retarded, but was not retarded 
in cherries 

 Red delicious 
apples, leaf 
lettuce, and 
tomatoes 

 UV-C light 
(1.5–24 mW/
cm 2 ) 

 3.3 and 2.79 log reduction 
( Escherichia coli ) on apples 
and green leaf lettuce 

 Yaun et al. 
 (  2004  )  

 2.19 and 2.65 log reduction 
( Salmonella  spp.) on tomatoes 
and green leaf lettuce 

 Peaches, sweet 
potato, 
tomatoes, 
and 
tangerines 

 UV-C light 
(1.3–7.5 kJ/m 2 ) 

 Reduced the incidence of storage 
and brown rot of peaches, 
 Rhizopus  soft rot of tomatoes 
and sweet potatoes, and green 
mold of tangerines 

 Stevens et al. 
 (  1997  )  

 Fresh-cut honey, 
pineapple, 
 pisang mas  
banana, and 
guava 

 UV-C light 
(2.158 J/m 2 ) 

 Increase of total phenol (except for 
pineapple) and fl avonoid contents; 
reduction of vitamin C content; 
ferric reducing/antioxidant power 
and free-radical-scavenging 
activity increase (except for 
pineapple) 

 Alothman 
et al. 
 (  2009  )  

for potential application of UV-C radiation in the postharvest industry. However, 
low doses may not be suffi cient to inactivate some viruses and spores. Reported 
intensities for effi cient UV treatments are around 400 J/m 2  (Anonymous  2000  ) , and 
it is essential that the product surface is totally exposed to radiation.  

 Some examples of positive aspects related to the application of UV-C radiation 
to foods are the absence of nontoxic by-products, removal of some organic contaminants, 
and low energy requirements (when compared with thermal treatments). However, 
under particular circumstances, microorganisms may repair injury caused by UV-C 
light exposure and the safety of the products may be seriously compromised 
(Solomon et al.  1998 ; Keyser et al.  2008  )    

    12.4.4   Combination of Processes 

 Ozone, ultrasound, and UV-C light can be applied individually, with good results in 
terms of safety and quality of fruits and vegetables. However, the combination of 
those innovative technologies with a mild thermal treatment, high pressure, or even 
the traditional disinfectant solutions is promising. The intensity of each technology 
can be reduced by combining two or more treatments, attaining target microbial 
inactivation without compromising quality standards. 
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 The application of nonthermal processes may, however, have an induced resistance 
effect on the microorganisms that survive the treatment. Rames et al.  (  1997  )  reported 
that when UV-C light was applied to  Escherichia coli  in suspension, the surviving 
bacteria became more resistant to the radiation. The cumulative damage of DNA in 
microorganisms can lead to a reduction of the number of survivors, but may not 
result in a complete sterilization. UV-C treatment can be easily combined with 
other preservation techniques such as chilling disinfection, modifi ed-atmosphere 
packaging, mild thermal treatments, chemical sanitizers, and even other oxidizing 
agent (such as ozone). 

 Hurdle processes have been applied to microorganisms in broth: Burleson et al. 
 (  1975  )  studied the inactivation of selected organisms with public health signifi -
cance (such as  Staphylococcus aureus ,  Salmonella typhimurium , and  Escherichia 
coli ) by ozone and sonication; Ordonez et al.  (  1984  )  combined ultrasonic and 
heat treatments to study the survival of thermoduric streptococci; Pagan et al. 
 (  1999  )  analyzed the resistance of  Listeria monocytogenes  to manosonication and 
manothermosonication processes; Lopez et al.  (  1994  )  also applied manother-
mosonication to inactivate peroxidase, lipoxygenase, and polyphenol oxidase; 
López-Malo et al.  (  2005  )  combined thermosonication and antimicrobials for 
fungal inactivation. 

 Use of ultrasound for disinfection of surfaces of fresh fruits and vegetables 
requires further investigation. However, ultrasound has been applied with success to 
liquid foods such as fruit juices (i.e., orange, tomato, and guava juices and apple 
cider), usually combined with mild thermal treatments and/or pressure (Baumann 
et al.  2005 ; Valero et al.  2007 ; Cheng et al.  2007 ; Adekunte et al.  2010  ) . 

 Ozone has been used in the aqueous or gaseous state, combined with most of 
the treatments mentioned before. Several researchers have studied the synergetic 
effects of hurdle processes. Allende and Artés ( 2003a ) combined UV-C and modi-
fi ed-atmosphere packaging for reduction of microbial growth of lettuce. López-
Rubira et al.  (  2005  )  studied the shelf life and overall quality of minimally processed 
pomegranate arils packaged in a modifi ed atmosphere and treated with UV-C. Pan 
et al.  (  2004  )  and Marquenie et al.  (  2002  )  investigated the effect of UV-C and heat treat-
ment on strawberries and sweet cherries throughout storage. Das et al.  (  2006  )  ana-
lyzed the effect of controlled-atmosphere storage, modifi ed-atmosphere packaging, 
and gaseous ozone exposure on the survival of  Salmonella enteritidis  on cherry toma-
toes. An et al.  (  2007  )  reported changes in some quality indexes in fresh-cut green 
asparagus pretreated with aqueous ozone and subsequent modifi ed-atmosphere 
packaging. Yuk et al.  (  2007  )  combined ozone and organic acid treatment for control 
of  Escherichia coli  O157:H7 and  Listeria monocytogenes  on enoki mushroom. 
Allende et al.  (  2007  )  combined UV-C light, gaseous ozone, superatmospheric diox-
ygen and a high level of carbon dioxide and investigated the impact on health-pro-
moting compounds and the shelf life of strawberries. Whangchai et al.  (  2006  )  used 
ozone in combination with some organic acids to control postharvest decay and 
pericarp browning of longan fruit. Singh et al. ( 2002b )    verifi ed the effi cacy of chlorine 
dioxide, ozone, and thyme essential oil on sequential washings in reducing 
 Escherichia coli  loads of lettuce and baby carrots.   
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    12.5   Traditional Versus Emerging Technologies 
and Future Prospects 

 Heat treatments are effi cient in inactivating microbes, thus reducing decay of fruits 
and vegetables and attaining safety targets. Besides the proven effect of thermal 
treatments in microbial reduction, they have a signifi cant impact on product quality. 
Some quality parameters such as texture, color, aroma, fl avor, taste, and nutritive 
value can be severally affected by temperature. The emerging technologies are known 
to lessen this impact. 

 The conventional washings of fruits and vegetables with chemical sanitizers have 
regulatory and mandatory restrictions. Physical decontamination techniques are 
also the focus of many food regulations (Geysen et al.  2005  ) . 

 The applications of ozone, ultrasound, and UV-C radiation are examples of nonthermal 
technologies that may have potential applications in the food industry. These alter-
native technologies should produce microbiologically safe products, increase the 
products’ shelf life, and reducing the process impact on quality characteristics. 
Moreover, nonthermal treatments require a signifi cant consumption of energy, and 
are therefore more economic and environmentally friendly technologies (Piyasena 
et al.  2003  ) . 

 All technologies, traditional or innovative, have both advantages and disadvan-
tages. For example, a thermal treatment when correctly applied guarantees safety of 
fruits and vegetables, however quality attributes may be sacrifi ced. 

 Sanitizer agents can be effective against a wide range of pathogens with 
minimal quality loses, although in some circumstances they may react with 
natural organic matter, forming halogenated by-products, which can cause severe 
health problems. 

 Radiation treatments, such UV-C light processes, do not have problems concerning 
the formation of by-products but, industrially, it is very diffi cult to measure the 
germicidal dose and, in some conditions, the microorganisms can repair their DNA 
and recover from injury. 

 Ozone treatments do not produce by-products and are more effective against 
microorganisms than are most of the sanitizers commonly used. However, as ozone 
is a strong oxidizing agent, its impact on humans is one of the most important 
parameters needed to be controlled. Industrially, it is essential to establish safe limits 
for people who are in contact with ozone during the food processing, and the use of 
masks with eye protection is recommended for workers. 

 Ultrasound-based treatments are nondestructive and can be performed online, 
but they are very expensive to implement industrially. 

 Probably combinations of technologies are the right road to follow. The combi-
nation of the positive aspects of some technologies may conjointly improve safety 
and quality aspects of fruits and vegetables.      
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    13.1   Introduction 

    13.1.1   Aquatic Species: Sources and Composition Characteristics 

 Most fi sh and other aquatic species give rise to products of great economic importance 
in many countries. The demand for such products has been increasing steadily over 
the last century and shows no signs of lessening, as fi shing and farming actually 
constitute a basic source of food for all populations of the world. Recent FAO reports, 
1999–2005, have shown that whereas the volumes of aquatic species caught remain 
relatively stable (around 90–95 million tons), the volumes of farmed aquatic species 
have continuously increased in recent years, as shown in Fig.  13.1  (FAO  2007a ,  b  ) .  

 This trend in the fi shing industry has been attributed to several factors. First, the 
actual amount of fi sh caught does not satisfy demand. The utilization of different 
fi sh and invertebrate species for the manufacture of various fi sh or fi sh-derived 
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products is affected by their availability, the processing capacity of the fi shing 
industry, and the size, anatomical structure, and sensory properties of the muscles 
and other valuable parts of the animals. As a result of dwindling stocks of traditional 
species, technologists and manufacturers are forced to turn their attention to 
new and unconventional sources of raw materials. On the other hand, farming 
provides the advantages of a product of consistent quality, constant supply to consumers, 
and control of the various production stages, including feeding and slaughtering 
conditions. 

 Marine foods especially, and aquatic foods as a whole, are known to provide a 
high content of important constituents for the human diet, such as nutritional and 
digestive proteins, including high levels of essential amino acids (lysine and methi-
onine, among others), lipid-soluble vitamins (namely, A and D), microelements 
(I, F, Ca, Cu, Zn, Fe, and others), and highly unsaturated fatty acids (Simopoulos, 
 1997  ) . The lipid fraction is now the subject of a great deal of attention owing to its 
high content of  w -3 polyunsaturated fatty acids, which have been shown to play a 
positive role in preventing certain human diseases. 

 Fish and invertebrate constituents deteriorate quickly and have been reported to 
manifest signifi cant qualitative and quantitative content changes that are termed 
product spoilage (Kolakowska et al.  1992  ) . The most important composition changes 
have been shown to occur in lipids. These can be the result of endogenous 
mechanisms or exogenous agents (Pearson et al.  1977 ; Bandarra et al.  2001  ) . As 
regards endogenous mechanisms, lipid matter exhibits a wide content range among 
species and a heterogeneous distribution throughout the body of aquatic species. 
This phenomenon is probably infl uenced by genetic, physiological, and anatomical 
factors. With reference to exogenous agents, seasonal variation was considered to 
signifi cantly affect feeding availability and other external factors affect lipid content 
in different types of species.  
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    13.1.2   Aquatic Species Processing: Chilled Products 

 Aquatic food products are produced from poikilothermic species that possess a 
high water and non-protein-nitrogen content, a soft muscular and skin structure, 
and a low collagen content (Brown,  1986  ) . In addition, the highly unsaturated lipid 
composition mentioned has been shown to be especially prone to lipid oxidation, 
this leading to sensory and nutritional quality losses. Such features mean that these 
products are considered to be among the most perishable foods, thus necessitating 
rapid and effi cient processing as well as refrigerated storage after death. 

 Aquatic products can be obtained from fresh species through a wide range of 
technological processes. For years, different traditional strategies have been applied, 
such as cooling (chilling, freezing, and frozen storage), heating (cooking, canning, 
smoking), and salt treatment (salting). In the same way, processing technologies 
can be divided into those that try to retain all the original properties of the fresh 
specimens (chilling, freezing, and frozen storage) and those that apply a strong 
treatment so that new and different product can be obtained (canning, smoking). 

 During recent decades, consumers’ choice has been transformed by develop-
ments in the production, distribution, and retailing of food, which, with improvements 
in the design and equipment in the domestic kitchen, have facilitated a major change 
in our lifestyle. Perhaps the most striking development is the marketing of a wide 
and expanding range of chilled perishable foods, including aquatic foods (Heap 
 1992  ) . Convenience, easy preparation, and the “fresh” and “healthy” image are attrac-
tive features. These developments have occurred because of the application of advanced 
technology to the production, packaging, distribution, and retailing of food as a 
whole, and aquatic food products in particular, the latter exhibiting production 
levels as high as 50–52 million tons for the 1999–2005 period (FAO  2007c ; 
Fig.  13.1 ). In developed countries, chilled aquatic foods have taken over the mar-
kets   , because of increasing demand where high-quality products are offered to the 
consumer, in spite of the fact that the distance between the catching sites or farms 
and consumers can be great. Additionally, the fresh market is also of great impor-
tance in developing countries as a result of their having fewer alternative methods at 
their disposal for preservation. 

 The integrity and safety of chilled aquatic foods is multifactorial. Care is required 
at every stage in the chain, from primary production of raw materials, through 
manufacture, distribution, retail, and consumer use. The establishment of the shelf 
life of chilled aquatic foods requires a full appreciation of the microbial, chemical, 
physical, and biochemical aspects which infl uence the sensory acceptability of 
products, and these have to be considered in relation to the safety and quality of 
products. Further developments in processing technology will undoubtedly contribute 
to continued development and innovation in this sector. In this sense, this chapter 
provides an overview of recent and advanced technologies that may be applied in 
the manufacture of fresh aquatic products. A brief look at traditional tools on chilling 
technologies is also included.  
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    13.1.3   Preliminary Steps: Slaughtering and Onboard Handling 

 It is well known that prior to any technological treatment, steps such as catching, 
slaughtering, and onboard handling can strongly affect the quality of aquatic species. 
Such steps, conducted either at the farm, on a vessel or ashore, are intended to (1) prevent 
physical damage, (2) remove blood, digestive juices, slime, and feces by washing 
the aquatic species with clean water, and (3) avoid bacterial contamination of cut 
fi llets through proper sanitation and hardware. 

 One of the factors which for a certain period of time slows down the postmortem 
autolytic and bacterial decomposition of the fl esh and protein is the death-stiffening 
of the muscle tissue called rigor mortis (Whittle et al.  1990 ; Ashie et al.  1996  ) . 
Rigor mortis in aquatic species generally has a shorter duration than in mammals. It 
starts 1–7 h after death; its peak in slaughtered specimens, kept in ice, is between 5 
and 22 h after death. A prolongation of the rigor mortis period is of great economic 
importance. The period is longer when specimens have exerted less muscular activity 
prior to death, and when the fl esh is refrigerated immediately. In such a period, 
various physiological reactions occur in the aquatic species, such as the use of 
energy reserves in the muscle and liver and a change in the acid–base balance. There 
may also be an increase in blood plasma ion concentration and reduced tissue water 
content. These reactions affect the enzyme activity in postmortem species and the 
rate of freshness degradation by changing the conditions in the tissues. 

 In connection with farm handling, different commercial methods of slaughtering 
have been shown to cause stress and aversive behavior (Özogul and Özogul  2004 ; 
Scherer et al.  2005  ) . Whatever method is used for slaughtering, the important point 
is it should be effi cient. Killing animals requires special consideration in terms of 
both the welfare of the species and the quality of the fi nal product. As mentioned 
above, physical activity at the time of or before slaughter negatively affects the fl esh 
quality; as the muscle metabolism is predominantly anaerobic, rapid reduction in 
adenosine triphosphate (ATP) and pH levels occurs, resulting in lactic acid formation. 
Stressed specimens may develop stronger rigor mortis, and a softer muscle texture 
(in comparison with unstressed specimens) that is more susceptible to the undesir-
able separation of muscle blocks in a raw fi llet, a phenomenon referred to as gaping. 
The handling and processing of aquatic species during rigor mortis can result in a 
loss of quality and a lower fi llet yield. 

 Concerning fi shery handling, a common onboard treatment for white fi sh is gutting 
(Tejada and Huidobro  2002  ) . Guts are known to be a reservoir of powerful digestive 
enzymes and bacteria that can spoil the fl esh, resulting in unacceptable odors and 
fl avors. As a result of gutting, many studies have reported an extension of shelf 
life during chilling of aquatic species. For fatty and small species however, the 
process of gutting has been shown to be impracticable and may create new cut 
surfaces for potential bacterial contamination and lipid oxidation, therefore not 
improving the shelf life.  
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    13.1.4   Damage Pathways During Chilling of Aquatic Species 

 Wild and farmed aquatic species provide highly perishable products whose quality 
and freshness rapidly declines after death. Deterioration of such species begins 
immediately upon catching or slaughtering, and the degree to which it continues 
depends directly on the iced or refrigerated storage conditions. The rate of alteration 
has been shown to depend on factors such as the nature of the fi sh species, size, lipid 
content, feeding state at the moment of capture, importance and nature of microbial 
load, and storage temperature. 

 Great attention has been given to nutritional and sensory changes that aquatic 
species can undergo during the chilled storage. It has been proved that damage can 
be produced by the following factors (Whittle et al.  1990 ; Ashie et al.  1996 ; 
Olafsdóttir et al.  1997  ) :

    1.     Endogenous enzyme activity . Different autolysis mechanisms in aquatic species 
have been described. After death, lactic acid is produced by glycolysis. The drop 
in the pH value activates proteases, so proteolysis is produced, leading to free 
amino acid formation. At the same time, ATP follows the nucleotide degradation 
pathway, this leading to the formation of inosine and hypoxanthine. Besides, 
lipases and phospholipases present in the muscle of the species can cause lipid 
hydrolysis, so free fatty acids, partially hydrolyzed lipids (diglycerides and 
monoglycerides), glycerine, and nitrogenated bases can be produced. This wide 
variety of relatively small molecules can undergo further interactions with other 
constituents, leading to quality losses in the product.  

    2.     Microbial decomposition . Bacterial enzymes convert trimethylamine oxide into 
trimethylamine and decompose amino acids and proteins, forming ammonia, 
hydrogen sulfi de, and other undesirable compounds characteristic of microbial 
spoilage. Biogenic amines are also produced by the action of bacterial enzymes 
on free amino acids (histidine, tyrosine, tryptophan, lysine, ornithine, and others). 
Greatest attention has been given to histamine formation, which is reported to 
be responsible for the “scombrotoxic fi sh poisoning.”  

    3.     Lipid oxidation.  Since lipids of aquatic species are highly unsaturated, contact 
with oxygen, especially in the presence of light or other catalysts, can lead to a 
wide range of lipid oxidation compounds (peroxides, carbonyls, interaction 
compounds) and to the loss of some essential and benefi cial fatty acids for the 
human diet. Lipid oxidation compounds can interact with protein derivates, leading 
to a nutritional loss of the product. This damage pathway becomes more relevant 
as the fat content and both storage temperature and time increase.     

 As a consequence of these factors, effi cient chilling techniques for the refrigera-
tion of aquatic material must be employed to reduce postmortem quality losses 
before it reaches the consumer or before further processing steps are conducted.   
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    13.2   Chilling Methods 

    13.2.1   Traditional Chilling Methods 

    13.2.1.1   Flake Icing 

 Although an increasing number of factory vessels are processing marine species in 
various ways at sea, shortly after they are caught, chilling to temperatures close to 
0°C by using fl ake ice is the preservation method most extensively used to cool 
marine species rapidly and to extend their shelf life (Whittle et al.  1990 ; Ashie et al. 
 1996  ) . Under such conditions, the average storage life of cold water species is 1–2 
weeks in temperate climates, whereas species from warm tropical waters can be 
kept somewhat longer at 0°C. 

 The rate at which heat can be removed from aquatic foods during fl ake ice chilling 
depends on several parameters. In the case of packaged products, size and shape 
will affect the rate of heat transfer, whereas in the case of unpacked products, special 
attention should be paid to the relative humidity conditions, with a view to prevent 
dehydration of the food material (Heap  1992  ) . Although pure ice melts at 0°C, the 
temperature of material stored in crushed ice may be slightly lower. This effect is 
due to the salts present in the fl esh and to the seawater on the surface of the carcasses, 
which cause some of the ice to melt and extract heat from the surroundings. Ideally, 
aquatic species should be in contact only with ice and not with each other. Individual 
carcasses touching one another do not cool as rapidly as when each carcass is buried 
completely in ice. 

 Quick and effi cient fl ake ice chilling of the catch to the lowest temperature 
practicable without actually freezing the fl esh is essential if spoilage is to be kept 
to a minimum. Rapid chilling also aids bleeding and results in more attractive fi llets. 
Besides, contributing to the cooling, the fl ow or melt water also washes away 
bacterial slime, spoilage products, and any residual blood, and thus helps to pre-
serve the fresh appearance and smell. Room temperature should be kept above 0°C 
so that a good fl ow of melting water is maintained; however, if this temperature is 
too high, the weight of ice necessary to ensure that the aquatic species will remain 
covered, and that the specimens’ temperature will not rise, will be greater. Finally, 
much of the care exercised by fi shermen in handling and stowing the catch may be 
wasted unless good standards of cleanliness, hygiene, and sanitation are maintained 
at all times.  

    13.2.1.2   Chilled Seawater 

 Besides use of fl ake ice, the employment of chilled seawater has also been shown to 
be popular (Kraus  1992  ) . In this process, aquatic species are stored in chilled seawater, 
the chilling being effected either by mechanical refrigeration or by the addition of 
ice. Mechanical refrigeration of ice-chilled seawater has been demonstrated to be 
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an excellent means for chilling and transporting entire specimens while still at sea 
and for the road transport of bulk quantities; there has been little or no application 
of fresh species in the retail phase. Salt uptake must be monitored and circulation is 
crucial to avoid thermal stratifi cation. 

 “Chilled or refrigerated seawater” is the term commonly used to describe seawater 
that has been cooled just below 0°C. It has been reported to provide the following 
advantages compared with traditional fl ake icing: (1) faster cooling; (2) less stress 
on the food pieces; (3) the possibility of a lower temperature; (4) faster handling of 
large quantities of aquatic material; (5) sometimes, a longer storage time. 

 However, there are also some disadvantages compared with fl ake ice employment: 
(1) excess salt intake, (2) water absorption by species of low lipid content; (3) some 
water-soluble protein loss; (4) presence of anaerobic bacteria responsible for putre-
faction; (5) modifi cation of the appearance of gills, skin, and eyes.   

    13.2.1.3   Salt Addition to Flake Ice 

 Salt treatment is a frequent practice in certain countries. This can consist of direct 
addition of sodium chloride to the ice used to cool aquatic specimens or immersion 
of food material in a brine solution, this being followed by a cooling treatment. The 
preservative effect of salt is due to a decrease in water activity, which leads to less 
potential of microbial attack, and enhancement of functional properties, such as 
water holding capacity, leading to an increase of the shelf life (Huidobro et al.  1990 ; 
Toledo-Flores and Zall  1992  ) . Salt is absorbed by the fl esh and imparts a desired 
fl avor to the fi nished product. Brining has an additional benefi cial effect as it toughens 
the skin and prevents its adhesion to any surface. Brining also brightens the appear-
ance of aquatic specimens by removing any remaining slime. However, owing to 
the lipid pro-oxidant effect attributed to the presence of sodium chloride (Aubourg 
and Ugliano  2002  ) , some detrimental effects on the lipid composition may be 
encountered, especially when a fatty fi sh is concerned. 

 Salt treatment has mostly been targeted to species that are further processed by 
another technological treatment. The salt intake by specimens during brining has 
been shown to depend on several factors, such as the concentration and temperature 
of the brine, duration, brine to aquatic species ratio, freshness, and fat content. Thus, 
large specimens require longer treatment times than small ones, fatty specimens 
require longer treatment times than lean ones, and species that have been fi lleted or 
split for kippering require a shorter treatment time than whole or nobbed ones. 

    13.2.1.4   Quality Changes During Traditional Chilling Processes 

 Once the aquatic species have been caught and slaughtered, autolytic changes start; 
the microorganisms associated with the specimens invade the tissues, and after a brief 
lag period microbial multiplication starts. As previously mentioned, during chilled storage, 
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signifi cant deterioration of sensory quality and loss of nutritional value occur as a 
result of changes in chemical constituents, which lead to a strong effect on the 
commercial value (Whittle et al.  1990 ; Olafsdóttir et al.  1997  ) . This degradation 
process mostly occurs in the initial stage by the action of muscle enzymes and later 
by the action of microbial enzymes. The rate of alteration depends on factors such 
as the nature of the fi sh species, size, lipid content, state at the moment of capture, 
importance and nature of the microbial load, and storage temperature. 

 Inadequate gutting and washing or contamination on the vessel will accelerate 
spoilage, as will an increase in the activity of the bacteria caused by storage at a 
temperature higher than 0°C, owing to the use of an inadequate amount of ice    or 
unsatisfactory icing practices, for example. 

      Sensory and Physical Changes 

 During the chilled storage, sensory analysis is currently the most important method 
for freshness evaluation. Characteristic sensory changes occur in appearance, 
odor, taste, and texture of aquatic species for as long as the chilling time increases 
(Olafsdóttir et al.  1997  ) ; an analysis is normally conducted by a sensory panel of 
trained professionals, sensory changes are ranked into categories   . A good correla-
tion has been found between sensory scores and time in ice for albacore tuna (Pérez-
Villarreal and Pozo  1990  )  and sardine (Nunes et al.  1992 ; Ababouch et al.  1996  ) . 
Small species showed relatively short shelf lives: 6 days for herring (Smith et al. 
 1980  ) , 9 days for sardine (El Marrakchi et al.  1990  ) , and 6–9 days for mackerel 
depending on the ice-to-fi sh ratio (Bennour et al.  1991  ) . In contrast, bigger fi sh spe-
cies showed longer shelf lives: whole albacore showed a shelf life of 20 days (Pérez-
Villarreal and Pozo  1990  )  and whole gutted salmon showed acceptable quality for 
20 days (Whittle et al.  1990  ) . 

 Changes in physical properties (texture, water holding capacity, electrical prop-
erties, and viscosity, among others) have been observed. Torrymeter readings (Nunes 
et al.  1992  )  and an increase in pH values (Ababouch et al.  1996  )  in sardine have shown 
good correlations with sensory assessment. Torrymeter readings have been shown 
to be an accurate method for assessing freshness in herring (Damoglou  1980  ) .  

      Formation of Amines and Degradation of Nucleotides 

 A sharp content increase of the total volatile bases and trimethylamine has been 
observed to begin after 9–10 days of storage as a result of the end of the lag phase 
of microorganisms in sardine (El Marrakchi et al.  1990 ; Ababouch et al.  1996  ) , 
mackerel (Bennour et al.  1991  ) , and herring (whole and fi llets) (Fernández-Salguero 
and Mackie  1987  ) . In the case of larger fi sh, trimethylamine levels in stored albacore 
tuna increased sharply after 20 days (Pérez-Villarreal and Pozo  1990  ) ; in parallel, 
the sensory acceptability of the specimens decreased. 
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 Among biogenic amines, most efforts have been targeted at histamine detection. 
An increase in the level of this amine has been observed after 7–9 days of chilled 
storage in mackerel (Ababouch et al.  1996  )  and sardine (Gallardo et al.  1997  ) . 
Fernández-Salguero and Mackie  (  1987  )  showed an important increase in histamine 
and cadaverine contents during chilled storage of whole fi sh and fi llets of herring. 

 Nucleotide degradation has been observed to occur, leading to a progressive formation 
of inosine and hypoxanthine with storage time in sardine (Nunes et al.  1992  ) , horse 
mackerel (Smith et al.  1980  ) , and salmon (Erikson et al.  1997  ) ; employment of the 
 k  value (ratio of nonphosphorylated ATP metabolites to the total ATP breakdown 
products) showed a great correlation with both sensory assessment and storage time 
in albacore (Pérez-Villarreal and Pozo  1990  )  and salmon (Erikson et al.  1997  ) .  

      Lipid Damage Analysis 

 During chilled storage of several fi sh species, lipid hydrolysis in mackerel, herring, 
and sardine (Hwang and Regenstein  1993 ; Smith et al.  1980 ; Aubourg et al.  1997  ) , 
formation of peroxides (Smith et al.  1980 ; Undeland et al.  1999  ) , thiobarbituric acid 
reactive substances (Nunes et al.  1992 ; Aubourg et al.  1997  ) , and interaction compounds 
(Aubourg et al.  1997 ; Undeland et al.  1999  )  and loss of endogenous antioxidants 
(Undeland et al.  1999  )  have been detected. 

 It has also been observed that the shelf life in ice is longer for lean fi sh than for 
fatty fi sh; indeed, the shelf life was found to differ within species with capture season 
according to the lipid content (Whittle et al.  1990 ; Nunes et al.  1992  ) . Previous 
chilling was shown to exert a negative effect on the shelf life of frozen herring fi llets 
(Undeland and Lingnert  1999  ) ; it was observed that ice storage had a greater effect 
than frozen storage on the formation of peroxides and fl uorescent compounds and 
the disappearance of endogenous antioxidants ( a -tocopherol and ascorbic acid). 

 A negative effect caused by previous chilling could be observed on canned fi sh 
quality; this process of damage was found to have a nonlinear correlation between 
the previous chilled storage time and the lipid damage found in the canned sardine 
product (Aubourg and Medina  1997  ) .    

    13.2.2   Novel Refrigeration Methods: Subzero Storage 
in Ice Slurries 

    13.2.2.1   General Aspects 

 Ice slurries can be defi ned as mixtures of ice particles fi nely dispersed in an aqueous 
solution composed of water and other solid components used to decrease its freez-
ing point and achieve temperatures less than 0°C, but always above the initial 
freezing point of fi sh material. Two phases coexist in ice slurries: 25–40% of the mix-
ture consists of small spherical ice crystals, although this percentage can be varied 
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according to specifi c applications, and the remaining 60–75% is water. Spherical 
microscopic crystals are generated by a fast cooling step, in which the rate of nucle-
ation greatly exceeds the rate of crystal growth, resulting in the generation of numerous 
small spherical crystals (Hartel  1992  ) . 

 The application of ice slurries prepared from marine water chilled to subzero 
temperatures for the storage of fi sh products has received remarkable attention in 
recent years (Piñeiro et al.  2004  ) . Such binary systems are also referred to in the 
literature as fl ow ice, fl uid ice, or liquid ice and provide a signifi cant number of 
advantages to the handling and storage of aquatic food products. Such systems have 
a higher chilling rate when compared with fl ake ice alone. This is due to the higher 
heat-exchange capacity of the binary mixture. These binary mixtures cause very 
limited external damage (also as compared with conventional fl ake ice) to the fi sh 
specimens as a consequence of the spherical geometry of the ice crystals. Another 
advantage is the prevention of oxidation and dehydration mechanisms, owing to the 
full coverage of the fi sh surface. 

 The versatility of ice slurries is also remarkable. These mixtures can be pumped, 
which allows their hygienic handling, and may also be combined with additives 
that may act as coadjutants to maintain fi sh quality during refrigerated storage 
(Huidobro et al.  2002  ) . Although subzero temperatures can also be achieved through 
thermal energy storage systems such as ice builders or dynamic ice systems such 
as ice harvesters or slurry ice makers, a unique feature of ice slurry generators is 
that the ice being formed does not adhere to any heat transfer surface. As a conse-
quence of this, no defrost cycle is required since no ice is attached to the evaporator 
(Gladis  1999  ) .  

    13.2.2.2   Novelty and Main Advantages of Ice Slurries 

 Aquatic food products have traditionally been stored in ice (Graham et al.  1993  )  or 
in hydro-cooling systems. Nevertheless, both techniques have certain limitations, 
such as the impossibility of being pumped –in the case of fl ake ice– or storing the fi sh 
material below 0°C –in the case of hydro-cooling systems (Jul  1986  ) . As compared 
with fl ake ice, hydro-cooling systems offer the advantage that the fi sh material can 
be immersed directly in boxes. On the other hand, hydro-cooling systems do not 
guarantee the fi sh temperature will be kept at 0°C. Despite these limitations, hydro-
cooling systems are considered as a “superchilling” technology (Waterman and 
Taylor  2001  )  that permits the extension of the fi sh shelf life because of the low storage 
temperatures achieved. Such superchilling techniques have been described as being 
especially useful when the fi shing banks are so distant that storage in fl ake ice 
does not guarantee good preservation of the fi sh quality on landing. Superchilling 
has also been used for the distribution of live fi sh (Price et al.  1991  )  and for the 
preservation of salmon and tuna (Waterman and Taylor  2001  ) . 

 With respect to other superchilling techniques, ice slurries represent a well-established 
advanced alternative for the cooling and storage of fi sh, from either extractive practices 
or aquaculture facilities. Although ice slurries were initially applied to dairy products, 
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beverages, vegetables, fruit, meat, and fi sh, many advantages have been reported as 
regards the application of this technology to aquatic food products:

    1.    The storage temperature is slightly below 0°C, but is always above the initial 
freezing point of the fi sh material: this implies the slowing down of the chemical 
and enzymatic breakdown reactions that affect fi sh quality.  

    2.    The chilling of the fi sh material is extremely rapid, since the heat exchange rates 
obtained are about 4 times higher than those provided by fl ake ice: this permits 
the fi sh material to be rapidly placed at subzero temperatures.  

    3.    The geometry of the ice crystals is spherical, in contrast with the sharp edges of 
fl ake ice crystals, this limiting the physical damage over the delicate fi sh surface 
during handling and storage.  

    4.    The full coverage of the fi sh surface by the liquid phase prevents the presence of 
air pockets, thus preventing dehydration during storage.  

    5.    The washing effect of the liquid phase over all the fi sh skin implies signifi cant 
reductions of the surface microbial load, this limiting the postmortem diffusion 
of microorganisms towards the muscle.  

    6.    When marine water is used to prepare the ice slurry, the presence of sodium 
chloride provides an additional preservation effect, also contributing to stabilize 
the myofi brillar protein fraction.  

    7.    Ice slurries can be pumped because of their fl uid nature, this allowing the auto-
mation of the processing and the hygienic distribution of the fi sh material.  

    8.    Ice slurries can be combined with other preservation agents that may provide 
additional advantages in terms of microbial inhibition, prevention of lipid 
oxidation, etc.     

 There are several ice slurry systems commercially available today. Among them, 
liquid-Ice™ is characterized by its fl uidity, high cooling capacity, and fl exibility, 
also offering a high refrigeration effi ciency and a low waste amount of Freon per ton 
of ice generated. Flo-ice™ is another widely used system, consisting of an ice–water 
mixture generated in a double-wall heat exchanger, normally by freezing marine water.  

    13.2.2.3   Pioneer and Recent Applications of Ice Slurries 
to Seafood Products 

 The fi rst report of the use of ice slurries with aquatic food products was provided by 
Chapman  (  1990  ) , who compared fl ake ice, hydro-cooling systems, and ice slurry for 
the onboard storage of fi nfi sh. This study demonstrated that the onboard application 
of ice slurries was the most effective method for maintaining the quality of chilled 
fi sh (Chapman  1990  ) . Later, Harada  (  1991  )  demonstrated the advantages of ice 
slurries as a precooling method. Afterwards, other authors successfully applied an 
ice slurry system to albacore (Price et al.  1991  ) , and reported practical advantages 
at both microbiological and biochemical levels. 

 In the case of shellfi sh, the pioneer use of ice slurries is attributed to Chiniva-
sagam et al.  (  1998  ) . These authors performed a comparative investigation of the 
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spoilage patterns of fi ve prawn species stored either in fl ake ice or in ice slurry. 
The experimental results showed a signifi cant increase in shelf lives from 10 to 
15 days for the fl ake ice batch and to more than 20 days for the ice slurry batch. 
Huidobro et al.  (  2001  )  suggested the use of ice slurries for the slaughter, chilling, 
and storage of sea bream in aquaculture facilities. These authors found a signifi cant 
reduction of the spoilage rate of the sea bream batch processed in ice slurry. They 
also reported the usefulness of ice slurries for the onboard storage of shrimps 
(Huidobro et al.  2002  )  destined to be commercialized as peeled products. With 
respect to the use of ice slurries as a slaughter method for the killing of farmed fi sh, 
only two species –sea bream ( Sparus aurata ) (Huidobro et al.  2001,   2002  )  and turbot 
( Psetta maxima ) (Morzel et al.  2002  )  – have been investigated. 

 Over the past 5 years, ice slurries have been optimized and studied in detail. 
A summary of the most relevant species investigated (Table  13.1 ) suggests that 
the subzero temperature of storage signifi cantly slows down the biochemical mech-
anisms involved in fi sh spoilage. In addition, the presence of sodium chloride and 
the washing effect of the liquid phase provide better microbial control. Altogether, 
these effects are translated into better scores in a sensory analysis and substantial 
shelf life extensions.   

    13.2.2.4   Combined Preservation Systems Based on Ice Slurries 

 The use of a combined system consisting of ozone and ice slurry for the preservation 
of different fi sh species such as sardine (Campos et al.  2005  )  and turbot (Rodríguez 
et al.  2006  )  has produced positive results. Ozone has traditionally been used as a water-
disinfection agent owing to its strong oxidizing nature, which makes it a useful tool 
for the inactivation of microorganisms. A combined system successfully installed in 

   Table 13.1    Application of subzero storage based on ice slurries to aquatic food products   

 Aquatic products  References 

 Finfi sh  Chapman  (  1990  )  
 Albacore  Harada  (  1991  ) , Price et al.  (  1991  )  
 Tropical prawns  Chinivasagam et al.  (  1998  )  
 Shrimp  Huidobro et al.  (  2002  )  
 Sea bass  Martinsdóttir et al.  (  2002  )  
 Turbot  Piñeiro et al.  (  2005  ) , Rodríguez et al.  (  2006  )  Campos et al.  (  2006  )  
 European hake  Rodríguez et al.  (  2004  ) , Losada et al. ( 2004b ) 
 Sardine  Losada et al. ( 2004a ), Campos et al.  (  2005  )  
 Horse mackerel  Rodríguez et al.  (  2005  ) , Losada et al.  (  2005  )  
 Megrim  Aubourg et al.  (  2006  )  
 Norway lobster  Losada et al.  (  2006  ) , Aubourg et al.  (  2007  )  
 Ray  Múgica et al.  (  2008  ) , Barros-Velázquez et al.  (  2008  )  
 Angler  Barros-Velázquez et al.  (  2008  )  
 Blackspot sea bream  Álvarez et al.  (  2008  )  
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a fi shing vessel operating in the Grand Sole fi shing bank was evaluated as a method 
for the chilling and storage of megrim (Aubourg et al.  2006  ) , ray, hake, and angler 
(Barros-Velázquez et al.  2008  ) . In general terms, storage in ozonized slurry ice led 
to signifi cantly lower counts of several of the following microbial groups: aerobic 
mesophiles, psychrotrophic bacteria, anaerobes, coliforms, and both lipolytic and 
proteolytic microorganisms at both skin and muscle levels. The combination of ice 
slurry and ozone also allowed better control of pH and trimethylamine formation 
as compared with ice slurry alone. The use of ozonized ice slurries for the storage 
of fi sh specimens has been proved to improve the quality and extend the shelf life of 
these fi sh species. 

 Another recent application of combined preservation systems based on ice 
slurries is the case of Norway lobster ( Nephrops norvegicus ), an aquatic food 
product of remarkably high commercial value in many European countries. In this 
case, the use of ice slurries offers advantages both at the microbial and at the bio-
chemical level but, in contrast, it may accelerate the reactions responsible for the 
enzymatic browning of shellfi sh carapaces. With a view to avoid this defect, which 
limits the shelf life of lobster, a combined process using a previous treatment with 
an antimelanosic agent (sodium hydrogen sulfi te, HSO 

3
 Na) followed by storage in 

ice slurry was evaluated by Aubourg et al.  (  2007  ) . The combined process provided 
better maintenance of sensory quality and an extended shelf life of lobster as 
compared with counterpart untreated batches and control batches stored in fl ake ice. 
Remarkably, these practical benefi ts were achieved without surpassing the 
150 mg/kg legal limit established for HSO 

3
 Na. This work opens the way for the 

development of a combined system consisting of the controlled addition of HSO 
3
 Na 

to the liquid phase of ice slurries with the aim of extending the shelf life of prawns 
and shrimps.  

    13.2.2.5   Prospects of Ice Slurries for the Aquatic Food Sector 

 The incorporation of slurry ice systems into fi shing vessels was initiated in recent 
years. Besides the demonstrated advantages of such systems for the onboard storage 
of fi sh, the introduction of the technology of ice slurries in ports and inland factories 
is another fi eld that is gaining increasing importance. Thus, the aquatic food product 
sector, sometimes reticent to incorporate novel technologies and designs, is paying 
more attention to novel technologies based on ice slurries for the chilling and the 
subzero storage of aquatic food products (Yamada et al.  2002  ) . Finally, the develop-
ment of novel tailor-made combined preservation systems based on ice slurries is in 
its infancy: in this sense the controlled use of antioxidants or biopreservation agents, 
depending on the specifi c needs of the species under commercialization, will surely 
contribute to providing consumers with better and safer food products. For this to 
happen, the development of prototypes that allow the automatic and hygienic incor-
poration of certain food-grade additives will surely be one of the most relevant 
issues for improving the quality and safety of these products.    
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    13.3   Packaging 

    13.3.1   Modifi ed-Atmosphere Packaging 

    13.3.1.1   General Aspects 

 Modifi ed-atmosphere packaging (MAP) is a method widely used to preserve qual-
ity and to maintain hygienic, sanitary, and sensory characteristics of perishable 
products, in particular, those more prone to microbiological and biochemical 
spoilage such as chilled aquatic food products. It involves the total or partial removal 
of air contained in the package, followed by reintroduction of an altered or modifi ed 
atmosphere consisting of other gases, usually carbon dioxide, nitrogen, and oxygen 
alone, or their combination. 

 It is widely accepted that storage in MAP instead of air or vacuum packaging 
increases the shelf life of fi sh products, including ready-to-eat shrimp (Rutherford 
et al.  2007  ) , fresh Mediterranean swordfi sh ( Xiphias gladius ) (Giatrakou et al.  2008 ; 
Pantazi et al.  2008  ) , farmed Atlantic halibut ( Hippoglossus hippoglossus ) (Hovda 
et al.  2007  ) , fi llets of rainbow trout ( Oncorhynchus mykiss  W.), (Choubert and 
Baccaunaud  2006  ) , sardines ( Sardina pilchardus ) (Özogul and Özogul  2006 ; Özogul 
et al.  2004  ) , Atlantic herring ( Clupea harengus ) (Özogul et al.  2000  ) , portions of raw 
whiting, mackerel and salmon    (Fagan et al.  2004  ) . 

 The extension of shelf life by using MAP depends on the fi sh species, its fat 
content, the initial microbiological quality, the treatment that the fi sh undergoes 
after slaughter, the storage temperature, the gas composition, the packaging mate-
rials, the gas-to-product volume ratio, the presence of additives, combination with 
other hurdle technologies, and even the different analytical methods used for 
shelf life assessments and criteria for the end point of shelf life (Sivertsvik et al. 
 2002 ; Hovda et al.  2007 ; Torrieri et al.  2006 ; Randell et al.  1997  ) . Thus, and because 
of the considerable number of factors implicated, it is diffi cult to make a general 
statement on the effects of MAP on fi sh quality in terms of shelf life extension and 
fi sh acceptability. 

 In relation to the criteria for establishing the shelf life, the moment at which 
the product quality becomes unacceptable has to be clearly identifi ed. One of the 
limitations of this technology is that it usually extends the period of moderate-to-
low quality (neutral taste period) of fi sh rather than the initial and preferred fresh 
quality period (Wang et al.  2008  ) .  

    13.3.1.2   Effect of the Gas Mixture in Modifi ed-Atmosphere Packaging 
on the Shelf Life of Seafood Products 

 Carbon dioxide is nearly always present as the major gas component in the gas used 
in MAP for fi sh because of its bacteriostatic and fungistatic action. It is highly soluble 
in water and fat. Carbon dioxide solubility greatly increases with decreased temperature 
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(Sivertsvik et al.  2002,   2004 ; Wang et al.  2008  ) . Therefore, carbon dioxide exists as 
a dissolved gas and as carbonic acid (2%) in biological tissue, causing a pH decrease 
and changes in atmosphere composition (Sivertsvik et al.  2004 ; Torrieri et al.  2006 ; 
Randell et al.  1997  ) . This behavior will alter the energetic balance of the microbial 
cell, affecting different enzymatic activities. Besides, carbon dioxide may alter cell 
membrane function, this affecting nutrient uptake and absorption. These facts mean 
carbon dioxide has a major effect on microbial growth. Many examples of this effect 
can be found in the literature. Sivertsvik  (  2007  )  observed a reduction in the micro-
bial population of farmed cod fi llets packed in MAP with carbon dioxide and stored 
at 0°C, Kristinsson et al.  (  2008  )  reported similar results during the storage of yel-
lowfi n tuna steaks at 4°C, and Rutherford et al.  (  2007  )  found a diminution of  Listeria 
monocytogenes  growth on ready-to-eat shrimp at 12°C. 

 Sometimes, absorption of carbon dioxide by the fi sh may cause package defor-
mation as a consequence of a decrease of the gas content in the package; but, in 
contrast, bacterial and enzymatic activities throughout storage can increase the car-
bon dioxide level (Lannelongue et al.  1982 ; Debevere and Boskou  1996  ) . Therefore, 
because of this behavior, it is necessary to establish the correct value of the gas-to-
product volume ratio that is useful to produce an ideal modifi ed atmosphere and to 
avoid package collapse. Increase of the gas-to-product volume ratio enhanced the 
amount of carbon dioxide dissolved in the water phase (Devlieghere et al.  1998  ) . 
The typical commercial gas-to-product volume ratio is usually 2:1 or 3:1 (Sivertsvik 
 2007 ; Sivertsvik et al.  2002  ) . 

 However, with respect to the potential acidifi cation caused by carbon dioxide, it 
was reported for salmon ( Salmo salar ) and rainbow trout ( Oncorhynchus mykiss  
W.) that the pH did not change during storage in a modifi ed atmosphere containing 
carbon dioxide, suggesting that the strong buffering capacity of fi sh tissue was the 
cause of this result (Barnett et al.  1982 ; Choubert and Baccaunaud  2006 ; Fey and 
Regenstein  1982  ) . 

 Although the use of carbon dioxide enriches modifi ed-atmosphere environ-
ments, it has a negative effect on bacterial growth, owing to the acidifi cation 
produced which may affect the water holding capacity of muscle protein and thus 
the texture of the product, limiting its shelf life. This trend will depend on the 
nature of the fi sh, carbon dioxide exposure, and temperature, which may have a 
combined effect depending on the specifi c MAP system. Torrieri et al.  (  2006  )  
reported a reduction of water loss due to storage by 50% in farmed gutted bass 
( Dicentrarchus labrax ) at 3°C by lowering the level of carbon dioxide from 70% 
to 50%. Similar results were observed in farmed cod ( Gadus morhua ) fi llets 
(Sivertsvik  2007  )  and in sea bass ( Lates calcalifer ) slices (Masniyom et al.  2002  ) . 
Randell et al.  (  1997  )  observed greater drip loss during storage of Baltic herring 
( Clupea harengus membras ) fi llets than rainbow trout ( Salmo gairdneri ) fi llets 
packed in 35–40% carbon dioxide atmosphere. However, the possible negative impact 
on consumers’ acceptance produced by the presence of moisture in the package 
can be avoided by using packs with an absorbent bottom which helps reduce the 
drip accumulation on the package without signifi cantly affecting the juiciness of 
the fi sh fl esh (Torrieri et al.  2006  ) . 
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 The presence of oxygen in MAP is useful in some cases to inhibit reduction of 
trimethylamine oxide to trimethylamine in fresh fi sh and to maintain the red color 
of meat fi shes such as tunas, yellowtails, and swordfi sh, reducing and retarding 
browning caused by formation of metmyoglobin (Sivertsvik et al.  2002 ; Giatrakou 
et al.  2008 ; Kristinsson et al.  2008  ) . As an alternative to oxygen to prevent browning, 
to stabilize the bright red color and to extend the shelf life, yellowfi n tuna steaks 
were treated with carbon monoxide, present in conventional hickory wood smoke, 
which displaces the bound oxygen of the heme in hemoglobin and myoglobin and 
may retard microbial growth by inhibiting the oxidative phosphorylation mecha-
nisms and thus inhibit aerobic respiration and affect microbial survival (Kristinsson 
et al.  2008  ) . 

 However, the presence of oxygen in the packages is undesirable in many cases 
since it can produce oxidative rancidity, discoloration of fi sh fl esh, and/or growth 
of spoilage aerobic bacteria, such as  Shewanella putrefaciens . The conjugated 
double bonds of ketocarotenoids of rainbow trout ( Oncorhynchus mykiss  W.) are 
oxidized in the presence of air, leading to discoloration of fi sh tissue (Choubert and 
Baccaunaud  2006  ) . A drop in the oxygen level of the atmosphere was observed during 
the storage of farmed cod fi llets caused by microbiological and biochemical reac-
tions within the packed product (Sivertsvik  2007  ) . 

 As an alternative to oxygen in the packages, nitrogen (N 
2
 ) is generally used. It is 

inert and tasteless, with low solubility in water and fat. Moreover, nitrogen delays 
oxidative rancidity and inhibits the growth of aerobic microorganisms (Sivertsvik 
et al.  2002  ) . However, it was reported that increasing the level of nitrogen in MAP 
of farmed cod fi llets stored at 0°C enhances the consequent unpleasant raw odor 
owing to the increase of trimethylamine and total volatile base nitrogen content 
caused by microbial action. These undesirable characteristics are minimized when 
using MAP containing pure carbon dioxide or oxygen or combined as reported by 
Sivertsvik  (  2007  )  and Debevere and Boskou  (  1996  )  in fi lleted cod ( Gadus morhua ), 
by Ruiz-Capillas and Moral  (  2001  )  in gutted hake ( Merluccius merluccius  L.), and 
by Lannelongue et al.  (  1982  )  in brown shrimp ( Penaeus aztecus ). It must be high-
lighted that the inclusion of oxygen in the atmosphere does not prevent  Clostridium 
botulinum  growth. Therefore, the use of additional stress factors is necessary, 
involving, for example, the addition of sodium chloride, the decrease of pH, and 
temperature control (Sivertsvik et al.  2002  ) . 

 On the other hand, Randell et al.  (  1997  )  assayed the presence of argon instead of 
nitrogen in a gas mixture to preserve rainbow trout and Baltic herring fi llets, but the 
former was not more effective than nitrogen in preserving fi sh quality. Besides, as 
argon is much more expensive than nitrogen, the mixture containing argon would 
not be commercially affordable. As established above, the best combination of gases 
that maximizes the shelf life of a fi sh will depend on the species.    Hovda et al. ( 2007 ) 
reported that the use of an atmosphere of 50% CO 

2
  and 50% O 

2
  is better than use of 

an atmosphere of 50% CO 
2
  and 50% N 

2
  to extend the shelf life of farmed halibut 

( Hippoglossus hippoglossus ) and to produce lower bacterial diversity. Torrieri et al. 
 (  2006  )  found that a gas mixture composed of 30% O 

2
 , 50% CO 

2
 , and 20% N 

2
  guar-

antees a shelf life of 7–9 days for gutted farmed bass as was measured by physical 
and sensory attributes. Increasing the carbon dioxide content to 80–100% extended 
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the shelf life of sea bass ( Lates calcalifer ) slices to more than 20 days at 4°C 
(Masniyom et al.  2002  ) . 

 It must be taken into account that, as mentioned above, the gas level in MAP 
can vary with time owing to dissolution of gases into the fi sh muscle tissue and 
owing to microbiological and biochemical reactions. Therefore, experiments are 
usually conducted under a controlled atmosphere to study the real effect of the 
different gas constituents, serving as a reference for experiments performed in MAP 
(Choubert and Baccaunaud  2006  ) . Throughout the storage in a controlled atmo-
sphere, a more stable gas composition is ensured and the accumulation of off-odors 
is avoided. These advantages make the use of a controlled atmosphere of great 
interest for fi sh preservation on deep-sea fi shing boats, as suggested by Ruiz-Capillas 
and Moral  (  2001  ) .   

    13.3.2   Active Packaging Systems 

    13.3.2.1   General Aspects 

 Active packaging involves the incorporation of additives into the packaging with the 
objective of improving the quality and extending the shelf life of products. According 
to Coma  (  2008  )  and Appendini and Hotchkiss  (  2002  )  there are different ways in 
which the additives can be incorporated:

    1.    Addition of the active compound to a sachet or pad placed in the package and 
from which the volatile agent is released  

    2.    Incorporation of the active compound in the packaging fi lm during fi lm 
manufacture  

    3.    Coating of the packaging with a matrix that acts as a carrier for the active 
compound  

    4.    Use of an active compound that also possesses fi lm-forming properties or a 
chemically modifi ed polymer exhibiting bioactive activity  

    5.    Incorporation of the active compound in an edible coating applied onto the food     

 Oxygen scavengers, carbon dioxide and ethanol generators, and moisture absorb-
ers are active compounds included in sachets or pads. Most of them were developed 
commercially, being available for processors with different options. Oxygen scav-
engers are used widely in processed meat products (Kerry et al.  2006 ). 

 Incorporation of active compounds into the packaging during fi lm extrusion 
has been commercially applied by the pharmaceutical and agrochemical industry, 
but few food applications have been reported. However, a signifi cant number of 
research reports and patents have been generated. One disadvantage of this technique 
is that the active compound can be degraded owing to exposure to high temperature 
and shearing forces of the extrusion process. Different bioactive molecules such as 
antimicrobials and antioxidants have been included in many fi lms to improve food 
shelf life (Coma  2008 ; Appendini and Hotchkiss  2002 ; Devlieghere et al.  2000 ; 
Gennadios et al.  1997 ). 
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 When the active compound is coated on the surface of the packaging material, 
any thermal stability problem with the active compound is avoided. Besides, coating 
can be performed in a later process step so as to minimize the possibility of microbial 
contamination. 

 Use of active compounds that also have fi lm-forming properties can be achieved 
by using chitosan, poly( l -lysine), or chemically modifi ed polymers, which exhibit 
the active property. The incorporation of an active compound into an edible coating 
is performed by dipping or spraying on the food. Edible coatings are prepared mainly 
from polysaccharides, proteins, and lipids. Their use has many advantages: edibility, 
biodegradability, aesthetic appearance. Moreover, they exhibit barrier properties 
against oxygen and mechanical stress. 

 All forms of active packaging have received remarkable attention in recent years 
because of the important role that they can play in extending food shelf life 
(Appendini and Hotchkiss  2002 ; Quintavalla and Vicini  2002 ). Nevertheless, 
research studies have been more intense in the fi eld of active edible fi lms and coat-
ings. This trend is due to many factors: the need for new storage techniques, the 
development of new markets for agricultural commodities and wastes with fi lm-
forming properties, etc. 

 Finally, it must be stressed that the incorporation of preservatives into the pack-
aging instead of their inclusion in the bulk has been proposed to prevent surface 
microbial growth or lipid oxidation. It must be pointed out that meat from healthy 
specimens is sterile and microbial growth occurs at the surface. Therefore, active 
agent in a smaller amount at the place where microbial growth occurs can be more 
effective. Moreover, a controlled release of the agent from the surface to the inner 
parts of the food ensures the presence of the agent in the food throughout storage. 
In contrast, when the preservative is added to the food, it can bind to food com-
ponents or can react with other additives or food components, losing its activity. The 
latter trend was observed for nisin in the presence of fat and emulsifi ers (Appendini 
and Hotchkiss  2002  ) .  

    13.3.2.2   Applications of Active Packaging Systems to Aquatic Products 

 Numerous active packaging systems have been designed to extend the shelf life of 
aquatic products. These active systems are used as a single stress factor or as part of a 
system with multiple hurdles. The active compounds used are antimicrobials 
and antioxidants in order to prevent microbial growth and lipid oxidation, two dete-
riorative reactions that determine the end of shelf life in most cases. 

 Use of active fi lms and coatings for meats in general and in particular for seafood 
preservation has some advantages:

    1.    The diminishment of moisture loss throughout refrigerated storage  
    2.    The reduction of lipid oxidation and the sensory spoilage induced by this deterio-

rative reaction  
    3.    The decrease of the populations of spoilage and pathogenic fl ora  
    4.    The reduction of volatile fl avor loss and foreign odor pickup     
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 Probably, one of the fi rst reports of active packaging was the oxygen scavenging 
ability of glucose oxidase for extending the shelf life of fi sh as reported by Field 
et al. ( 1986 ). A summary of the most relevant active packaging systems developed 
is given in Table  13.2 . One of the main objectives is to prevent the contamination by 
spoilage fl ora and in many cases the target of this inhibition is  L. monocytogenes  
growth, which constitutes the major risk in freshly processed cold-smoked salmon 
(Ye et al.  2008 ; Datta et al.  2008 ; Cortesi et al.  1997 . On the other hand, another 
important objective is to avoid oxidative spoilage by means of oxygen scaven-
gers or by the use of antioxidant agents (Torres-Arreola et al.  2007 ; Gomez-Estaca 
et al.  2007 ; Panchavarnam et al.  2003 ; Dondero et al.  1993  ) .    

    13.3.3   Future Trends in Packaging of Aquatic Food Products 

 Nowadays, MAP and active packaging play an important role in improving the 
quality and extending the shelf life of seafood. However, these technologies cannot 
replace good-quality foodstuff and the use of good and hygienic handling and manu-
facturing practices. Future work will focus on the use of natural preservatives bound 
to polymers. Some issues yet to be solved for commercial applications include the 
following: changes in sensory properties of the food induced by the novel technology; 
the interaction of active agents with the specifi c food matrix; and the infl uence of 
this interaction on the effectiveness of the active agent. Finally, the economic feasibility 
of the processes and the consumer acceptance are key factors to ensure the widespread 
use of such novel technologies.       
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    14.1   Introduction 

 Seafood products are known to be especially susceptible to both microbiological 
and biochemical spoilage pathways. Accordingly, effi cient and hygienic preservation 
processes should be applied immediately after capture/slaughter to preserve product 
freshness and quality. The development of effective processing treatments to extend 
the shelf life of fresh fi sh products is a must. Additionally, the consumers’ demand 
for high-quality and minimally processed seafood has recently captivated great 
attention. However, an increase in foodborne illness outbreaks is concomitant with 
the increase in consumer demand for less processed foods (Cherry  1999  ) . These 
trends highlight the importance of studying new microbial stress factors. Among 
them, natural preservatives are one of the stress factors proposed to improve quality 
and extend the shelf life of seafoods, since they are perceived by consumers to be 
safer than chemical or synthetic additives. 
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 In recent decades, numerous studies demonstrating the antimicrobial activity of 
natural compounds against pathogenic and spoilage microorganisms have been 
conducted. Moreover, it is known that factors such as pH, temperature, and food 
components can greatly infl uence the applicability of a food product and it is a must 
to perform studies on the specifi c products to test stability throughout the expected 
shelf life (Roller  2003  ) . 

 Seafood deterioration occurs owing to microbial growth, oxidation of lipids, and 
endogenous enzyme activity, which can produce lipid hydrolysis as a consequence 
of activity of lipases. In the case of crustaceans, where the action of polyphenol 
oxidases (PPO) induces enzymatic browning, an additional important reaction must 
be effectively controlled. In this sense, antioxidant and antibrowning agents can be 
used to prevent these reactions. 

 Antimicrobial, antioxidant, and antibrowning agents are all additives used for 
extending the shelf life of a food and all of them are designed as preservatives 
according to Branen and Haggerty  (  2002  ) .  

    14.2   Use of Natural Antimicrobial Preservatives 

 The use of many natural preservatives has been proposed to increase the shelf life of 
seafoods. Most of them are antimicrobial agents, but many also act as antioxidants, 
such is the case of chitosan and some herbs and spices, whereas others, such as 
many phenolic compounds extracted from plants, also act as antibrowning agents. 

    14.2.1   Organic Acids 

 Sodium and potassium salts from low molecular weight organic acids such as acetic 
acid, lactic acid, and citric acid have been used to control microbial growth, improve 
sensory quality, and extend the shelf life of many food types, including seafood 
products. These preservatives are able to control the development of spoilage bacteria 
and also possess antibacterial activity against various foodborne pathogens such as 
 Staphylococcus aureus ,  Yersinia enterocolitica ,  Listeria monocytogenes ,  Escherichia 
coli , and  Clostridium botulinum . Moreover, these salts are economical, widely 
available, and generally recognized as safe (GRAS). 

 Antimicrobial effi cacy depends on pH, water activity, moisture, fat, nitrite and 
salt content of the product, and storage conditions (temperature, packaging atmosphere) 
(Chen and Shelef  1992 ; Shelef  1994 ;    Buncic et al.  1995 ; Houtsma et al.  1996 ; 
Nebrink et al.  1999  ) . The antimicrobial action increases when the additives are 
combined, even at reduced concentrations (Qvist et al.  1994 ; Blom et al.  1997 ; 
Stekelenburg and Kant-Muermans  2001 ; Mbandi and Shelef  2001  ) . 

 Several authors have tested low molecular weight organic acids for their antimi-
crobial activity against  Listeria  and other spoilage and pathogenic bacteria in aquatic 
food products. 
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 Sorbic acid and its salts have been used as antimicrobials in a wide variety of 
food products. It is known that the salts, alone or in combination with other micro-
bial stress factors, are able to inhibit the growth of spoilage fl ora and pathogens such 
as  S. aureus  and  C. botulinum  in fi sh (Sofos  2000  ) . Moreover, it was shown that 
when sorbates were used at a level not exceeding 0.26% (w/w), no adverse effect on 
sensory properties was observed (Thakur and Patel  1994  ) . According to the infor-
mation mentioned, sorbates could be a valuable alternative for the preservation of 
fi sh products, but consumers perceive them as chemical preservatives despite their 
natural origin as extracts from the rowan tree; the compound used in industry is 
produced by chemical synthesis. 

  L. monocytogenes  contamination is the major risk factor in freshly processed 
cold-smoked salmon (Joffraud et al.  2006  ) . The inclusion of potassium lactate and 
sodium diacetate was proposed to solve this problem. Vogel et al.  (  2006  )  demon-
strated that the addition of potassium lactate (2%) or sodium diacetate (0.14%) to 
cold-smoked salmon by brine injection prevented the growth of  L. monocytogenes  
for 42 days at 10°C in a vacuum-packed product. Moreover, the sensory analysis 
revealed that the preservatives did not negatively affect fl avor or odor. Yoon et al. 
( 2004 ) also reported that concentrations of potassium lactate and sodium diacetate 
completely inhibited the growth of  L. monocytogenes  stored at 4°C for 32 days. 
Sallam  (  2007  )  reported that a dipping treatment of 10 min at 4°C in a 2.5% (w/v) 
aqueous solution of sodium acetate, sodium lactate, or sodium citrate delayed the 
growth of spoilage fl ora and diminished lipid oxidation for 15 days at 1°C of salmon 
fi llets packed in polyvinylidene fi lm. A dip treatment for 30 min with a solution 
containing 2% sodium acetate or potassium sorbate extended the shelf life up to 
15 days for vacuum-packed black pomfret or pearlspot under refrigerated storage 
(Manju et al.  2007  ) . 

 Consumers generally accept the use of organic acids and their salts in foods since 
they regard organic acids as food-grade compounds, and recognize their use in 
households as fl avorings or natural food acidulants from ancient times. The only 
point of concern is that according to the amount added, they can negatively infl u-
ence sensory quality.  

    14.2.2   Antimicrobials from Herbs and Spices 

 Since ancient times, spices and herbs have been added to foods as seasoning addi-
tives because of their aromatic properties. They also exhibit useful antimicrobial 
and antioxidant activity and many of them are classifi ed as GRAS (Kabara  1991  ) . 
However, their use in foods as preservatives is limited because of fl avor consider-
ations, since effective antimicrobial doses may exceed sensorially acceptable levels. 
Knowledge of the mechanisms and factors determining antimicrobial action are 
essential to overcome the problems mentioned. 

 The antimicrobial activity of plant-derived compounds against many different 
microorganisms tested individually and in vitro is well documented in the literature 
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(Nychas and Skandamis  2003  ) . They inhibit the microbial growth of Gram-positive 
and Gram-negative bacteria, yeasts, and molds. The active compounds responsible for 
the antimicrobial activity of spices are primarily phenolic components of the essential 
oil fraction (Beuchat  1994 ). The antimicrobial activity of cinnamon, allspice, and 
cloves is attributed to eugenol (2-methoxy-4-allylphenol) and cinnamic aldehyde, 
which are major constituents of the volatile oils of these spices. The essential oil of 
oregano contains up to 50% thymol; thyme has 43% thymol and 36%  p -cymene, and 
savory has 30–45% carvacrol and 30%  p -cymene (Farag et al.  1989  ) . Antimicrobial 
activity is infl uenced by the culture medium, the temperature of incubation, and the 
inoculum size. Moreover, a synergistic action was found by the joint use with some 
membrane chelators acting as permeabilizing agents (e.g., ethylenediaminetetraacetic 
acid) against Gram-negative bacteria (Nychas and Skandamis  2003  ) . 

 In comparison with the numbers of studies performed in vitro, there have been 
few studies of the antimicrobial action of essential oils in food systems. In particu-
lar, some applied studies were performed with aquatic products. Mejllholm and 
Dalgaard  (  2002  )  reported that oregano oil (0.05%, v/w) extended the shelf life of 
naturally contaminated modifi ed-atmosphere-packaged cod fi llets from 11–12 days 
to 21–26 days at 2°C. The shelf-life extension resulted from the reduced growth of 
aerobic microorganisms and  Photobacterium phosphoreum , a specifi c spoilage 
microorganism of modifi ed-atmosphere-packaging. Also, the trimethylamine levels 
were reduced. From the sensory point of view, the fi llets had a distinctive herbal 
fl avor which decreased gradually throughout storage. Neither the texture nor the 
appearance of the cod fi llets was affected by the oregano oil addition. When the 
oregano oil was added to the modifi ed-atmosphere-packaged salmon fi llets, no 
effect was detected on the development of  P. phosphoreum . This differential 
behavior of oregano oil was related to the higher lipid content of salmon. The active 
compounds of oregano oil, primary thymol and carvacrol, were probably dissolved 
in the lipid phase of the salmon fi llets and therefore had no effects on  P. phospho-
reum  growth in the aqueous phase. The lipophilicity of essential oils is a factor that 
restricted their use as antimicrobials in systems with a lipid phase. 

 In relation to other essential oils, oregano is more effective on fi sh than is mint 
oil, even in fatty fi sh dishes. This trend was confi rmed in two experiments with fi sh 
roe salad using both essential oils at the same concentration (0.5–2.0 v/w) (Tassou 
et al.  1995 ; Koutsoumanis et al.  1999  ) . Mahmoud et al.  (  2004  )  reported that dipping 
carp ( Cyprinus carpio ) fi llets in a solution of 0.5% carvacrol and 0.5% thymol 
before storage at 5°C reduced the numbers of indigenous fl ora and decreased the 
level of volatile base nitrogen. As a consequence, the shelf life of the fi llets was 
extended from 4 to 12 days as determined by sensory evaluation. The incorporation 
of thyme oil and  trans -cinnamaldehyde into an edible fi lm prepared from soy 
protein isolates reduced the microbial growth in precooked shrimp subjected to 
gamma irradiation. The sensory quality was not affected by essential oil up to 0.9%. 
However, the incorporation of 1.8% essential oils in the coating solutions signifi -
cantly decreased the acceptability of the product (Ouattara et al.  2001  ) . 

 In relation to the activity of essential oils to inhibit foodborne pathogens such as 
 Salmonella typhimurium , Kim et al.  (  1995  )  found that a dipping treatment of 10 min 
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in a 1% Tween 20 solution containing 0.5%, 1.5%, or 3.0% w/v carvacrol, citral, or 
geraniol decreased counts of the pathogen in inoculated red grouper fi llets 
( Epinephelus moriu ), with carvacrol being the most potent bactericidal agent fol-
lowed by geraniol and citral, and that the refrigeration temperature acted synergisti-
cally with essential oils. A concentration of 1.5% was needed for each compound to 
effectively kill the bacteria. For this level of oil, in carvacrol samples a warmly 
pungent fl avor was detected. Citral induced a yellowish color with a lemon-like 
fl avor. Geraniol gave a strong rose-like smell. In summary, the levels of these essential 
oils needed to inhibit  Salmonella  are not adequate from the sensory point of view. 

 The Japanese style of cuisine of eating raw and lightly cooked seafood is increasing 
nowadays. In accordance with this trend, a high incidence of gastroenteritis caused 
by  Vibrio parahaemolyticus  was detected (Yano et al.  2006  ) . One possible strategy 
to enhance the safety of raw seafood lies in the use of spices and herbs. Oregano and 
rosemary essential oils inhibited the bacteria in a nutrient-rich medium (Yano et al. 
 2006  ) . Low levels of marjoram (25 ppm) were effective for decreasing bacterial 
survival at a low temperature in nutrient-poor media. But no data are available for 
seafood products (Yano et al.  2006  ) . Wasabi ( Wasabi japonica ), a Japanese spice, is 
added traditionally in sushi preparation. The acrid substance in this spice is allyl 
isothiocyanate, and it was found that the essential oil of wasabi has antimicrobial 
effects against  E. coli, Salmonella typhi , and other bacteria (Hasegawa et al.  1999  ) . 
The latter authors reported that the addition of an ethanol extract of wasabi or allyl 
isothyocianate inhibited the growth of  V. parahaemolyticus  in lean and fatty tuna 
meat suspensions. The effectiveness of preservative extracts was greater in fatty 
samples than in lean ones. It was proposed that the fatty acids present in tuna 
suspension, which are mainly  cis -vaccenic, palmitic, and docosahexaenoic acids, 
may protect the activity of allyl isothiocyanate.  

    14.2.3   Chitosan 

 Chitosan is a modifi ed, natural carbohydrate polymer derived by deacetylation from 
chitin [poly-  b  -(1→4)- N -acetyl- d -glucosamine]. It is a major component of the 
shells of crustaceans such as crab, shrimp, and crawfi sh. Chitosan is produced from 
shell wastes with different deacetylation grades and molecular weights, and, there-
fore, different functional properties and biological activities were observed (No et al. 
 2007  ) . In particular, its antimicrobial activity has been analyzed extensively. It was 
demonstrated that it inhibits the growth of many spoilage and pathogenic bacteria 
and also yeast and molds (No et al.  2007 ; Roller  2003  ) . Moreover, chitosan is a fi lm-
making agent, being used in the preparation of edible fi lms and coatings. Therefore, 
in foods, this preservative has been applied as an additive to a product formulation 
and also as an agent to develop a fi lm or coating. 

 In seafood products, chitosan has been successfully used either as an antimicrobial 
or as an antioxidant. Kamil et al.  (  2002  )  tested the antioxidant activity of chitosans 
of different viscosities (360, 57, and 14 cP; and the corresponding molecular masses 
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of 1,800, 960, and 660 kDa) in cooked, comminuted fl esh of herring ( Clupea harengus ). 
The oxidative stability of fi sh fl esh with added chitosans (50, 100, and 200 ppm) 
was compared with that of fi sh fl esh to which conventional antioxidants, butylated 
hydroxyanisole plus butylated hydroxytoluene, and tertiary butyl hydroxyquinone 
   (200 ppm) has been added, throughout storage at 4°C. Among the three chitosans, 
14-cP chitosan was the most effective in preventing lipid oxidation. The formation 
of thiobarbituric acid reactive substances (TBARS) in herring samples containing 
200 ppm of 14-cP chitosan was reduced after 8 days of storage by 52% as compared 
with that of the control. At 200 pm, 14-cP chitosan exerted an antioxidant effect 
similar to that of commercial antioxidants in reducing TBARS values in comminuted 
herring fl esh. 

 The results described suggested that the chitosan antioxidant action depended on 
the molecular weight and concentration of chitosan. A similar trend was reported by 
Kim and Thomas  (  2007  )  when testing the antioxidant action of chitosan with differ-
ent molecular masses (30, 90, and 120 kDa) on salmon homogenate. The 30-kDa 
chitosan showed the highest scavenging activity. 

 Chitosans may retard lipid oxidation by chelating ferrous ions released during 
storage by proteins such as myoglobin, hemoglobin, and ferritin, thus eliminating 
the pro-oxidant activity of ferrous ions or preventing their conversion to ferric ion 
(Kamil et al.  2002  )  The dependence of antioxidant activity on the viscosities previously 
mentioned may be attributed to the molecular mass differences, which determine 
the extent of metal ion chelation. In their charged state, the cationic amino groups 
of chitosans impart intramolecular electric repulsive forces, which increase the 
hydrodynamic volume by extended chain conformation. Perhaps this phenomenon 
may be responsible for lesser chelation by high-viscosity (high molecular mass) 
chitosans (Kamil et al.  2002  ) . 

 Almost all the applications of chitosan in seafood products involve chitosan as 
a fi lm-forming agent (No et al.  2007  ) . Jeon et al.  (  2002  )  analyzed the effect of 
chitosan with different molecular masses and, as a consequence, different viscosi-
ties (360, 57, and 14 cP) as coatings for the shelf-life extension of fresh fi llets of 
Atlantic cod ( Gadus morhua ) and herring ( C. harengus ) over 12 storage days at 
4°C. A reduction in relative moisture losses was observed for cod samples coated 
with 360-cP chitosan throughout storage. In addition, the chitosan coating reduced 
lipid oxidation, chemical spoilage, and growth of microorganisms in both fi sh model 
systems compared with uncoated samples. The preservative effi cacy and the viscosity 
of chitosan were interrelated; the effi cacy of chitosans with viscosities of 57 and 
360 cP was superior to that of chitosan with 14-cP viscosity. Sathivel  (  2005  )  evaluated 
the effects of chitosan as an edible coating on the quality of skinless pink salmon 
( Oncorhynchus gorbuscha ) fi llets during frozen storage. Coating with chitosan 
reduced the moisture loss of fi llets by 50% compared with the uncoated samples, 
and also delayed lipid oxidation. In addition, coating with chitosan increased the 
thaw yield in relation to noncoated fi llets. Also, no effects of coating on color param-
eters for cooked pink salmon fi llets were found after 3 months of frozen storage. 
Similar results were obtained for cooked skinless pink salmon (Sathivel et al.  2007  ) . 
In addition to the previously mentioned antioxidant action of chitosan, in the case 
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of a coating applied on the surface, it may act as a barrier between the product and 
its surroundings, thus slowing down the diffusion of oxygen from the surroundings 
via the surface into the product. 

 The antimicrobial effectiveness of chitosan added to a seafood formulation or to 
a coating was demonstrated. Vásconez et al.  (  2007  )  reported that dipping salmon 
fi llets in 1% chitosan solution for 3 min reduced aerobic mesophilic and psychro-
philic cell counts. Additionally, quality parameters such as pH and loss of weight 
had acceptable values throughout storage, extending the shelf life of fi llet salmon 
from 3 days (uncoated samples) to 6 days at 2°C. Chen et al.  (  1998  )  evaluated 
chitosan of different deacetylation degree and different derivates. They found that 
the immersion of oysters in a 2,000-ppm solution of sulfobenzoyl chitosan, a 
derivate with excellent solubility in water, kept bacterial growth below 10 6  colony-
forming units (CFU)/g throughout 13 storage days at 5°C, whereas in untreated 
samples the bacterial population reached a level of 10 9  CFU/g and developed a 
putrid odor at the same time. Also, a delay in the growth of coliforms,  Pseudomonas , 
and  Aeromonas  and a complete inhibition of  V. parahaemolyticus  was observed. 
Since  V. parahaemolyticus  is responsible for the foodborne outbreak resulting from 
eating raw oysters, the treatment proposed showed potential for extending the shelf 
life of refrigerated oysters. 

 The antimicrobial action of chitosan is suggested to be due, in part, to the binding 
of its positively charged molecules with the anionic cell membranes, promoting a 
disruption of their barrier properties (Sagoo et al.  2002  ) .  

    14.2.4   Perspectives in the Use of Natural Antimicrobial 
Preservatives 

 Future research trends regarding organic acids will focus on their uses in novel 
foods, as well as on the exploitation of novel organic acid derivatives in foods. 
The signifi cance and determination of synergistic combinations with other natural 
antimicrobials must be intensifi ed to increase pathogen control and product shelf 
life. Finally, the fact that organic acid treatments have the potential to create acid-
adapted pathogens could be appreciated; the adapted or modifi ed organisms may 
develop permanent resistance to acid stress (Samelis and Sofos  2003  ) . According to 
this, research to evaluate the acid tolerance response of bacteria in seafood must be 
performed. 

 Essential oils can be added to fi sh by tumbling or spraying. In relation to other 
mild preservation procedures such as high-pressure treatment and low-dose irradia-
tion, essential oil addition is inexpensive and easy to perform as a method for 
extending the shelf life of aquatic products. However, as essential oils infl uence the 
sensory characteristics of seafood, they should be used primarily to develop new 
products with a specifi c sensory profi le. Active compounds and toxicity should also 
be clearly documented before essential oils are used within the food industry. 
As demonstrated recently by Dusan et al.  (  2006  ) , high doses of some essential oils 
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can have detrimental effects on intestinal cells, and therefore the effect on the whole 
of the intestinal tract needs to be assessed before safe usage can be achieved (Fisher 
and Philips  2008  ) . 

 Chitosan has been approved as a food additive in Japan and Korea since 1995 
and 1983, respectively. It has been recognized as safe in the USA since 2001. 
However, more studies must be done to rule out that long-term intake of low levels 
of chitosan would not selectively inactivate benefi cial gut microfl ora (Roller  2003  ) . 
Moreover, extensive application in food systems is essential for the full exploitation 
of chitosan as a preservative.   

    14.3   Use of Antimicrobial Biopreservatives 

    14.3.1   Introduction 

 The term “biopreservation” was defi ned by Stiles  (  1996  )  as the use of a natural or 
controlled microfl ora and/or its antimicrobial metabolites to extend the shelf life 
and improve the safety of food. This term is linked to lactic acid bacteria (LAB), a 
group of Gram-positive bacteria which are often used in food to ensure its safety, 
preserve its quality, and develop new fl avors. However, and unlike starter cultures, 
protective cultures used for biopreservation purposes should modify the sensory 
features of the food product as little as possible. 

 Certain LAB species and strains have been shown to exert strong antagonistic 
activity against spoilage and pathogenic microorganisms such as  Listeria, 
Clostridium, Staphylococcus , and  Bacillus  spp. Such an antagonistic effect is caused 
by a decrease in the pH of the food (mainly caused by the production of lactic acid 
and other organic acids), the competition for nutrients, and/or the production of 
antimicrobial metabolites (Gibbs  1987 ; Klaenhammer  1988 ; Caplice and Fitzgerald 
 1999  ) . Certain LAB are able to grow at refrigeration temperatures and are tolerant 
to modifi ed-atmosphere packaging, low pH, high salt concentrations, and the pres-
ence of certain additives such as lactic acid, acetic acid, and ethanol. 

 Because of these benefi ts, LAB can be used as protective cultures to outgrow 
competitor microorganisms such as certain spoilage and pathogenic bacteria, with 
the subsequent benefi ts in terms of food safety. In addition, several LAB species and 
strains are able to produce bacteriocins. These molecules are synthesized by the 
ribosomes, released extracellularly as bioactive peptides or peptide complexes with 
a bactericidal or bacteriostatic effect on other closely related and non-closely related 
species, while the producer bacterial cell exhibits specifi c immunity to the action of 
its own bacteriocin. Members of the genera  Lactococcus ,  Lactobacillus ,  Leuconostoc , 
 Carnobacterium ,  Enterococcus , and  Pediococcus  are known to secrete bacteriocins. 
Accordingly, such LAB and their bacteriocin-containing extracellular extracts may 
be practically used for the control of spoilage and pathogenic microorganisms in 
seafood products. Among them, the genera  Carnobacterium  and  Enterococcus , 
isolated from fi sh species, are especially relevant for the biopreservation of raw and 
processed seafood products.  
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    14.3.2   Natural Presence of Protective Lactic Acid Bacteria 
in Aquatic Food Products: Types and Applications 

 LAB are not considered as genuine microfl ora of the aquatic environment, but 
certain genera, including  Carnobacterium ,  Lactobacillus ,  Enterococcus , and 
 Lactococcus , have been found in fi sh (Huss  1995 ; Stiles and Holzapfel  1997 ; 
González et al.  2000 ; Ringø et al.  2000 ; Campos et al.  2006  ) .  Carnobacterium 
maltaromaticum  and  Carnobacterium divergens  have been reported to belong to the 
normal intestinal microbial population of a variety of fi sh species such as Atlantic 
salmon ( Salmo salar ), wild pike ( Esox lucius ), and wild brown trout ( Salmo trutta ) 
(Ringø and Gatesoupe  1998 ; González et al.  1999  ) .  C. maltaromaticum  and 
 Lactobacillus  spp., which are able to produce bacteriocins, have also been isolated 
from chilled fi sh and cold-smoked fi sh products (Baya et al.  1991 ; Leroi et al.  1998  ) . 
Likewise, enterococci exhibiting antilisterial activity have been isolated from farmed 
turbot (Campos et al.  2006  )  and cold-smoked salmon (Tome et al.  2006  ) . Paludan-
Müller et al.  (  1998  )  identifi ed  Carnobacterium piscicola  as the dominant microor-
ganism isolated from spoiled vacuum-packaged cold-smoked salmon. 

 Bacteriocins as food preservatives may be used for biopreservation purposes 
either by using the bacteriocinogenic strain as a protective culture or by using the 
extracellular extracts of the producing bacteria in the food formulation. LAB bacte-
riocins or bacteriocin-producing strains can be used either alone or in combination 
with one another and with other antimicrobials to improve the preservative effect. 
Some bacteriocins (e.g., lactocin S) have a much slower rate of killing than others 
and different inhibition spectra against spoilage and pathogenic bacteria. Thus, 
combining fast- and slow-acting bacteriocins, and broad and narrow inhibition 
spectra, the food remains safe longer. 

 Nilsson et al.  (  2004  )  demonstrated that bacteriocins are not always the only 
mechanism by which certain LAB inhibit the growth of certain microbial targets. 
They conducted a study to evaluate the contribution of  C. piscicola  bacteriocins to 
the inhibition of  L. monocytogenes  in a cold-smoked salmon system. In their study, 
a  C. piscicola  strain exhibiting bacteriocin activity (bac + ) and an isogenic mutant 
unable to produce bacteriocin (bac − ) were tested against  L. monocytogenes . The 
results showed that the bac −  strain was also able to inhibit  L. monocytogenes , 
although not to such an extent as the bac +  counterpart, this indicating that bacterio-
cins are not always the only method for the inhibition of microbial targets. 

 Duffes et al.  (  1999  )  isolated  C. divergens  and  C. maltaromaticum  strains that 
exhibited listericidal activity in a model experiment with cold-smoked fi sh. They 
found that  C. piscicola  V1 inhibited  L. monocytogenes  by the in situ production of 
bacteriocins in vacuum-packed cold-smoked salmon stored at 4°C and 8°C. In con-
trast, another related species, namely,  C. divergens  V41 and its divercin V41, only 
exhibited a bacteriostatic effect on the target microorganism. Silva et al.  (  2002  )  
used a bacteriocin-producing  Carnobacterium  strain under a spray-dried format. 
This strain survived the process and retained antilisterial ability, although it lost 
activity against other Gram-positive targets such as  S. aureus . The addition of 
bacteriocin-producing carnobacteria as protective cultures has been reported to 
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inhibit the growth of  L. monocytogenes  in seafood (Alves et al.  2005 ; Yamazaki 
et al.  2003  ) . Carnocin UI49, produced by  C. piscicola , is another potential biopreser-
vative agent that, when combined with nisin Z, provided good control of  Listeria  
(Stoffels et al.  1993  ) . 

 Leroi et al.  (  1998  )  also isolated carnobacteria during the fi rst stage of storage of 
seafood products, whereas  Lactobacillus farciminis ,  Lactobacillus sakei , and 
 Lactobacillus alimentarius  were isolated at advanced storage times. Other studies 
have also confi rmed that most bacteria in vacuum-packaged “gravad” fi sh products 
stored at refrigeration temperatures are carnobacteria (Leisner  1992 ; Leisner et al. 
 1994  )  and  L. sakei  (Jeppesen and Huss  1993  ) , and to a lesser extent  Leuconostoc  
spp.,  Lactobacillus curvatus , and  Weissella viridescens  (Leisner et al.  1994  ) . 

 Bacteriocin-producing enterococci are widespread in nature, and they have also 
been isolated from a variety of foods, including fi sh and seafood products (Dalgaard 
et al.  2003 ; Campos et al.  2006 ; Arlindo et al.  2006  ) . One of the principal bacterio-
cins produced by enterococci isolated from fi sh is enterocin P (EntP; Arlindo et al. 
 2006  ) , which shows good antimicrobial activity against  L. monocytogenes, S. aureus , 
and other spoilage and pathogenic bacteria such as  Bacillus  spp. Certain enterococci 
are able to produce small heat-resistant antilisterial bacteriocins generically known 
as enterocins. A potential limitation in the use of enterocins is that they may be 
produced by enterococci harboring antibiotic resistance genes and/or genes coding 
for potential virulence factors (Eaton and Gasson  2001  ) . In this sense, a preliminary 
screening of enterococcal strains with potential use in the aquatic food sector should 
be done to determine their sensitivity to antibiotics. EntP-producing strains of 
 Enterococcus faecium  (Cintas et al.  1997  )  have been isolated from fi sh species such 
as turbot (Arlindo et al.  2006  )  and are currently under investigation for their potential 
practical application as dried cultures for feeding fi sh in aquaculture facilities. 
Besides its antimicrobial activity and thermal stability, EntP exhibits other remarkable 
features, such as protease sensitivity, activity in a broad pH range, and the maintenance 
of antimicrobial activity after freeze-thawing, lyophilization, or chilled storage 
(Cintas et al.  1997  ) . 

 Other bacteriocin-producing genera belonging to the LAB group and with relevance 
in the seafood sector are  Lactobacillus, Lactococcus , and  Pediococcus . Among 
these, Jeppesen and Huss  (  1993  )  studied a  Lactobacillus plantarum  strain with 
antagonistic effects against  Listeria  in a model fi sh product containing citric acid or 
sodium chloride as a curing agent. Nisin, the best studied bacteriocin, has also been 
evaluated for the inhibition of  Listeria  and other spoilage and pathogenic bacteria in 
aquatic food products. Al-Holy et al.  (  2005  )  reported that nisin, when combined 
with moderate heat, inhibited the growth of  Listeria innocua  in salmon ( Oncorhynchus 
keta ) and sturgeon ( Acipenser transmontanus ) caviar. Elotmani and Assobhei  (  2004  )  
reported the inhibition of the microbial activity in sardine by the combined use of 
nisin and a lactoperoxidase system. Nilsson et al.  (  1997  )  tested a combined treat-
ment with nisin and a modifi ed CO 

2
 -rich atmosphere to control  L. monocytogenes  

in cold-smoked salmon. Likewise, Nykanen et al.  (  2000  )  also reported good results 
derived from the combination of nisin and sodium lactate for the control of  L. mono-
cytogenes  in cold-smoked rainbow trout. 
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 The combination of nisin and other bacteriocins has also been evaluated for the 
biopreservation of aquatic food products. One of the most interesting studies was 
provided by Bouttefroy and Milliere  (  2000  ) . They tested combinations of nisin and 
curvaticin 13 produced by  L. curvatus  SB13 for prevention of the regrowth of 
bacteriocin-resistant cells of  L. monocytogenes , and found that this combination 
was more inhibitory than the use of a single bacteriocin. Chi-Zhang et al.  (  2004  )  
demonstrated that in the presence of an excess of nisin  L. monocytogenes  rapidly 
becomes nisin-resistant, whereas the slow addition of nisin only leads to a tempo-
rary tolerance before  Listeria  cells become nisin-sensitive. As a consequence of 
this, the antimicrobial effectiveness of nisin also depends on its concentration and 
mode of delivery. Wessels and Huss  (  1996  )  tested the nisin-producing  Lactococcus 
lactis  subsp.  lactis  ATCC 11454 as a protective culture for lightly preserved fi sh 
products, and found that a sodium chloride concentration of up to 4% allowed 
growth and nisin production, whereas 5% sodium chloride resulted in very slow 
growth and no nisin being detected. 

 When protective cultures are used, special attention should be paid to the method 
employed to apply them to the food product. In this sense, some authors have evalu-
ated the use of spray-dried cultures as protective cultures (Corcoran et al.  2004 ; 
Gardiner et al.  2000  ) . Likewise, Silva et al.  (  2002  )  studied bacteriocin production 
by the spray-dried LAB  C. divergens ,  Lactobacillus salivarius  and  L. sakei  for 
action against  L. innocua ,  L. monocytogenes , and  S. aureus.  They concluded that 
spray-drying is a potentially useful process for large-scale production of dried pow-
ders containing viable organisms with antagonistic activity against pathogens.  

    14.3.3   Biopreservation and Probiotics 

 An alternative to antimicrobial agents in the prevention and management of fi sh 
diseases in aquaculture facilities is the use of probiotics added to animal feeds 
(Balcazar et al.  2006  ) . Some protective cultures of LAB have been reported to 
exhibit probiotic activity due to their positive contribution to the healthy microfl ora 
of the human gut. Moreover, these probiotic LAB have also been introduced into 
animal feeds because of both their contribution to the health of farmed fi sh and their 
activity for the biological control of fi sh pathogens in aquaculture facilities 
(Verschuere et al.  2000  ) . The possible mechanisms of action of probiotics are the 
production of compounds that are inhibitory towards pathogens, competition with 
target microorganisms for nutrients and energy, competition with undesirable spe-
cies for adhesion sites, enhancement of the immune response of the animal, improve-
ment of water quality, and interaction with phytoplankton (Verschuere et al.  2000  ) . 

 As stated above, in the last decade probiotics have been introduced into aquacul-
ture practice to overgrow and inhibit pathogenic bacteria by the incorporation of 
benefi cial bacteria through the animal feeds. It should be highlighted that the probi-
otic LAB strain introduced in the food chain through the animal feed must also be 
safe for humans. The microorganisms used in animal feeds in the European Union 
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territory mainly belong to the genera  Enterococcus ,  Lactobacillus ,  Pediococcus , 
and  Streptococcus  (Anadon et al.  2006  ) . Since 2000, all microbial strains intended 
to be used as probiotics in animal feeds must be evaluated by the European Union 
administration and authorized by a Regulation Commission before being used as 
ingredients in feedstuffs (Becquet  2003  ) . Council Directive 70/524/EEC  (  1970  )  on 
feed additives is based on the principles of premarket authorization, the positive-list 
principle, and the thorough risk assessment of the effects of a particular strain on 
human and animal health as well as on the environment. Before a new probiotic 
strain is introduced or a new use of an already approved product is promoted, a 
dossier has to be submitted to the authorities, following the guidelines published in 
 Commission Directive 94/40/EEC . These guidelines contain detailed evaluation 
methods. The safety requirements refer to (1) the target animal, (2) the consumer 
and the environment, and (3) the workers (Becquet  2003  ) . 

 Among the evaluation studies of LAB strains such as probiotics in aquaculture, 
Nikoskelainen et al.  (  2001  )  studied human and dairy-derived probiotics for the 
prevention of infectious diseases in fi sh. They studied the potential probiotic prop-
erties of six LAB belonging to the  Lactobacillus, Bifi dobacterium , and  Enterococcus  
genera. Strains were evaluated on the basis of the following parameters: mucosal 
adhesion, mucosal penetration, inhibition of pathogen growth and adhesion, and 
resistance to fi sh bile. The following fi sh pathogens were tested:  Vibrio anguillarum , 
 Aeromonas salmonicida , and  Flavobacterium psychrophilum.  Although most of the 
LAB strains evaluated had a considerable ability to adhere to different fi sh mucus 
types (14–26% of the bacteria added), none of them were able to inhibit the mucus 
binding of  A. salmonicida . The results suggested that  Lactobacillus bulgaricus     and 
 Lactobacillus rhamnosus  ATCC 53103    were the most promising probiotic candi-
dates. The use of probiotics by shrimp farmers has also been found to be effective 
and environmentally safe (Sambasivam et al.  2003  ) .  

    14.3.4   Perspectives in the Biopreservation of Aquatic 
Food Products 

 Although the evaluation of bacteriocin-producing bacteria and their metabolites for 
the preservation of aquatic food products has been extensive, only a few reports 
include bacteriocins produced by LAB isolated from aquatic food products. The use 
of such bacteriocins and protective cultures may be of great interest since they would 
be more adapted to the food substrate in which they are destined to exert their effects. 
In this sense, EntP-producing enterococci isolated from farmed turbot have recently 
been tested as seafood preservatives under a spray-dried format and exhibited antil-
isterial, antistaphylococcal, and antibacilli activities. Preliminary results in turbot 
fi llets either vacuum-packaged or subjected to modifi ed-atmosphere packaging sug-
gest that EntP-producing enterococcal strains isolated from fi sh may be a promising 
alternative as probiotics in aquaculture technology. However, more work is needed 
for the isolation and characterization of novel food-grade probiotic LAB that exhibit 
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optimum inhibition activity against pathogenic and spoilage bacteria. Likewise, the 
adaptation of such protective cultures to new foods, formats, and technological treat-
ments represents another hot topic in the fi eld of seafood technology. 

 Biopreservation is also gaining increasing importance in combined strategies for 
the development of minimally processed novel foods as an alternative to traditional 
and more aggressive preservation techniques. In this sense, the increasing consumers’ 
concern about the use of synthetic chemicals as preservatives in food should be 
noted, as well as the negative perception of intense technological treatments that 
may negatively affect the nutritional quality of foods. This scenario opens the way 
for novel applications of food-grade LAB and/or their metabolites for the biopreser-
vation of minimally processed foods subjected to slight combined preservation 
treatments, such as pasteurization and/or refrigeration.   

    14.4   Antioxidant Preservatives from Natural Sources 

    14.4.1   Introduction 

 Seafood products deteriorate through several degradation reactions both on short-term 
and on long-term storage. The main deterioration processes are oxidation reactions 
and the decomposition of oxidation products, which result in decreased nutritional 
value and sensory quality. The retardation of these oxidation processes is important 
for the seafood producer/manager and, indeed, for all persons involved in the entire 
food chain from the sea to the consumer. Oxidation may be inhibited by various 
methods, including prevention of oxygen access, use of lower temperature, inactivation 
of enzymes that promote oxidation, reduction of oxygen pressure, and the use of 
suitable packaging. Another method of protection against oxidation is to use specifi c 
additives which inhibit oxidation. Antioxidant activity depends on many factors, 
such as the lipid composition, antioxidant concentration, temperature, oxygen pres-
sure, and the presence of other antioxidants and many common food components, 
e.g., proteins and water (Pokorny  2001  ) . Various antioxidants exhibit substantial 
differences in effectiveness when used with different types of oils or fat-containing 
foods, and when used under different handling and processing conditions. These 
differences have been attributed to their molecular structure. Several factors should 
be considered when choosing an antioxidant. These include knowing the potency of 
an antioxidant in a particular application, the ease of incorporation into the food, 
availability, and cost. The problem of selecting the best antioxidant is also further 
complicated by the diffi culty of predicting how the added antioxidant will interact 
with pro-oxidants and antioxidants already present in the food item (Nawar  1996  ) . 

 Seafoods possess high nutritional value, and also functional properties, thanks to 
their readily digested protein. As such, they are a good source of vitamins and min-
erals, and fatty fi sh furthermore contain high concentrations of polyunsaturated fatty 
acids, eicosapentaenoic acid and docosahexaenoic acid (Ackman  1999  ) . However, 
because of this high unsaturated lipid content, fi sh products are very susceptible to 
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loss of quality through lipid oxidation. The onset of rancidity is fast, particularly in 
fatty and semifatty species such as horse mackerel ( Trachurus trachurus ), in whose 
muscle large amounts of hemoglobin (a well-known activator of lipid oxidation) 
and lipids coexist (Richards and Hultin  2002  ) . The use of antioxidants is an effective 
way to minimize or prevent lipid oxidation in food products (Boyd et al.  1993 ; 
Frankel  1998  ) , retarding the formation of toxic oxidation products, maintaining 
nutritional quality, and prolonging the shelf life of foods (Jadhav et al.  1996  ) . 
Synthetic antioxidants have been widely used to retard lipid oxidation in foods 
(Ahmad  1996  ) , but nowadays there is growing interest in fi nding naturally occurring 
antioxidants for use in foods (Löliger  1983  ) , and for possible in vivo use. There has 
been increasing interest in identifying plant extracts which minimize or retard lipid 
oxidation in lipid-based food products; for example, some natural phenolic com-
pounds that are effective in preventing rancidity in many lipid systems such as fi sh 
muscle (Ikawa  1998 ; Medina et al.  1999 ; Medina et al.  2003  ) . 

 Another oxidation process involved in the deterioration of aquatic foods is an 
enzymatic reaction mediated by polyphenol oxidases (PPO): browning or melano-
sis, which occurs primarily in crustaceans. These highly prized and economically 
valuable products are extremely vulnerable to enzymatic browning. Although the 
products of melanosis are not harmful and do not infl uence fl avor or aroma, consum-
ers will not select these products since their brown discoloration connotes spoilage. 
Severe melanosis on these products can cause tremendous economic losses because 
of the high value commanded by these aquatic products in the marketplace (Marshall 
et al.  2000  ) . Black spots form on fresh shrimp and other shellfi sh within a few hours 
after harvest if they are not refrigerated. The reaction involves the oxidation of phe-
nols to quinines by PPO (Taoukis et al.  1990  ) . The endogenous shrimp enzyme PPO 
catalyzes the initial step in black spot formation and remains active throughout post-
harvest processing unless the shrimps are frozen or cooked (McEvily et al.  1991 ; Lu 
and Foo  1999  ) . The black spots on shrimp begin to form on the head and proceed 
down the shrimp, forming black lines just under the shell that outline the sections of 
the tails. Refrigeration or storage on ice slows down but does not prevent this reac-
tion because PPO enzyme systems remain active under these conditions. The rate of 
spread of melanosis differs among the various species (Montero et al.  2001  ) . 

 Many studies have focused on either inhibiting or preventing PPO activity in 
foods. Various techniques and mechanisms have been developed over the years for 
the control of these undesirable enzyme activities. These techniques attempt to 
eliminate one or more of the essential components (oxygen, enzyme, copper, or 
substrate) from the reaction (Lee et al.  1988  ) . Many techniques are applied in the 
prevention of enzymatic browning. Relatively new techniques, such as the use of 
killer enzymes, naturally occurring enzyme inhibitors, and ionizing radiation, have 
been explored and exploited as alternatives to heat treatment and certain chemical 
treatments because of the health risks associated with the latter (Marshall et al. 
 2000  ) . Reducing agents play a role in the prevention of enzymatic browning either 
by reducing  o -quinines to colorless diphenols or by reacting irreversibly with 
 o -quinines to form stable colorless products (Green  1976  ) . Reducing compounds 
are very effective in the control of browning. Sulfating agents are the most widely 
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applied reagents for the control of browning in the food industry. Melanosis in 
crustaceans is normally controlled by means of certain sulfi te derivatives (Ferrer 
et al.  1989  ) . These compounds are known to produce allergic reactions and serious 
disturbances in asthmatic subjects (Taylor and Bush  1986 ; DeWitt  1998  ) . Increased 
regulatory attention and heightened consumer awareness of the risks associated 
with sulfated foods have created a need for a safe, effective sulfi te alternative for 
use in foods (Taylor and Bush  1986 ; McEvily et al.  1991  ) . Several synthetic antioxi-
dants, such as butylated hydroxyanisole, butylated hydroxytoluene, tertiary butyl 
hydroxyquinone, and propyl gallate, are suspected to be carcinogenic (Madhavi and 
Salunkhe  1995  ) . Plant phenolic compounds such as tocopherols, fl avinoid compounds, 
cinnamic acid derivatives, and coumarins are naturally occurring compounds which 
have an antioxidant effect that renders them inhibitory to PPO and thus browning 
(Jayaprakasha et al.  2001  ) . Therefore, control of the deteriorative effects of brown-
ing poses a major challenge to the food scientist. In this sense, the search for natural 
antioxidants, especially of plant origin, has greatly increased in recent years.  

    14.4.2   Preserving Seafood from Lipid Oxidation Reactions 

 The direct application of antioxidants to fi sh is the most widely studied method for 
reducing off-fl avor development in fi sh. Fish muscle can be sprayed with or dipped 
in solutions or suspensions of antioxidants, or it can be packed in fi lms containing 
antioxidants (see Table  14.1 ). Other methods include (1) “glazing” of the previously 
frozen fi sh fi llets with a chilled antioxidant solution in order to form a thin glazing 
layer and (2) washing the fi llets with seawater before spraying them with the 
corresponding antioxidant solution. Rinsing with water or washing has been 
employed in chilled and frozen fi sh for removing heme proteins and metallic traces 
(Richards et al.  1998 ; Undeland et al.  1998  ) . However, endogenous hydrophilic 
antioxidants can be lost in these treatments, leading to a higher susceptibility of the 
muscle tissue (Undeland et al.  1998  ) . Therefore, the balance between endogenous 
pro-oxidants and antioxidants must be carefully controlled. Fish tissues contain 
endogenous antioxidants that are able to stabilize their high content of unsaturated 
lipids in vivo. In postmortem conditions, the endogenous antioxidants are consumed 
sequentially (Petillo et al.  1998 ; Undeland et al.  1999  ) , and some studies have 
related the loss of endogenous antioxidants to the development of oxidative rancidity 
(Erickson  1993 ; Jia et al.  1996 ; Pazos et al.  2005  ) .  

 Even though a number of herbs and spices have been identifi ed as having sub-
stantial antioxidant activity, a general problem encountered with these sources of 
antioxidants is their characteristic odor and taste. This may make them unsuitable 
for use in many foods, particularly in seafood. The antioxidant activity of these 
ingredients is also less than that of the corresponding extracts or purifi ed compounds. 
Moreover, the antioxidant accessibility to the fi sh tissue may also be limited because 
much of the active component(s) may be held within the herb or spice used. 
Ramanathan and Das  (  1993  )  tested a number of dried and fresh herbs for their 
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antioxidant effect in salted minced mackerel as assessed by the TBARS assay. 
The antioxidant effi cacy for the dried herbs was cloves > cinnamon > cumin = black 
pepper > fennel = fenugreek. The dried spices were more effective than the fresh ones. 
Several polyphenols were also assessed, being the most potent group of natural 
antioxidants tested. At 0.01% the order was ellagic acid > tannic acid > myricetin > 
quercetin. 

 In recent years, the addition of natural bioactive compounds obtained from plants 
and vegetables has been employed in an attempt to improve oxidative stability in 
fi sh muscle. Tea catechins (He and Shahidi  1997 ; Tang et al.  2001  )  and rosemary 
(Vareltzis et al.  1997  ) , olive oil (Medina et al.  1999  ) , and ginger (Fagbenro and 
Jauncey  1994  )  extracts, among many others, have successfully inhibited rancidity 
of different seafoods. 

    14.4.2.1   Plant Extracts 

 Rosemary ( Rosmarinus offi cinalis ), a member of the  Labiatae  plant family, has 
been recognized for its medicinal properties since antiquity. Its antioxidant proper-
ties have been attributed to the presence of various phenolic diterpenes, carnosol, 
and carnosinic    acid as well as rosmanol, epirosmanol, and isorosmanol acids and 
fl avonoids (Sewalt et al.  2005  ) , which can terminate free-radical reactions and 
scavenge reactive oxygen species (Sánchez-Escalante et al.  2001  ) . The antioxidant 
activity of this seasoning herb has been compared with that of other known antioxi-
dant substances. Sewalt et al.  (  2005  )  found that low doses of rosemary extract 
(100–500 ppm) resulted in induction times by the Rancimat method similar to those 
obtained    with the maximum level of the synthetic antioxidants butylated hydroxya-
nisole and butylated hydroxytoluene (200 ppm) allowed in animal fat and feeds 
containing vegetable oil. 

 As regards fi sh products, many species were found to be effectively protected by 
the antioxidant activity of rosemary extract. Sardine ( Sardina pilchardus ) mince 
was treated with rosemary extract (300 ppm) and onion juice (1 mL/100 g) and then 
stored at −20°C for 5 months. Thiobarbituric acid    level, peroxide value, and free 
fatty acid levels increased in all experimental groups because of the lipid oxidation. 
Rosemary extract showed an antioxidative effect on sardine mince during frozen 
storage as indicated by the thiobarbituric acid level   , peroxide value, and free fatty 
acid levels. Oxidation was delayed for 3 months by onion juice treatment. At the 
end of the 5-month storage period, the thiobarbituric acid    values for onion juice 
treatment and control treatment were outside consumable limits; however, for those 
samples treated with rosemary extract the values were within consumable limits. 
After frozen storage for 5 months, the polyunsaturated fatty acid level decreased 
and the saturated fatty acid level increased in the control treatment, which denotes 
enzymatic hydrolysis of sardine lipids (Serdaroğlu and Felekoğlu  2005  ) . 

 Medina et al.  (  2003  )  tested the activity of rosemary extract and extra virgin olive 
oil for preserving fi sh emulsions and fi sh oils  n -3 polyunsaturated fatty acids. Horse 
mackerel ( T. trachurus ), an underutilized fatty fi sh species, was selected for stabilizing 
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its quality and obtaining high-value-added products. In fi sh oil-in-water emulsion, 
both natural extracts were more effective than butylated hydroxytoluene in preventing 
the formation and decomposition of hydroperoxides. Extra virgin olive oil pheno-
lics were more effective than rosemary extracts during the fi rst steps of oxidation, 
probably owing to the higher solubility of hydrophilic rosemary compounds in 
water, resulting in their having only little effectiveness at the oil–water interface. 
As the mechanism of phenolic antioxidative action is also related to their bonding 
with proteins, Medina et al.  (  2003  )  determined the protein–oxidized lipid interactions 
and the partition coeffi cients of the bioactive compounds in the different phases of 
the fi sh emulsion. Polyphenols can act as multidentate ligands bonding with protein 
surfaces and provoking conformational changes. The antioxidative activity of the 
system can be reinforced or reduced by the protein fraction. Thus, the synergism 
between fi sh proteins and rosemary extract was attributed to a protector effect of 
fi sh proteins for inhibiting carnosoic acid oxidation, whereas the lower synergistic 
activity of extra virgin olive oil phenolics in emulsions was suggested to be due to 
the partition of hydroxytyrosol and tyrosol into the aqueous phase, where they may 
antagonize any synergistic effects with water-soluble proteins. In conclusion, the 
study showed that the antioxidative properties attributed to phenolic natural antioxi-
dants in combination with bioactive lipids such as  n -3 polyunsaturated fatty acids 
could result in well-accepted healthy and nutritional foods. 

 A protective activity of rosemary extract used as a pretreatment against lipid 
oxidation in dehydrated salted fi sh was found by Da Silva Afonso and Sant’Ana 
 (  2008  ) . Brine-salted tilapia ( Oreochromis niloticus ) fi llets were treated (brine salting 
with fi ltered rosemary extract for 3 h) or pretreated (1 h with fi ltered rosemary 
extract followed by brine salting for 3 h) with the extract and stored for 240 days at 
−18°C. Those samples subjected to the pretreatment showed higher  a  

w
  and moisture 

values, whereas the TBARS values in the treatment (3.31 ± 0.79) and pretreatment 
(3.39 ± 0.53) were half the value in the control treatment (6.14 ± 1.21) at the end of 
storage. The pretreatment showed a more protective effect in protein oxidation, 
which could be observed in trichloroacetic acid soluble nitrogen values in 180 days 
(0.112 ± 0.020) and 240 days (0.132 ± 0.017). 

 It must be emphasized that the scientifi c research cited above was intended to 
test the herb extract on fi sh products where rosemary would play a signifi cant role 
in the fl avor and odor of the original product. Up to now, no work based on the use 
of rosemary extract as an antioxidant for preserving fi sh muscle, intended for whole-
sale and retail, has been found in the literature. 

 Catechins belong to the fl avonoid family of naturally occurring antioxidants in 
food. In particular, green tea leaves contain relatively large amounts of (−)-epicatechin, 
(−)-epicatechin gallate, (−)-epigallocatechin, and (−)-epigallocatechin gallate. They 
have been recognized as effi cient antioxidants by scavenging oxygen radicals and 
chelating metal ions (Shahidi and Wanasundara 1992). Tea catechins were found to 
be more effi cient than  a -tocopherol (both applied at 300 mg/kg) in inhibiting minced 
muscle lipid oxidation in fresh meats, poultry, and fi sh (Tang et al.  2001  ) . In a con-
clusive study by He and Shahidi  (  1997  ) , individual catechins, crude tea extracts, and 
ground green tea exhibited excellent antioxidant properties as evidenced by the 
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TBARS values and total volatile aldehyde and propanal contents of the treated fi sh 
meat samples, which were cooked at 75°C and stored at 4°C for 7 days. The order 
of potency of catechins in the mackerel meat system was (−)-epigallocatechin gal-
late  »  (−)-epicatechin gallate > (−)-epigallocatechin >> (−)-epicatechin. Commonly 
used antioxidants such as  a -tocopherol and butylated hydroxytoluene were not very 
effective in controlling the oxidative deterioration of fi sh meat. (−)-Epigallocatechin 
gallate showed slightly better antioxidative activity than tertiary butyl hydroxyqui-
none. He and Shahidi  (  1997  )  postulated that extensive hydroxylation of catechin 
molecules such as (−)-epigallocatechin gallate and (−)-epicatechin gallate and 
changes in the hydrophilicity/hydrophobicity of the molecules involved were 
perhaps the main reasons for their strong antioxidative properties as compared with 
other catechins tested. These fi ndings also demonstrated that tea extracts and ground 
green tea leaves containing different amounts of (−)-epigallocatechin gallate, 
(−)-epicatechin gallate, (−)-epigallocatechin, and (−)-epicatechin may be considered 
as potential natural antioxidants for the stabilization of lipid-containing foods. 
However, dechlorophyllization of crude extracts may be necessary to use them for 
application to substrates in which the original color of the crude extracts might be 
of concern or when chlorophyll might act as a pro-oxidant. 

 The rate of oxidation of three species of fi sh showed a signifi cant difference 
between species. Rainbow trout ( Oncorhynchus mykiss ), arctic char ( Salvellnus 
alpinus ) and tilapia ( O. niloticus ), stored at three temperatures (10°C, 5°C, and 
0°C), were subjected to different treatments in order to determine their oxidative 
profi les. Trout oxidized the most, whereas tilapia did not oxidize at an appreciable 
rate. Several antioxidants (tertiary butyl hydroxyquinone, propyl gallate, rosemary, 
catechin, and  a -tocopherol) were found to be equally effective in slowing oxidation. 
Catechin was chosen over the other natural antioxidants because of its good antioxi-
dant activity, its nutraceutical properties, and its antimicrobial activity. The trout 
fi llets did not seem to be as greatly affected by the presence of catechin as were the 
char and tilapia fi llets. Ethanol (70%) was added to catechins to avoid microbial 
growth during the experiment. This treatment (catechin plus 70% ethanol) had the 
best antioxidant effect on the shelf life of trout and char, but it did not have a signifi -
cant effect on tilapia fi llets (Tozer  2001  ) . 

 An original study by Lin and Lin  (  2005  )  presented the relative effi cacies of glazing 
solutions of green tea, pouchong tea, and black tea as regards preserving the freshness 
of frozen bonito fl esh compared with that of ice glazing. They compared the level 
of phenolics in the three tea extracts prepared from a single species of Taiwanese 
tea, and found that green tea and pouchong tea had almost the same values, whereas 
black tea had half the level of the other teas. Catechins were also found to be present 
in all of the three tea extracts; pouchong tea exhibited a level of antioxidative cate-
chins similar to that determined for green tea. The extent of fermentation that had 
occurred for pouchong tea was similar to that which had occurred for green tea. 
Black tea contained the lowest level of catechins because they had undergone fur-
ther fermentation in this tea. Green tea and pouchong tea exhibited better antioxi-
dant activity than did black tea as regards lipid oxidation. In the context of protein 
deterioration, the antioxidant activity of lightly fermented tea (pouchong tea) was 
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more substantial than the corresponding antioxidant activity of nonfermented tea 
(green tea) and completely fermented tea (black tea). The glazing treatments 
described and the incorporation of tea extracts in such a process could greatly 
enhance the shelf life of frozen bonito fi llets. 

 According to Alghazeer et al.  (  2008  ) , the role of whole instant green tea as an 
antioxidant in the fatty fi sh Atlantic mackerel ( Scomber scombrus ) depends on its 
concentration. They found that 250 ppm of tea extract was more effective than 
500 ppm in the protection against lipid peroxidation during frozen storage of the 
fi sh. It has been reported that a higher concentration of green tea may act as a pro-
oxidant (Honglian and Etsuo  2001  ) . It was proposed that 250 ppm of green tea is 
suffi cient to scavenge the free radicals until 16 weeks, whereas 500 ppm was exces-
sive. After 16 weeks of storage, 500 ppm produced lower levels of lipid oxidation 
products, particularly hexanal, which was the fi nal product. After 26 weeks, inhibi-
tion of lipid oxidation was minimal, as all the antioxidants were probably used up. 
Nevertheless, it was shown that whole instant green tea, used at the right concentra-
tion, may delay or inhibit lipid oxidation and can be used as a natural antioxidant in 
raw minced fatty fi sh tissue to enhance preservation. 

 The results mentioned above as well as the fact that teas are natural, cheap, and 
widely commercially available products make the application of tea as a stabilizer 
with antioxidative properties feasible for frozen fi sh meat.  

    14.4.2.2   Agro-industrial By-products 

 Considering the low economic value and the high content of phenolic compounds 
from agro-industrial processing wastes, by-products could be a valuable source of 
natural antioxidants for use in the food industry. Many of those applied to the pres-
ervation of seafoods are mentioned in this text as examples of the potential use they 
could soon have as natural antioxidants. 

 Grape polyphenolics are well-known antioxidants. Grape skins and seeds are a 
rich source of these compounds, including fl avonoids with a different degree of 
polymerization known as proanthocyanidins (Souquet et al.  1996  ) . The antioxidant 
activity of grape polyphenols may depend on the degree of polymerization 
(Yamaguchi et al.  1999  ) . Although oligomers (roughly two to seven residues) are 
considered more effi cient than monomers, materials of a higher degree of polymer-
ization, which are also active, may be mucosal irritants and show astringency effects 
(Bravo  1998  ) . Pazos et al.  (  2006  )  reported the effective antioxidant activity of grape 
fl avonoids obtained from wine industry by-products in food systems containing fi sh 
oils and frozen fatty fi sh. Different monomeric and oligomeric procyanidin mixtures 
were tested as antioxidants in frozen mackerel, fi sh oils, and fi sh oil-in-water emulsions. 
Oligomers and monomers showed different 1,1-diphenyl-2-picrylhydrazyl free 
radical scavenging effi ciency, with oligomers being more effective than monomers. 
Partition coeffi cients and the reversed-phase high-performance liquid chromatography 
retention revealed that the components of grape fractions showed different physical 
properties, such as lipophilicity, solubility, and partition. In bulk fi sh oils, propyl 
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gallate and monomeric fl avanols showed the highest effi ciency. In oil-in-water 
emulsions, grape oligomers were more effi cient than monomers. Propyl gallate was 
also highly effective in emulsions, in agreement with the observation that hydro-
phobic compounds are effi cient in emulsions because they are largely accumulated 
in the oily–aqueous interface (Frankel  1998  ) . Grape fl avonoids were totally adsorbed 
within the fi sh muscle. This is an important result considering the development of 
technological strategies to minimize oxidation, e.g., glazing of whole fi sh or fi llets 
with antioxidant solutions or their immersion in antioxidant solutions. When an 
aqueous solution of grape phenolics is used, the compounds will migrate from water 
to the fl esh surface. Propyl gallate was also highly adsorbed within the fi sh muscle. 
However, propyl gallate is not soluble in aqueous solutions and will consequently 
not be suitable for immersion techniques. In both oils and emulsions, monomeric 
fl avanols were more effective than monomeric glycosylated fl avonols. The effec-
tiveness of inhibiting oxidation in fi sh oils seemed to be more dependent on the 
physicochemical properties rather than the intrinsic redox capacity of the antioxi-
dant, related to the number of  ortho -dihydroxy groups and gallates. An optimal 
combination of procyanidin degree of polymerization and percentage galloylation 
may be related to the highest antioxidant effi cacy of grape polyphenols in emulsions 
and in frozen fi sh muscle. 

 Wine by-products are also rich in dietary fi ber (Bravo and Saura-Calixto  1998  ) . 
It was recently proposed to defi ne antioxidant dietary fi ber as a natural product that 
combines the benefi cial effects of dietary fi ber and natural antioxidants, such as 
polyphenol compounds (Saura-Calixto  1998  ) . Dietary fi ber can also be an effective 
tool in seafood processing for improving functional properties, such as water binding, 
gelling, etc. Sánchez-Alonso et al.  (  2007  )  studied the effect of grape antioxidant 
dietary fi ber addition to minced fi sh muscle on lipid stability during frozen storage, 
and found that the addition of red grape fi ber considerably inhibited oxidation 
in horse mackerel minced muscle during the fi rst 3 months of frozen storage. 
These results indicated that grape antioxidant dietary fi ber could be used as an 
ingredient to prevent oxidation in minced fi sh during frozen storage. The reason for 
this effect could be attributed either to the chelating action of fi ber on some pro-
oxidant metals or to the action of polyphenols associated with dietary fi ber. Grape 
antioxidant dietary fi ber was shown to be a good antioxidant which could not only 
preserve minced fi sh muscle from oxidation during storage but could also produce 
health benefi ts for the consumer, thanks to its bioactive compound and dietary fi ber 
content. It should be noted in this connection that in vitro activities can only be 
considered as potentially relevant in biological systems and that in vivo activities 
also depend on bioavailability and biotransformation. It is known that polyphenols 
such as gallic acid, caffeic acid, malvidin, catechin, and rutin, which are contained 
in red grapes, can be partly bioavailable (Manach et al.  2005  ) , and consequently 
their in vivo activities could be signifi cant. 

 Mango ( Mangifera indica  L.), peach ( Prunus persica ), and passion fruit 
( Passifl ora  sp.) seeds, as by-products from the industrialization of fruits, were studied 
in order to fi nd a formulation for enhancing the production of fi sh burgers from 
silver catfi sh ( Rhamdia quelen ) fi lleting wastes (Bochi  2007  ) . The three fruit seeds 
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were examined for their total phenolic content, radical scavenging capacity against 
1,1-diphenyl-2-picrylhydrazyl radicals, ferric-reducing antioxidant power, and anti-
oxidant activity against lipid oxidation in a fi sh model system (0.05, 0.1, 0.15, and 
0.3 mg phenolic compounds/4.4 ml silver catfi sh homogenate). Mango seed extract 
showed the highest phenolic content and total antioxidant activity by radical scav-
enging capacity against 1,1-diphenyl-2-picrylhydrazyl and ferric-reducing antioxi-
dant power assays. Lipid oxidation in a fi sh model system (at 37°C for 90 min) was 
retarded by the three seed extracts at all concentrations tested. Mango seed extract, 
which had the highest antioxidant activity in vitro, was also evaluated for its anti-
oxidant effect against lipid oxidation in fi sh burgers produced from silver catfi sh 
fi lleting wastes. Burger formulations with 50% pulp from fi lleting wastes were pre-
pared containing mango seed extract (0, 30, and 90 ppm phenolic compounds) and 
the oxidation products during frozen storage at −10°C and −20°C were measured. 
All lipid damage measurements were affected by the storage time and temperature. 
However, after 120 days at both temperatures, TBARS levels of fi sh burgers did not 
reach threshold limit values for human consumption. Mango seed extract had no 
antioxidant effect against lipid oxidation in silver catfi sh burgers. 

 In an attempt to prevent color deterioration in rockfi sh species ( Sebastolobus 
alascanus ,  Sebastes ruberriumus , and  Sebastes alutus ), a crude extract from shrimp 
shell wastes was prepared from by-products of the fi shery industry. Different mech-
anisms are involved in color or pigment degradation between poultry/meat muscle 
and rockfi sh skin. The degradation of meat color is due to the oxidation of myoglobin 
to metmyoglobin, but color degradation in rockfi sh skin is also due to carotenoid 
oxidation. The antioxidant activity of crude and partially purifi ed extracts was eval-
uated in a  b -carotene–linoleic acid emulsion. The ability of the antioxidant to prevent 
the oxidative destruction of the  b -carotene and linoleic acid emulsion was expressed 
as the decrease in absorbance at 470 nm. The crude extract o shrimp shell wastes in 
water solution was used as a solution dip for rockfi sh treatment. Shrimp shell wastes 
had lower antioxidant activity compared with a commercial antioxidant mixture 
which contained butylated hydroxytoluene, butylated hydroxyanisole, and citric 
acid. Antioxidant extracts from shrimp waste improved red color stability for species 
of rockfi sh. The effectiveness was lower than that of sodium erythorbate (a commercial 
antioxidant), which has been commercially used to stabilize the red skin color. 
However, the crude extract at a higher concentration (0.5% w/v) prevented color 
degradation in rockfi sh, whereas only 0.05% w/v sodium erythorbate was requited 
to prevent color degradation (Li et al.  1998  ) . 

 Fish proteins from marine species are good sources of high-quality proteins, and 
there is an opportunity to use more fi sh processing by-products as protein ingredients 
for use in foods, feeds, and industrial applications. Pollock ( Theragra chalcogramma ) 
skin is an abundant and underutilized resource that can be used as a unique protein 
source to make fi sh protein hydrolysates. Utilizing proteolytic enzymes, one can 
prepare pollock skin protein hydrolysates that have new and/or improved chemical 
and functional properties. The natural antioxidant and water-soluble properties 
together with the fi lm-forming ability of pollock skin protein hydrolysates make them 
ideal for coating material to suppress lipid oxidation in fi sh fi llets during frozen 
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storage. The edible hydrolysate coating could also provide some degree of protection 
against damage during transportation and handling of fi sh fi llets. Shativel et al. 
 (  2008  )  found that glazing salmon ( O. gorbuscha ) fi llets with pollock skin protein 
hydrolysates resulted a higher yield and thaw yield than for control nonglazed 
salmon fi llets. After 4 months of frozen storage, the thiobarbituric acid    value of 
nonglazed fi llets was approximately 16 times higher than that of fresh raw pink 
salmon fi llets, and the thiobarbituric acid    values of glazed fi llets were signifi cantly 
lower than for the nonglazed fi llets. In conclusion, edible coatings prepared from 
pollock skin hydrolysates have potential applications for enhancing the storage 
stability and quality of frozen fi llets. They have many desirable properties, including 
emulsifying stability and fat adsorption capacity, which support their use as natural 
food ingredients.   

    14.4.3   Preserving Crustaceans from the Development 
of Melanosis: Natural Antibrowning Agents 

 Most of the natural antioxidants described in Sect.  14.2  are found in the literature as 
being also applied to inhibit enzymatic browning in crustaceans. Dipping in or 
spraying with antioxidant solutions are the main processes employed for the preser-
vation of these seafood products. Afterwards, refrigerated or frozen storage is the 
key to extending shelf life. 

 Gokoglu and Yerlikaya  (  2008  )  found that grape seed extracts delayed melanosis in 
shrimp ( Parapenaeus longirostris ). The best results were obtained with a crude grape 
seed extract concentration of 15 g/l. The dipping solutions were prepared by dissolv-
ing grape seed extract in distilled water. Fresh shrimps, which were obtained directly 
from fi shing boats, packed in ice, and transferred to the laboratory within 1 h, were 
dipped into the solutions at 15°C (1:4 shrimp per solution   ) for 1 min. After they had 
been dipped, the shrimps were drained at ambient temperature, packed by overwrap-
ping with poly(vinylidene chloride) fi lm, and stored at 4°C. During the storage, black 
spot formation on the shrimp shell was determined by sensory analysis, according to 
the melanosis scale proposed by Otwell and Marshall  (  1986  ) , and color was measured 
by an instrumental method. Melanosis scores signifi cantly increased during the stor-
age, with the control samples being the ones that developed black spots at the highest 
rate. The control group exhibited heavy melanosis which was considered unaccept-
able at the end of storage for 3 days, whereas the samples treated with grape seed 
extract of 15 g/l kept their acceptability for 3 days. These fi ndings suggest that grape 
seed extract can be used as an alternative to sulfating agents, helping in the improve-
ment of food safety control for the shrimp industry. The use of grape seed extracts will 
also allow the utilization of by-products of wine and grape juice processing, giving 
added value to the economy of a given region. Maillard reaction products (MRPs) are 
known for their ability to retard lipid oxidation, as well as for their ability to inhibit 
certain oxidoreductases, such as PPO (Tan and Harris  1995  ) . The effectiveness of 
such agents depends on several mechanisms of action in preventing the oxidation 
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reaction, including free-radical-scavenging action; metal-ion-chelating ability, and/or 
reducing activity (Tan and Harris  1995  ) . The use of MRPs in inhibiting PPO from 
crustaceans was reported by Matmaroh et al.  (  2006  ) . They studied the effect of reac-
tant concentrations in a fructose–glycine system on the formation of MRPs and the 
inhibitory activity of MRPs towards PPO from black tiger shrimp. The enzyme was 
isolated and treated with a solution of the MRPs prepared by heating an equimolar 
mixture of fructose and glycine at various concentrations (0.75–30 mM) at 100°C for 
12 h. The development of MRPs was associated with a decrease in pH and a loss of 
reducing sugar and free amino groups, with a coincidental increase in reducing power 
and copper-chelating ability. MRPs with a reactant concentration of 4.5–30 mM were 
able to chelate the copper ion. Therefore, the inhibitory activity of MRPs towards 
browning, induced by PPO, was most likely due to their copper-chelating ability as 
well as their reducing power. It has to be highlighted that these constitute preliminary 
results derived from an experiment carried out in vitro, and that further analyses have 
to be performed to test whether the antioxidant activity of MRPs keeps on acting 
among PPO in situ on the shrimp. 

 Rosemary extract has antioxidant activity on marinated deepwater pink shrimp 
( Parapenaeus longirostris  Lucas, 1846) stored at 1°C. A marinade solution contained 
2% citric acid, 4% sodium chloride and preservatives, 0.1% sorbic acid, and 0.1% 
benzoic acid. A concentration of 300 ppm of rosemary extract was added to the 
marinade solution for the experimental group. Boiled shrimp and marinade solution 
were fi lled into plastic containers at a ratio of 1:1 (w/v), the containers were sealed 
with their lids, and the containers were stored at 1 ± 0.5°C for 75 days. The appropriate 
analyses were performed to investigate the quality changes and to determine the 
shelf life of marinated shrimps. There was no signifi cant difference between the 
sensory analysis of control and experimental groups on storage days 0, 15, 30, 45, 
and 60, whereas rancidity was noted by the panelists in the control group on day 75. 
Although the bacterial loads of both groups were lower than the consumption limits 
on storage day 75, the thiobarbituric acid    value limited the shelf life of the control 
group, whereas the quality of the experimental group was still good enough for 
consumption after 75 days. It was determined that the addition of rosemary extract 
did not render any additional antibacterial activity on the microbial load of the 
experimental group (Cadun et al.  2008  ) . 

 Latex derived from various botanical sources is an effective inhibitor of certain 
enzymatic reactions. The latex derived from the fi g tree,  Ficus  sp., contains the 
protease fi cin. Extracts containing fi cin prepared from the fi g latex have been shown 
to be effective inhibitors of the enzymatic browning reaction (Labuza et al.  1990  ) . 
However, fi cin treatment is detrimental to the texture and quality of foods because of 
fi cin’s proteolytic activity. McEvily  (  1991  )  showed that protease-free extracts from 
natural latex can inhibit browning of foods at least as effectively as the protease-
containing extract. Pink shrimps ( Penaeus duorarum ) were treated with a fi cin-free 
extract and this treatment was compared with treatment of shrimps with fi cin and 
sodium bisulfi te, and no treatment of shrimps. The fi cin-free extract was as effective 
as fi cin and was more effective than sodium bisulfi te in inhibiting browning in shrimp. 
A solution containing 0.25% by weight of the fi cin-free extract can be effective in 
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inhibiting shrimp melanosis. The fact that the treatment with a protease preparation 
(e.g., crude fi cin) for inhibiting the browning reaction does not require an active 
form of the protease or require protease at all led to the hypothesis that fi cin itself was 
not involved in the mechanism for inhibiting the browning reaction. McEvily  (  1991  )  
attributed this fact to a low molecular mass component (less than 5,000 Da) in crude 
latex which exists in the protease-free extract that either inhibits the activity of PPO 
by binding with the enzyme to form an enzyme–inhibitor complex or binds with or 
otherwise alters its phenolic substrates or quinoid products. Thus, the browning reac-
tion can be stopped if the substrate is bound to a protein molecule instead of the 
enzyme, PPO, or if PPO is bound to an inhibitor instead of its substrate. Undoubtedly, 
these fi ndings need to be correlated with scientifi c studies to determine what mecha-
nism is involved in the antioxidant activity exerted by this protease-free extract, and 
to fi nd out what substance is responsible for this achievement. 

 Llamas Marcos et al.  (  2006  )  claimed that LAB could be used as melanosis-
inhibiting agents in crustaceans. The LAB used in the procedure were  Lactobacillus 
helveticus ,  L. lactis ,  C. piscicola , and  Pediococcus acidilacti . The microorganism 
concentration, the immersion times, and the temperatures of the whole treatment did 
not seem to be fi xed appropriately since their ranges were extremely wide. Moreover, 
the effectiveness of the method is not attributed to any metabolite or substance 
excreted by LAB; it is only mentioned that the contact between both the crustaceans 
and the LAB suspension is the reason why melanosis is being inhibited.  

    14.4.4   Legal Issues Relating to the Addition 
of Antioxidants to Seafood 

 The most detailed information about permitted and recommended antioxidants may 
be seen in Codex Alimentarius, a reference source that is regularly updated by the 
World Health Organization. However, various countries regulate the use of antioxi-
dants with their own national legislation. The divergences result from tradition, the 
composition of local diet, and the boarding custom practices – procedures made 
onboard. The use of antioxidants in fi sh in the European Union is strictly controlled 
by legislation. Fish blocks are considered to be unprocessed and therefore antioxi-
dants, apart from ascorbic acid and citric acid, cannot be used in their manufacture. 
Any other antioxidants would have to be cleared for use and this can take between 
2 and 3 years. Antioxidant blends can be used, which contributes to fl avoring, but 
the addition would need to have a discernible fl avor impact for valid declaration. 
Relevant governing legislation is European Parliament and Council Directive No. 
95/2/EC on food additives other than odors and sweeteners (Ashton  2002  ) . 

 If the fi nal product is to be a composite product, then the antioxidants allowed for 
use under legislation include those allowed for general food use. Nevertheless, the 
issue is always one of the additives being perceived as “natural” (by the consumers) 
and label declaration. Customers prefer foods with a minimum of additives as indi-
cated by E numbers, and so the trend is directed towards mixtures of spices that 
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contain antioxidants that do not need to be declared (Miková  2002  ) . In terms of 
further guidance on the use of antioxidants in composite fi sh products in the 
European Union, information on the exact type of product is needed because all of 
them have nuances in terms of European Union legislation.  

    14.4.5   Future Trends 

 The most recent investigations have been targeted towards the identifi cation of novel 
antioxidants from natural sources. Plant phenolic compounds such as fl avonoids, 
sterols, lignin phenols, and various terpene-related compounds are potent antioxidants. 
Since the antioxidant activities of natural extracts and compounds have been deter-
mined by a wide range of methods and various end points, it has also become 
increasingly diffi cult to make a realistic assessment of the effi cacy of various natural 
antioxidants. There is an urgent need for standardization of evaluation methods in 
order to obtain meaningful information (Madhavi and Salunkhe  1995 ). In this sense, 
Decker et al.  (  2005  )  outlined model systems for the evaluation of antioxidants in 
three types of food: bulk oil, oil-in-water emulsions, and muscle foods. The model 
systems suggested are not intended to be inclusive of all possible methods to mea-
sure lipid oxidation and antioxidant activity but they would allow researchers to 
compare more easily research results from one article to another. 

 The optimized use of natural antioxidants in food is still in its infancy and needs 
a lot of research and development. Factors affecting antioxidative effi ciency must be 
carefully studied. The physical properties of the system, the partitioning of active 
molecules into the different phases, the real effectiveness in each food, the effects of 
food processes, the molecular structure of the antioxidant, and the effect of other 
intrinsic components in the food system should be determined (Medina et al.  2003  ) . 

 On the one hand, the lower effectiveness of natural antioxidants compared with 
synthetic antioxidants and the requirement of low-cost production are important 
limitations for the practical use of many natural compounds as antioxidant additives 
in foods. Furthermore, many natural substances might also have health-associated 
risks. For example, it has been pointed out that a high concentration of tea induces 
apoptosis in many types of cells (Chen et al.  2002 ; Razat and John  2005  ) . Thus, 
further studies on ascertaining optimum levels of green tea, including polyphenol 
fractions, for food preservation and their effect on safety using cultured human cells 
need to be performed. 

 Considering the new features of the seafood preservation challenge, it has been 
reported recently that PPO should not be considered as the unique enzyme responsible 
for melanosis in crustaceans. Martínez-Alvarez et al. ( 2008a )    reported the presence 
of hemocyanin with diphenol oxidase activity in deepwater pink shrimp ( Parapenaeus 
longirostris ) after death. PPO and hemocyanin are two proteins which, although 
they are very similar, perform different physiological functions in crustaceans. 
In freshly caught deepwater pink shrimp there is an active form of hemocyanin 
which has diphenol oxidase activity. This activity appeared to be present in the live 
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shrimp, and in vitro activation was not necessary. During storage, a form of 
hemocyanin with a higher molecular weight also acquires such activity through a 
mechanism which is still unidentifi ed. The two oligomeric forms of hemocyanin 
with diphenol oxidase activity seem likely to be chiefl y responsible, more than PPO, 
for the intensity of the melanosis observed in this species. The fact that hemocyanin 
acquires the ability to oxidize phenols could be of considerable economic importance 
given the large amount of this protein found in crustaceans, about 1,000 times more 
than PPO (Adachi et al.  2005  ) , because this could accelerate the onset of melanosis 
and cause severe loss of quality. Future research should concentrate on characterizing 
hemocyanin, examining the kinetics of the effect of PPO inhibitors on hemocyanin, 
and searching for new antibrowning agents to add to commercial formulae. 
Furthermore, Martínez-Alvarez et al. ( 2008b ) also demonstrated the presence of an 
active laccase-like enzyme from deepwater pink shrimp. This enzyme was found in 
all anatomical parts of the deepwater pink shrimp, but particularly in the cephalot-
horax, and became active during the course of storage. The enzyme was inhibited 
by a specifi c inhibitor, but not by 4-hexylresorcinol, a specifi c inhibitor of PPO. 
Nevertheless, low concentrations of the antioxidants ascorbic acid and sodium met-
abisulfi te were suffi cient to inhibit the laccase-like enzyme. In conclusion, given the 
diffi culties involved in inhibiting melanosis in deepwater pink shrimp by means of 
authorized concentrations of sulfi tes, there is a need to fi nd effective alternatives to 
inhibit the onset of melanosis in this species and prolong storage life without the 
risk of health problems for consumers. These new melanosis-inhibiting compounds 
should complement specifi c inhibitors of PPO activity that are already applied.   

    14.5   Natural Preservatives Used in Combination 
with Other Microbial Stress Factors 

 Preservatives alone have never provided the “magic bullet” for the prevention of food 
spoilage and poisoning, and it is accepted that the combination of preservatives and 
other stress factors is one of the possible pathways proposed to improve food safety. 

 As previously mentioned, natural preservatives are used together with other 
preservation factors such as traditional or novel refrigerated storage, nonthermal 
technologies such as gamma irradiation, high pressure, active packaging materials, 
and modifi ed-atmosphere packaging. A summary of the most relevant combinations 
of preservatives with other preservation factors is given in Table  14.1 .      

      References 

    Ackman RG. In: Ackman RG, editor. Marine biogenic lipids, fats and oils. Boca Raton: CRC 
Press; 1999.  

    Adachi K, Endo H, Watanabe T, Nishioka T, Hirata T. Hemocyanin in the exoskeleton of crustaceans: 
enzymatic properties and immunolocalization. Pigment Cell Res. 2005;18:136–43.  



35314 Use of Natural Preservatives in Seafood

    Ahmad JI. Free radicals and health: is vitamin E the answer? Food Sci Technol. 1996;10(3):
147–52.  

    Alghazeer R, Saeed S, Howell NK. Aldehyde formation in frozen mackerel ( Scomber scombrus ) 
in the presence and absence of instant green tea. Food Chem. 2008;108:801–10.  

    Al-Holy M, Lin M, Rasco B. Destruction of  Listeria monocytogenes  in sturgeon ( Acipenser trans-
montanus ) caviar by a combination of nisin with chemical antimicrobials or moderate heat. 
J Food Prot. 2005;68:512–20.  

    Alves VF, De Martinis EC, Destro MT, Vogel BF, Gram L. Antilisterial activity of a  Carnobacterium 
piscicola  isolated from Brazilian smoked fi sh (surubim [ Pseudoplatystoma  sp.]) and its activity 
against a persistent strain of  Listeria monocytogenes  isolated from surubim. J Food Prot. 
2005;68:2068–77.  

    Anadon A, Martinez-Larrañaga MR, Aranzazu Martinez M. Probiotics for animal nutrition in the 
European Union. Regulation and safety assessment. Regul Toxicol Pharmacol. 2006;45:91–5.  

    Arlindo S, Calo P, Franco C, Prado M, Cepeda A, Barros-Velazquez J. Single nucleotide polymor-
phism analysis of the enterocin P structural gene of  Enterococcus faecium  strains isolated from 
nonfermented animal foods. Mol Nutr Food Res. 2006;50:1229–38.  

    Ashton IP. Understanding lipid oxidation in fi sh. In: Bremner HA, editor. Safety and quality issues 
in fi sh processing. Cambridge/Boca Raton: CRC Press/Woodhead; 2002.  

    Balcazar JL, Decamp O, Vendrell D, De Blas I, Ruiz-Zarzuela I. Health and nutritional properties 
of probiotics in fi sh and shellfi sh. Microb Ecol Health Dis. 2006;18:65–70.  

    Baya AM, Toranzo AE, Lupiani B, Li T, Robertson BS, Hetrick FM. Biochemical and serological 
characterization of  Carnobacterium  spp. isolated from farmed and natural populations of 
stripped bass and catfi sh. Appl Environ Microbiol. 1991;57:3114–20.  

    Becquet P. EU assessment of enterococci as feed additives. Int J Food Microbiol. 2003;88:
247–54.  

   Beuchat LR. Antimicrobial properties of spices and their essential oils. In: Dillon, Y.M., Board, 
R.G. editor. Natural Antimicrobial Systems and Food Preservation. CAB International, 
Oxon;1993. pp. 167–79.  

    Blom H, Nerbrink E, Dainty R, Hagtvedt T, Borch E, Nissen H, et al. Addition of 2.5% lactate and 
0.25% acetate controls growth of  Listeria monocytogenes  in vacuum-packed, sensory-acceptable 
servelat sausage and cooked ham stored at 4°C. Int J Food Microbiol. 1997;38:71–6.  

    Bochi VC. Otimização de uma formulação de fi sh burgers de jundiá ( Rhamdia quelen ) visando o 
aproveitamento de subprodutos da fi letagem e do processamento de frutas. Santa Maria: 
Universidade Federal de Santa Maria; 2007.  

    Bouttefroy A, Milliere JB. Nisin-curvaticin 13 combinations for avoiding the regrowth of bacteriocin 
resistant cells of  Listeria monocytogenes  ATCC 15313. Int J Food Microbiol. 2000;62:65–75.  

    Boyd LC, Green DP, Giesbrecht FB, King MF. Inhibition of oxidative rancidity in frozen cooked 
fi sh fl akes by tertbutylhydroquinone and rosemary extract. J Sci Food Agric. 1993;61:87–93.  

      Branen AL, Haggerty R.J. Introduction to food additives. In: Branen AL, Salminen S, Thorngate 
JH III, editors. Food additives .  Marcel Dekker; 2002. p. 1–9.  

    Bravo L. Polyphenols: chemistry, dietary sources, metabolism, and nutritional signifi cance. 
Nutr Rev. 1998;56:317–33.  

    Bravo L, Saura-Calixto F. Characterization of dietary fi ber and the in vitro indigestible fraction of 
grape pomace. Am J Enol Viticult. 1998;49:135–41.  

    Buncic S, Fitzgerald CM, Bell RG, Hudson JA. Individual and combined listericidal effects of 
sodium lactate, potassium sorbate, nisin and curing salts at refrigeration temperatures. J Food 
Saf. 1995;15:247–64.  

    Cadun A, Kişla D, Çakli S. Marination of deep-water pink shrimp with rosemary extract and the 
determination of its shelf-life. Food Chem. 2008;109:81–7.  

    Campos C, Rodríguez O, Calo-Mata P, Prado M, Barros-Velazquez J. Preliminary characterization 
of bacteriocins from  Lactococcus lactis ,  Enterococcus faecium  and  Enterococcus mundtii  
strains isolated from turbot ( Psetta maxima ). Food Res Int. 2006;39:356–64.  

    Caplice E, Fitzgerald GF. Food fermentations: role of microorganisms in food production and 
preservation. Int J Food Microbiol. 1999;50:131–49.  



354 C.A. Campos    et al.

    Chen N, Shelef LA. Relationship between water activity, salts of lactic acid and growth of  Listeria 
monocytogenes  in a meat model system. J Food Prot. 1992;55:574–8.  

    Chen CS, Liau WY, Tsau GJ. Antibacterial effects of N-sulfonated and N-sulfobenzoyl chitosan 
and application to oyster preservation. J Food Prot. 1998;61:1124–8.  

    Chen L, Yang X, Jiao H, Zhao B. Tea catechins protect against lead-induced cytotoxicity, lipid 
peroxidation, and membrane fl uidity in HepG2 cells. Toxicol Sci. 2002;69:149–56.  

    Cherry JP. Improving the safety of fresh produce with antimicrobials. Food Technol. 1999;53
(11):54–9.  

    Chi-Zhang Y, Yam KL, Chikindas ML. Effective control of  Listeria monocytogenes  by combination of 
nisin formulated and slowly released into a broth system. Int J Food Microbiol. 2004;90:15–22.  

    Cintas LM, Casaus P, Havarstein LS, Hernández PE, Nes IF. Biochemical and genetic character-
ization of enterocin P, a novel sec-dependent bacteriocin from  Enterococcus faecium  P13 with 
a broad antimicrobial spectrum. Appl Environ Microbiol. 1997;63:4321–30.  

   Commission Directive. 94/40/EC of 22 July 1994 amending Council Directive 87/53/EEC fi xing 
guidelines for the assessment of additives in animal nutrition.  

    Corcoran BM, Ross RP, Fitzgerald GF, Stanton C. Comparative survival of probiotic lactobacilli 
spray-dried in the presence of prebiotic substances. J Appl Microbiol. 2004;96:1024–39.  

   Council Directive. 70/524/EEC of 23 November 1970 concerning additives on feeding-stuffs.  
   Da Silva LVA. Hazard analysis critical control point (HACCP), microbial safety, and shelf life of 

smoked blue catfi sh ( Ictalurus furcatus ). Tashkent State University; 2002 (Thesis).  
    Da Silva AM, Sant’Ana LS. Effects of pretreatment with rosemary ( Rosmarius offi cinalis  L.) in the 

prevention of lipid oxidation in salted tilapia fi llets. J Food Qual. 2008;31:586–95.  
    Dalgaard P, Vancanneyt M, Euras Vilalta N, Swings J, Fruekilde P, Leisner JJ. Identifi cation of 

lactic acid bacteria from spoilage associations of cooked and brined shrimps stored under 
modifi ed atmosphere between 0°C and 25°C. J Appl Microbiol. 2003;94:80–9.  

    Datta S, Janes ME, Xue QG, La Peyre JF. Control of  Listeria monocytogenes  and  Salmonella 
anatum  on the surface of smoked salmon coated with calcium alginate coating containing 
oyster lysozyme and nisin. J Food Sci. 2008;73(2):M67–71.  

    De Witt BJ. An improved methodology for the estimation of sulphur dioxide in shrimp. Resumen 
Internacional. 1998;48:3463–4.  

    Decker E, Warner K, Richards M, Shahidi F. Measuring antioxidant effectiveness in food. J Agric 
Food Chem. 2005;53:4303–10.  

    Dondero M, Egaña W, Tarky W, Cifuentes A, Torres A. Glucose oxidase/catalase improves pres-
ervation of shrimp ( Heterocarpus reedi ). J Food Sci. 1993;58:774–9.  

    Duffes F, Corre C, Leroi F, Dousset X, Boyaval P. Inhibition of  Listeria monocytogenes  by in situ 
produced and semipurifi ed bacteriocins of  Carnobacterium  spp. on vacuum-packed, refriger-
ated cold-smoked salmon. J Food Prot. 1999;62:1394–403.  

    Dusan F, Marian S, Katarina D, Dobroslava B. Essential oils – their antimicrobial activity against 
 Escherichia coli  and effect on intestinal cell viability. Toxicol In Vitro. 2006;20(8):1435–45.  

    Eaton TJ, Gasson MJ. Molecular screening of  Enterococcus  virulence determinants and potential for 
genetic exchange between food and medical isolates. Appl Environ Microbiol. 2001;67:1628–35.  

    Elotmani F, Assobhei O. In vitro inhibition of microbial fl ora of fi sh by nisin and lactoperoxidase 
system. Lett Appl Microbiol. 2004;38:60–5.  

    Erickson MC. Compositional parameters and their relationship to oxidative stability of channel 
catfi sh. J Agric Food Chem. 1993;41:1213–8.  

    Fagbenro O, Jauncey K. Chemical and nutritional quality of fermented fi sh silage containing 
potato extracts, formalin or ginger extracts. Food Chem. 1994;50:383–8.  

    Farag RS, Daw ZY, Hewedi FM, El-Baroty GSA. Antimicrobial activity of some Egyptian spice 
essential oils. J Food Prot. 1989;52:665–7.  

    Ferrer OJ, Koburger JA, Otwell WS, Gleeson RA, Simpson BK, Marshall MR. Phenoloxidase 
from the cuticle of Florida spiny lobster ( Panulirus argus ): mode of activation and character-
ization. J Food Sci. 1989;54:63–7.  

    Field CE, Pivarnik LF, Barnett SM, Jr Rand AG. Utilization of glucose oxidase for extending the 
shelf-life of fi sh. J Food Sci. 1986;51:66–70.  



35514 Use of Natural Preservatives in Seafood

    Fisher K, Philips C. Potential antimicrobial uses of essential oils in food: is citrus the answer? 
Trends Food Sci Technol. 2008;19:156–64.  

    Frankel EN. Antioxidants. In lipid oxidation. Dundee: The Oily Press; 1998.  
    Gardiner GE, O’Sullivan E, Kelly J, Auty MA, Fitzgerald GF, Collins JK, et al. Comparative sur-

vival rates of human-derived probiotic  Lactobacillus paracasei  and  L. salivarius  strains during 
heat treatment and spray drying. Appl Environ Microbiol. 2000;66:2605–12.  

    Ghalfi  H, Allaoui A, Destain J, Benkerroum N, Thonart P. Bacteriocin activity by  Lactobacillus 
curvatus  CWBI-B28 to inactivate  Listeria monocytogenes  in cold-smoked salmon during 4°C 
storage. J Food Prot. 2006;69(5):1066–71.  

    Gibbs PA. Novel uses of lactic acid fermentation in food preservation. J Appl Bacteriol Symp 
Suppl. 1987;63:51S–8.  

    Gokoglu N, Yerlikaya P. Inhibition effects of grape seed extracts on melanosis formation in shrimp 
( Parapenaeus longirostris ). Int J Food Sci Technol. 2008;43:1004–8.  

    Gómez-Estaca J, Montero P, Giménez B, Gómez-Guillén MC. Effect of functional edible fi lms and 
high pressure processing on microbial growth and oxidative spoilage in cold-smoked sardine 
( Sardina pilchardus ). Food Chem. 2007;105:511–20.  

    González CJ, Lopez-Diaz TM, García-López ML, Prieto M, Otero A. Bacterial microfl ora of wild 
brown trout ( Salmo trutta ), wild pike ( Esox hucius ) and aquacultured rainbow trout 
( Oncorhynchus mykiss ). J Food Prot. 1999;62:1270–7.  

    González CJ, Encinas JP, García-López ML, Otero A. Characterisation and identifi cation of lactic 
acid bacteria from freshwater fi shes. Food Microbiol. 2000;17:383–91.  

    Goulas AE, Kontominas MG. Combined effect of light salting, modifi ed atmosphere packaging 
and oregano essential oil on the shelf-life of sea bream ( Sparus aurata ): biochemical and sen-
sory attributes. Food Chem. 2007;100:287–96.  

    Green LF. Sulphur dioxide and food preservation – a review. Food Chem. 1976;1:103–24.  
    Harpaz S, Glatman L, Drabkin V, Gelman A. Effects of herbal essential oils used to extend the 

shelf life of freshwater – reared Asian sea bass fi sh ( Lates calcarifer ). J Food Prot. 
2003;66(3):410–7.  

    Hasegawa N, Matsumoto Y, Hoshino A, Iwashita K. Comparison of effects of Wasabia japonica 
and allyl isothiocyanate on the growth of four strains of  Vibrio parahaemolyticus  in lean and 
fatty tuna meat suspensions. Int J Food Microbiol. 1999;49:27–34.  

    He Y, Shahidi F. Antioxidant activity of green tea and its catechins in a fi sh meat model system. 
J Agric Food Chem. 1997;45(11):4262–6.  

    Honglian N, Etsuo N. Introducing natural antioxidants. In: Pokorny J, Yanishlieva N, Gordon M, 
editors. Antioxidants in food. Practical applications. Cambridge: Woodhead; 2001. p. 147–55.  

    Houtsma PC, Kant-Muermansm L, Rombouts FM, Zwietering MH. Model for the combined 
effects of temperature, pH and sodium lactate on growth rates of  Listeria innocua  in broth and 
Bologna-type sausages. Appl Environ Microbiol. 1996;62:1616–22.  

    Huss HH. Quality and quality changes in fresh fi sh. In: Huss HH, editor. FAO Fishing Technical 
Paper 348. Rome/Italy: FAO; 1995. p. 51.  

    Ikawa Y. Use of tea extracts (sanfood) in fi sh paste products. New Food Industries. 1998;40:
33–9.  

    Jadhav SJ, Nimbalkar SS, Kulkarni AD, Madhavi DL. Lipid oxidation in biological and foods 
systems. In: Madhavi DL, Deshpande SS, Salunkhe DK, editors. Food antioxidants. New York: 
Marcel Dekker; 1996. p. 1–18.  

    Jayaprakasha GK, Singh RP, Sakariah KK. Antioxidant activity of grape seed ( Vitis vinifera ) 
extracts on peroxidation models in vitro. Food Chem. 2001;73:285–90.  

    Jeon YJ, Kamil JYVA, Shahidi F. Chitosan as an edible invisible fi lm for quality preservation of 
herring and Atlantic cod. J Agric Food Chem. 2002;50:5167–578.  

    Jeppesen VT, Huss HH. Characteristic and antagonistic activity of lactic acid bacteria isolated 
from chilled fi sh products. Int J Food Microbiol. 1993;18:305–20.  

    Jia T-D, Kelleher SD, Hultin HO, Petillo D, Maney R, Krzynowek J. Comparison of quality loss 
and changes in the glutathione antioxidant system in stored mackerel and bluefi sh muscle. 
J Agric Food Chem. 1996;44:1195–201.  



356 C.A. Campos    et al.

    Joffraud JJ, Cardinal M, Cornet J, Chasles JS, León S, Gigout F, et al. Effect of bacterial interaction 
on the spoilage of cold-smoked salmon. Int J Food Microbiol. 2006;112:51–61.  

    Kabara JJ. Phenols and chelators. In: Russell NJ, Gould GW, editors. Food preservatives. Glasgow: 
Blackie; 1991. p. 200–14.  

    Kamil JYVA, Jeon YJ, Sahidi F. Antioxidative activity of chitosans of different viscosity in cooked 
comminuted fl esh of herring ( Clupea harengus ). Food Chem. 2002;79:69–77.  

    Kim KW, Thomas RL. Antioxidative activity of chitosans with varying molecular weights. Food 
Chem. 2007;101:308–13.  

    Kim JM, Marshall MR, Cornell JA, Preston III JF, Wei CI. Antibacterial activity of Carvacrol, 
citral, and geranium against  Salmonella typhymurium  in culture medium and fi sh cubes. J Food 
Sci. 1995;60:1364–8.  

    Klaenhammer TR. Bacteriocins of lactic acid bacteria. Biochimie. 1988;70:337–49.  
    Koutsoumanis K, Lambropoulou KA, Nychas GJE. A predictive model for the non-thermal inac-

tivation of  Salmonella enteritidis  in a food model system supplemented with a natural antimi-
crobial. Int J Food Microbiol. 1999;49:67–74.  

   Kykkidou S, Giatrakou V, Papavergou A, Kontominas MG, Savvaidis IN. Effect of thyme essential 
oil and packaging treatments on fresh Mediterranean swordfi sh fi llets during storage at 4°C. 
Food Chem. 2008. doi:  10.1016/j.foodchem.2008.11.083    .  

    Labuza TP, Lin S, Lillemo J, Taoukis PS. Inhibition of black spot formation in shrimp by fi cin. 
LebensmittlenWissenshaft-und-Technologie. 1990;23:52–4.  

    Lee CY, Smith NL, Hawbecker DE. Enzyme activity and quality of frozen green beans as affected 
by blanching and storage. J Food Qual. 1988;11:279–87.  

   Leisner JJ. Characterisation of lactic acid bacteria isolated from lightly preserved fi sh products and 
their ability to metabolise various carbohydrates and amino acids. Ph.D. Thesis. Denmark: 
Royal Veterinary and Agricultural University; 1992.  

    Leisner JJ, Millan JC, Huss HH, Larsen CM. Production of histamine and tyramine by lactic acid 
bacteria isolated from vacuum-packaged sugar-salted fi sh. J Appl Bacteriol. 1994;76:417–23.  

    Leroi F, Joffraud JJ, Chevalier F, Cardinal M. Study of the microbial ecology of cold-smoked 
salmon during storage at 8°C. Int J Food Microbiol. 1998;39:111–21.  

    Li SJ, Seymour TA, King AJ, Morrissey MT. Color stability and lipid oxidation of rockfi sh as 
affected by antioxidant from shrimp shell waste. J Food Sci. 1998;63:438–41.  

    Lin C-C, Lin C-S. Enhancement of the storage quality of frozen bonito fi llets by glazing with tea 
extracts. Food Control. 2005;16:169–75.  

    Lin YT, Labbe RG, Shetty K. Inhibition of  Vibrio parahaemolyticus  in seafood systems using 
oregano and cranberry phytochemical synergies and lactic acid. Innov Food Sci Emerg Technol. 
2005;6:453–8.  

   Llamas Marcos A, Llamas Galilea P, Vargas Jiménez JM, Navarro Roldán F, Córdoba García F, 
Borrero Romero MJ. WO 2006/082267. 2006.  

    Löliger J. Natural antioxidants. In: Allen JC, Hamilton RJ, editors. Rancidity in foods. London: 
Applied Science; 1983. p. 89–107.  

    Lu Y, Foo YL. The polyphenol constituents of grape pomace. Food Chem. 1999;65:1–8.  
    Madhavi DL, Salunkhe DK. Toxicological aspects of food antioxidants. In: Madhavi DL, 

Deshpande SS, Salunkhe DK, editors. Food antioxidants. New York: Marcel Dekker; 1995. 
p. 267.  

    Mahmoud BSM, Yamazakia K, Miyashitab K, Il-Shikc S, Dong-Sukd C, Suzuki T. Bacterial 
microfl ora of carp ( Cyprinus carpio)  and its shelf-life extension by essential oil compounds. 
Food Microbiol. 2004;21(2004):657–66.  

    Manach C, Wiliamson G, Morand C, Scalbert A, Remesy C. Bioavailability and bioeffi cacy of poly-
phenols in humans. I. Review of 97 bioavailability studies. Am J Clin Nutr. 2005;81:230s–42.  

    Manju S, Srinivasa Gopla TK, José L, Ravinshankar CN, Ashok Kumar K. Nucleotide degradation 
of sodium acetate and potassium sorbate dip treated and vacuum packed black pomfret 
( Parastromateus niger ) and pearlspot ( Etroplus Suratensis ) during chill storage. Food Chem. 
2007;102:699–706.  



35714 Use of Natural Preservatives in Seafood

   Marshall MR, Kim J, Wei C. Enzymatic browning in fruits, vegetables and seafoods. Project 
report. FAO; 2000.  

    Martínez-Álvarez O, Gómez-Guillén C, Montero P. Presence of hemocyanin with diphenol oxidase 
activity in deepwater pink shrimp ( Parapenaeus longirostris ) post mortem. Food Chem. 
2008a;107:1450–60.  

    Martínez-Álvarez O, Montero P, Gómez-Guillén C. Evidence of an active laccase-like enzyme in 
deep water pink shrimp ( Parapenaeus longirostris ). Food Chem. 2008b;108:624–32.  

    Matmaroh K, Benjakul S, Tanaka M. Effect of reactant concentrations on the Maillard reaction in 
a fructose–glycine model system and the inhibition of black tiger shrimp polyphenoloxidase. 
Food Chem. 2006;98:1–8.  

    Mbandi E, Shelef LA. Enhanced inhibition of  Listeria monocytogenes  and  Salmonella Enteritidis  
in meat by combinations of sodium lactate and diacetate. J Food Prot. 2001;64:640–4.  

   McEvily AJ. US Patent 4,981,708; 1991.  
    McEvily AJ, Iyengar R, Otwell S. Sulfi te alternative prevents shrimp melanosis. Food Technol. 

1991;45:80–6.  
    Medina I, Satué-Gracía MT, German JB, Frankel EN. Comparison of natural polyphenol antioxi-

dants from extra virgin olive oil with synthetic antioxidants in tuna lipids during thermal oxida-
tion. J Agric Food Chem. 1999;47:4873–9.  

    Medina I, González MJ, Pazos M, Medaglia DD, Sacchi R, Gallardo JM. Activity of plant extracts 
for preserving functional food containing n _ 3 PUFA. Eur Food Res Technol. 2003;217:301–7.  

    Mejlholm O, Dalgaard P. Antimicrobial effect of essential oils on the seafood spoilage micro-or-
ganism  Photobacterium phosphoreum  in liquid media and fi sh products. Lett Appl Microbiol. 
2002;34:27–31.  

    Miková K. The regulation of antioxidants in food. In: Watson DH, editor. Food chemical safety, 
Additives, vol. 2. Boca Raton/Cambridge: CRC Press/Woodhead; 2002.  

    Min S, Rumsey TR, Krochta JM. Diffusion of the antimicrobial lysozyme from a whey protein 
coating on smoked salmon. J Food Eng. 2008;84:39–47.  

    Montero P, Ávalos A, Pérez-Mateos M. Characterization of polyphenoloxidase of prawns ( Penaeus 
japonicus ). Alternatives to inhibition additives and high-pressure treatment. Food Chem. 
2001;75:317–24.  

    Nawar WW. Lipids. In: Fennema O, editor. Food chemistry. 3rd ed. New York/Basel: Marcel 
Dekker; 1996. p. 280–3.  

    Nebrink E, Borch E, Blom H, Nesbakken T. A model based on absorbance data on the growth rate 
of  Listeria monocytogenes  and including the effects of pH, NaCl, Na-lactate and Na-acetate. 
Int J Food Microbiol. 1999;47:99–109.  

    Neetoo H, Ye M, Chen H, Joerger RD, Hicks DT, Hoover DG. Use of nisin-coated plastic fi lms to 
control  Listeria monocytogenes  on vacuum-packaged cold-smoked salmon. Int J Food 
Microbiol. 2008;122:8–15.  

    Nikoskelainen S, Salminen S, Bylund G, Ouwehand AC. Characterization of the properties of 
human- and dairy-derived probiotics for prevention of infectious diseases in fi sh. Appl Environ 
Microbiol. 2001;67:2430–5.  

    Nilsson L, Huss HH, Gram L. Inhibition of  Listeria monocytogenes  on cold-smoked salmon by 
nisin and carbon dioxide atmosphere. Int J Food Microbiol. 1997;38:217–27.  

    Nilsson L, Ng YY, Christiansen JN, Jorgensen BL, Grotinum D, Gram L. The contribution of 
bacteriocin to inhibition of  Listeria monocytogenes  by  Carnobacterium piscicola  strains in 
cold-smoked salmon systems. J Appl Microbiol. 2004;96:133–43.  

    No HK, Meyres SP, Prinyawiwatkull W, Xu Z. Applications of chitosan for improvement of quality 
and shelf life of foods: a review. J Food Sci. 2007;72:R87–100.  

       Nychas G-JE, Skandamis PN. Antimicrobials from herbs and spices. In: Roller S, editor. Natural 
antimicrobials for the minimal processing of foods. Cambridge: Woodhead; 2003.  

    Nykanen A, Weckman K, Lapvetelainen A. Synergistic inhibition of  Listeria monocytogenes  on 
cold-smoked rainbow trout by nisin and sodium lactate. Int J Food Microbiol. 2000;61:
63–72.  



358 C.A. Campos    et al.

   Otwell WS, Marshall MR. Screening alternatives to sulphating agents to control shrimp melanosis 
(black spot). Florida Sea Grant Technical Paper, vol 46; 1986. p. 1–20.  

    Ouattara B, Sabato SF, Lacroix M. Combined effect of antimicrobial coating and gamma irradiation 
on shelf life extension of pre-cooked shrimp ( Penaeus spp ). Int J Food Microbiol. 2001;68:1–9.  

    Paludan-Muller C, Dalgaard P, Huss HH, Gram L. Evaluation of the role of  Carnobacterium pis-
cicola  in spoilage of vacuum and modifi ed-atmosphere-packed cold-smoked salmon stored at 
5°C. Int J Food Microbiol. 1998;39:155–66.  

    Pastoriza L, Sampedro G, Herrera JJ, Cabo ML. Infl uence of sodium chloride and modifi ed atmo-
sphere packaging on microbiological, chemical and sensorial properties in ice storage of slices 
of hake ( Merluccius merluccius ). Food Chem. 1998;61(1/2):23–8.  

    Pazos M, González MJ, Gallardo JM, Torres JL, Medina I. Preservation of the endogenous antioxi-
dant system of fi sh muscle by grape polyphenols during frozen storage. Eur Food Res Technol. 
2005;220:514–9.  

    Pazos M, Alonso A, Fernández-Bolaños J, Torres JL, Medina I. Physicochemical properties of 
natural phenolics from grapes and olive oil byproducts and their antioxidant activity in frozen 
horse mackerel fi llets. J Agric Food Chem. 2006;54:366–73.  

    Petillo D, Hultin HO, Krzynowek J, Autio WR. Kinetics of antioxidant loss in mackerel light and 
dark muscle. J Agric Food Chem. 1998;46:4128–37.  

    Pokorny J. In: Pokorny J, Yanishlieva N, Gordon M, editors. Antioxidants in food. Practical appli-
cations. Boca Raton/Cambridge: CRC Press/Woodhead; 2001.  

    Qvist S, Sehested K, Zeuthen P. Growth suppression of  Listeria monocytogenes  in a meat product. 
Int J Food Microbiol. 1994;24:283–93.  

    Ramanathan L, Das NP. Natural products inhibit rancidity in salted cooked ground fi sh. J Food Sci. 
1993;58:318–20.  

    Razat H, John A. Green tea polyphenol epigallocatechin-3-gallate differentially modulates oxida-
tive stress in PC12 cell compartments. Toxicol Appl Pharmacol. 2005;207:212–20.  

    Richards MP, Hultin HO. Contributions of blood and blood components to lipid oxidation in fi sh 
muscle. J Agric Food Chem. 2002;50(3):555–64.  

    Richards MP, Kelleher SD, Hultin HO. Effect of washing with or without antioxidants on quality 
retention of mackerel fi llets during refrigerated and frozen storage. J Agric Food Chem. 
1998;46:4363–71.  

    Ringø E, Gatesoupe F-J. Lactic acid bacteria in fi sh: a review. Aquaculture. 1998;160:177–203.  
    Ringø E, Bendiksen HR, Wesmajervi MS, Olsen RE, Jansen PA, Mikkelsen H. Lactic acid bacteria 

associated with the digestive tract of Atlantic salmon ( Salmo salar L .). J Appl Microbiol. 
2000;89:317–22.  

    Roller S. Introduction. In: Roller S, editor. Natural antimicrobials for the minimal processing of 
foods. Boca Raton: CRC Press; 2003. p. 1–10.  

   Sagoo S, Board R, Roller S. Chitosan inhibits growth of spoilage microorganism in chilled pork 
products. 2002.  

    Sallam KI. Antimicrobial and antioxidant effects of sodium acetate, sodium lactate, and sodium 
citrate in refrigerated sliced salmon. Food Control. 2007;18:566–75.  

    Sambasivam S, Chandran R, Khan SA. Role of probiotics on the environment of shrimp pond. 
J Environ Biol. 2003;24:103–6.  

    Samelis J, Sofos JN. Organic acids. In: Roller S, editor. Natural antimicrobials for the minimal 
processing of foods. Boca Raton: CRC Press; 2003.  

    Sánchez-Alonso I, Jiménez-Escrig A, Saura-Calixto F, Borderías AJ. Effect of grape antioxidant 
dietary fi bre on the prevention of lipid oxidation in minced fi sh: Evaluation by different 
methodologies. Food Chem. 2007;101:372–8.  

    Sánchez-Escalante A, Djenane D, Torrescano G, Beltran JA, Roncales P. The effects of ascorbic 
acid, taurine, carnosine and rosemary powder on colour and lipid stability of beef patties 
packaged in modifi ed atmosphere. Meat Sci. 2001;58:421–9.  

    Sathivel S. Chitosan and protein coatings affect yield, moisture loss, and lipid oxidation of pink salmon 
( Oncorhynchus gorbuscha ) fi llets during frozen storage. J Food Sci. 2005;70:E455–459459.  



35914 Use of Natural Preservatives in Seafood

    Sathivel S, Liu Q, Huang J, Prinyawiwatkul W. The infl uence of chitosan glazing on the quality of 
skinless pink salmon ( Oncorhynchus gorbuscha ) fi llets during frozen storage. J Food Eng. 
2007;83:366–73.  

    Saura-Calixto F. Antioxidant dietary fi ber product: a new concept and a potential food ingredient. 
J Agric Food Chem. 1998;48:4303–6.  

    Serdaroğlu M, Felekoğlu E. Effects of using rosemary extract and onion juice on oxidative stability 
of sardine ( Sardina pilchardus ) mince. J Food Qual. 2005;28(2):109–20.  

    Sewalt V, Robbins KL, Gamble W. Lipid-soluble antioxidant components of  Rosmarinus offi cinalis . 
Lipid Technol. 2005;17:106–11.  

    Shahidi F, Wanasundara PKJPD. Phenolic antioxidants. CRC Crit Rev Food Sci Nutr. 1992;32:
67–103.  

    Shativel S, Huang J, Bechtel PJ. Properties of pollock ( Theragra chalcogramma ) skin hydrolysates 
and effects on lipid oxidation of skinless pink salmon ( Oncorhynchus gorbuscha ) fi llets during 
4 months of frozen storage. J Food Biochem. 2008;32:247–63.  

    Shelef LA. Antimicrobial effects of lactates: a review. J Food Prot. 1994;57:445–50.  
    Silva J, Carvalho AS, Teixeira P, Gibbs PA. Bacteriocin production by spray-dried lactic acid 

bacteria. Lett Appl Microbiol. 2002;34:77–81.  
    Sofos JN. Sorbic acid, chapter 23. In: Naidu AS, editor. Natural food antimicrobial systems. Boca 

Raton: CRC Press LLC; 2000.  
    Souquet J-M, Cheynier V, Brossaud F, Moutounet M. Polymeric proanthocyanidins from grape 

skins. Phytochemistry. 1996;43:509–12.  
    Stekelenburg FK, Kant-Muermans MLT. Effect of sodium lactate and other additives in a cooked 

ham product on sensory quality and development of a strain of  Lactobacillus curvatus  and 
 Listeria monocytogenes . Int J Food Microbiol. 2001;66:197–203.  

    Stiles ME. Biopreservation by lactic acid bacteria. Antonie Van Leeuwenhoek. 1996;70:331–45.  
    Stiles ME, Holzapfel WH. Lactic acid bacteria of foods and their current taxonomy. Int J Food 

Microbiol. 1997;36:1–29.  
    Stoffels G, Sahl HG, Gudmundsdóttir A. Carnocin UI49, a potential biopreservative produced by 

 Carnobacterium piscicola : large scale purifi cation and activity against various gram-positive 
bacteria including  Listeria  sp. Int J Food Microbiol. 1993;20:199–210.  

    Tan BK, Harris ND. Maillard reaction products inhibit apple polyphenoloxidase. Food Chem. 
1995;53:267–73.  

    Tang SZ, Sheehan D, Buckley DJ, Morrissey PA, Kerry JP. Anti-oxidant activity of added tea 
catechins on lipid oxidation of raw minced red meat, poultry and fi sh muscle. Int J Food Sci 
Technol. 2001;36:685–92.  

    Taoukis PS, Labuza TP, Lillemo JH, Lin SW. Inhibition of shrimp melanosis (black spot) by fi cin. 
J Food Sci Technol. 1990;23:52–4.  

    Tassou CC, Drosinos EH, Nychas G-JE. Effects of essential oil from mint  (Mentha piperita ) on 
 Salmonella enteritidis  and  Listeria monocytogenes  in model food systems at 4 and 10°C. 
J Appl Bacteriol. 1995;78:593–600.  

    Taylor SL, Bush RK. Sulphite as food ingredients. Food Technol. 1986;40:47–52.  
    Thakur BR, Patel TR. Sorbates in fi sh and fi sh products-a review. Food Rev Int. 1994;10(1):

93–107.  
    Tome E, Teixeira P, Gibbs PA. Antilisterial inhibitory lactic acid bacteria isolated from commercial 

cold smoked salmon. Food Microbiol. 2006;23:399–405.  
    Tomé E, Pereira VL, Lopes CI, Gibbs PA, Teixeira PC. In vitro tests of suitability of bacteriocin-

producing lactic acid bacteria, as potential biopreservation cultures in vacuum- packaged cold-
smoked salmon. Food Control. 2008;19:535–43.  

   Tozer KN. Quality improvement and shelf-life extension of fi sh fi llets from three aquaculture 
species. Thesis. University of Guelph, National Library of Canada; 2001.  

    Undeland I, Ekstrand B, Lingnert H. Lipid oxidation in minced herring ( Clupea harengus ) during 
frozen storage. Effect of washing and precooking. J Agric Food Chem. 1998;46:2319–28.  

    Undeland I, Hall G, Lingnert H. Lipid oxidation in fi llets of herring ( Clupea harengus ) during ice 
storage. J Agric Food Chem. 1999;47:524–32.  



360 C.A. Campos    et al.

    Vareltzis K, Koufi dis D, Gavriilidou E, Papavergou E, Vasiliadou S. Effectiveness of a natural 
rosemary ( Rosmarinus offi cinalis ) extract on the stability of fi lleted and minced fi sh during 
frozen storage. Food Res Technol. 1997;205:93–6.  

   Vásconez MB, Campos C A, Flores S, Alvarado de Dios, J y Gerschenson, L. Elaboración de 
recubrimientos comestibles en base a quitosano y estudio de su efecto antimicrobiano en fi letes 
de salmón. Ciencia y Tecnología 2007; 16(3):77–79.  

    Verschuere L, Rombaut G, Sorgeloos P, Verstraete W. Probiotic bacteria as biological control 
agents in aquaculture. Microbiol Mol Biol Rev. 2000;64:655–71.  

    Vogel BF, Yin NG Y, Hyldig G, Mohr M, Gram L. Potassium lactate combined with sodium diac-
etate can inhibit growth of  Listeria monocytogenes  in vacuum-packed cold smoked salmon and 
has no adverse sensory effects. J Food Prot. 2006;68:2134–42.  

    Wendakoon CN, Sakaguchi M. Combined effect of sodium chloride and clove on growth and 
biogenic amine formation of  Enterobacter aerogenes  in mackerel muscle extract. J Food Prot. 
1993;56(5):410–3.  

    Wessels S, Huss HH. Suitability of  Lactococcus lactis  subsp.  lactis  ATCC 11454 as a protective 
culture for lightly preserved fi sh products. Food Microbiol. 1996;13:323–32.  

    Yamaguchi F, Yoshimura Y, Nakazawa H, Ariga T. Free radical scavenging activity of grape seed 
extract and antioxidants by electron spin resonance spectrometry in an H 

2
 O 

2
 /NaOH/DMSO 

system. J Agric Food Chem. 1999;47:2544–8.  
    Yamazaki K, Suzuki M, Kawai Y, Inoue N, Montville TJ. Inhibition of  Listeria monocytogenes  in 

cold-smoked salmon by  Carnobacterium piscicola  CS526 isolated from frozen surimi. J Food 
Prot. 2003;66:1420–5.  

    Yano Y, Satomi M, Oikawa H. Antimicrobial effect spices and herbs on  Vibrio parahaemolyticus . 
IntJ Food Microbiol. 2006;111:6–11.  

    Ye M, Neetoo H, Chen H. Effectiveness of chitosan-coated plastic fi lms incorporating antimicrobials 
in inhibition of  Listeria monocytogenes  on cold-smoked salmon. Int J Food Microbiol. 
2008;127:235–40.  

   Yoon KS, Burnette CN, Abou-Zeid KA, Whiting RC. Control of growth and survival of  Listeria 
monocytogenes  on smoked salmon by combined potassium lactate and sodium diacetate and 
freezing stress during refrigeration and frozen storage. J Food Prot. 2004;67:2465–71.     



361A. McElhatton and P.J.A. Sobral (eds.), Novel Technologies in Food Science, 
Integrating Food Science and Engineering Knowledge Into the Food Chain 7, 
DOI 10.1007/978-1-4419-7880-6_15, © Springer Science+Business Media, LLC 2012

    15.1   Introduction 

 Edible fi lms are thin layers of biopolymers sourced from renewable sources which 
contain colorless, low molecular weight components called plasticizers. Color in 
edible fi lms is generally derived from the color of the biopolymer. Gelatin-based 
fi lms, for example, are almost transparent and colorless. Products thus retain their 
characteristics, and when colored the fi lms may also contribute to the product’s 
visual appeal and may enhance the appearance of the package. Edible gelatin-based 
fi lms may contain lycopene or artifi cial colorants that possess interesting physical 
properties, such as light barrier properties. The number of studies involving the 
production and characterization of edible and/or biodegradable fi lms from diverse 
sources has increased in recent decades as a consequence of the increased awareness of 
the impact of synthetic packaging on the environment (Gontard and Guilbert  1996 ; 
Krochta and De-Mulder-Johnston  1997 ; Van de Velde and Kiekens  2002 ; Tharanathan 
 2003  ) . Edible fi lms are normally produced from macromolecules of biological 
origin, such as polysaccharides and proteins, capable of forming a continuous matrix 
(Gennadios et al.  1994 ; Nisperos-Carriedo  1994 ; Torres  1994  ) . All additives used 
should be food grade and the fi lms produced are classifi ed as biodegradable (Gontard 
and Guilbert  1996  ) . 

 Other synthetic biopolymers have also been studied for the development of bio-
degradable fi lms (Van de Velde and Kiekens  2002  ) . Among natural biopolymers, 
and specifi cally among proteins, gelatin was one of the fi rst macromolecules used 
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in biodegradable fi lm production and continues to be widely studied because of its 
excellent fi lm-forming properties, large-scale production, and low market prices 
(Arvanitoyannis  2002  ) . In general, gelatin-based fi lms have excellent gas barrier 
and good mechanical properties (Arvanitoyannis  2002  ) , and can additionally serve 
as base for active compounds (antioxidants, antibiotics, etc.) (Gómez-Guillén et al. 
 2007 ; López-Carballo et al.  2008 ; Gómez-Estaca et al.  2009  ) . 

 In general, gelatin fi lms are colorless and transparent (Sobral et al.  2001 ; Vanin 
et al.  2005  ) . For this reason, the incorporation of natural pigments in gelatin fi lms 
may render them more attractive owing to coloring, without causing loss of edible 
and/or biodegradable character. Thus, gelatin fi lms continue to be an environmentally 
friendly material, increasingly in demand by modern consumers. Apart from the 
coloration of fi lms, the pigment may, eventually, alter physical and functional prop-
erties, including the ultraviolet (UV) barrier property (Corat et al.  2007  ) . Among 
natural pigments, lycopene is thought to have potential because of its antioxidant 
and nutritional characteristics. 

 Studies involving the incorporation of natural pigments, such as chlorophyll-
derived pigments chlorophyllide and chlorophyllin, in biopolymer-based fi lms 
are not so commonly encountered (Corat et al.  2007 ; López-Carballo et al.  2008  ) . 
Corat et al.  (  2007  )  and López-Carballo et al.  (  2008  )  were concerned only with the 
development of a gelatin fi lm containing chlorophyllide that could affect some 
physical properties of the material or with the production of active fi lms in which 
chlorophyllin would promote some light-induced antibiotic activity. Biopolymer-
based fi lms containing lycopene are novel.  

    15.2   Protein-Based Edible and/or Biodegradable Films 

 Proteins are macromolecules, normally water-insoluble, which may be solubilized 
by, among other techniques, the control of the pH of the solution (Cuq et al.  1995  ) . 
The drying of such protein dispersions under controlled conditions, with the addi-
tion of a plasticizer, may result in the formation of a fl exible fi lm (Gennadios et al. 
 1994 ; Torres  1994 ; Cuq et al.  1995  ) . Plasticizers are molecules of low molecular 
weight which penetrate biopolymer matrices, increasing the volume of empty  spaces 
between the chains of macromolecules, causing a decrease in the strength of inter-
molecular forces along the matrix, resulting in improved functionality (Banker 
 1966 ; Krochta and De-Mulder-Johnston  1997  ) . 

 Proteins from diverse sources have been studied in edible and/or biodegradable 
fi lm technology. Among vegetable proteins, cottonseed proteins (Marquié et al. 
 1997  ) , peanut proteins (Jangchud and Chinnan  1999  ) , sunfl ower-seed protein isolate 
(Orliac et al.  2003  ) , soy protein isolate (Ghorpade et al.  1995 ; Denavi et al.  2009  ) , 
and wheat gluten (Gontard et al.  1993 ; Cherian et al.  1995  ) , among others, have 
been studied. 

 There have also been numerous studies involving proteins from animal sources: 
these include pure whey protein isolate (Yoshida and Antunes  2004 ; Coupland et al. 
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 2000  )  or in blends with sodium caseinate (Longares et al.  2005  ) , fi sh myofi brillar 
proteins (Cuq et al.  1996 ; Monterrey-Quintero and Sobral  1999 ,  2000  ) , fi sh-muscle 
proteins (Sobral et al.  2005 ; García and Sobral  2005 ; Paschoalick et al.  2003  ) , soluble 
fi sh-muscle proteins (Iwata et al.  2000 ; Bourtoom et al.;  2006  ) , and gelatin (Lim et al. 
 1999 ; Sobral et al.  2001 ; Carvalho and Grosso  2004 ; Thomazine et al.  2005 ; Vanin 
et al.  2005 ; Cao et al.  2009 ; Gómez-Estaca et al.  2009  ) . 

 The properties of protein-based fi lms are determined by protein–protein and 
protein–water interactions, which may be controlled by the preparation process 
for the fi lm-forming solution and also by the addition of plasticizers (Gennadios 
et al.  1994 ; Torres  1994 ; Gontard and Guilbert  1996 ; Arvanitoyannis  2002  ) . 
Additionally to proteins and plasticizers, other functional compounds have been 
proposed for the development of active fi lms, i.e., for active packaging utilization. 
Some examples are presented in Table  15.1 . By defi nition, a packaging may be 
considered active when it is capable of selecting, progressively releasing, absorbing, 
or transforming a compound, and therefore interacts with the packed food (Gontard 
 2000  ) . However, the additional functional components may affect the main properties 
of the material.  

 Among the examples presented in Table  15.1 , gelatin is most frequently used. 
This material is a protein biopolymer of animal origin produced by either acid 
or base hydrolysis of collagen obtained from bone of cattle or pigs, their skin, 
and connective tissues The molecular mass of gelatin depends on the type of raw 
material and on the process conditions, and ranges from 300 to 200,000 Da 
(Gennadios et al.  1994  ) . 

 Gelatin is water-soluble at temperatures over 30°C. When subjected to temperatures 
above its melting point, it swells and dissolves, and when it cools to room tempera-
ture, it forms thermoreversible gels (Slade and Levine  1987  ) . At the molecular level, 
gelatin-gel formation involves protein restructuring that involves transition from a 
disordered state to a more ordered stated formed by triple-helix structures typical 
of collagen in the native state. The structure and physical properties of those gels 
are due to the degree of formation of microcrystalline bonds (Slade and Levine 
 1987 ; Achet and He  1995 ; Ziegler and Foegeding  1990  ) . 

 Gelatin sourced from either mammalian or fi sh sources has been used in many studies 
on edible and/or biodegradable fi lms, in addition to those on active fi lms (Table  15.1 ). 
Owing to the hydrophilic character of gelatin, these fi lms are very sensitive to envi-
ronmental conditions, which restricts their use as packaging materials. To improve these 
characteristics, various alternatives have been studied, such as enzymatic modifi ca-
tions (Lim et al.  1999 ; Carvalho and Grosso  2004  ) , chemical modifi cations (Bigi 
et al.  2001 ; Carvalho and Grosso  2004,   2006 ; Cao et al.  2007 ; Carvalho et al.  2008a  ) , 
incorporation of different plasticizers (Vanin et al.  2005  ) , use of plasticizer blends 
(Thomazine et al.  2005  ) , and lipid addition (Bertan et al.  2005  ) . In general, signifi cant 
improvement was not observed in water vapor barrier and mechanical properties. 

 Another alternative to improve the mechanical characteristics of these materials 
is the blending of biopolymers with synthetic polymers (Tharanathan  2003  ) . 
An interesting synthetic polymer for this is poly(vinyl alcohol), which, despite being 
synthetic, is hydrophilic and biodegradable (Matsumura et al.  1999  ) . Some fi lms 
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based on blends of gelatin and poly(vinyl alcohol) have been developed (Chiellini 
et al.  2001 ; Bergo et al.  2006 ; Mendieta-Taboada et al.  2008 ; Maria et al.  2008 ; 
Silva et al.  2008 ; Carvalho et al.  2009  ) . However, all those fi lms were colorless, i.e., 
the studies did not include a pigment to impart attractiveness. 

 In the study conducted by López-Carballo et al.  (  2008  ) , a pigment was used 
(Table  15.1 ). In that study, López-Carballo et al.  (  2008  )  made gelatin-based fi lms 
with sodium magnesium chlorophyllin (E140) and sodium copper chlorophyllin 
(E141) with the aim of developing antimicrobial photosensitizer-containing edible 
fi lms and coatings. These authors observed that it was possible to reduce microor-
ganism growth in cooked frankfurters inoculated with  Staphylococcus aureus  and 
 Listeria monocytogenes  by covering them with sodium magnesium chlorophyllin–
gelatin fi lms and coatings. According to these authors, the fi lms had a vivid green-
yellow color. 

 Corat et al.  (  2007  )  had previously produced gelatin-based fi lms with different 
concentrations of chlorophyllide (0, 2, 4, 6, 8, and 10 g of 10% chlorophyllide solu-
tion/100 g gelatin), and observed that the pigment signifi cantly altered the color of the 
fi lms without affecting the other properties studied, such as mechanical properties 
and solubility.  

    15.3   Lycopene 

 Lycopene is a chromoplast carotenoid responsible for the brilliant yellow, orange, 
and red color of plants and animals (Nguyen and Schwartz  1999  ) . This pigment is a 
cyclic open-chain polyene hydrocarbon with 13 double bonds, of which 11 are con-
jugated in a linear array (Shi et al.  2003  )  (Fig.  15.1 ). The highly conjugated double-
bond system (chromophore) is responsible for the molecular shape, chemical 
reactivity,, and light absorption in the visible region of the spectrum, and hence the 
color (Ötles and Çagindi  2008 ; Rodriguez-Amaya  2002  ) . Furthermore, owing to its 
chemical structure, lycopene is a lipid-soluble phytochemical (Nguyen and Schwartz 
 1999  ) .  

 In a raw food, lycopene is generally present as the all- trans  geometric isomer; 
the most thermodynamically stable form. However, light, heat, or chemical reaction 
may introduce a kink along the conjugated double bonds and transform all- trans  
lycopene into various  cis  isomers (Shi et al.  2004  ) . Also because of that characteristic, 
lycopene acts as an antioxidant and a free-radical quenching agent in foods. It inter-
acts rapidly with free radicals and with oxygen, thereby inhibiting the propagation 
step of lipid peroxidation (Britton  1995 ; Ötles and Çagindi  2008  ) . However, the 
lycopene structure (long-chain conjugated hydrocarbon) suggests that it will be easily 
oxidized in the presence of oxygen (Rodriguez-Amaya  2002  ) . The isomerization 
and oxidation reactions cause, in this material, loss of color and biological activity. 

 Reports of dietary lycopene decreasing the risk of a number of health conditions 
have generated new interest in the addition of lycopene to functional foods (Boon 
et al.  2008  ) . The functional properties of this pigment have caused increased consumer 
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interest in lycopene-containing food products and have generated new applications 
for lycopene-containing food ingredients (Boon et al.  2008  ) . Because of these new 
applications, the market for carotenoids has grown. It was estimated that in 2009 the 
sales of lycopene could reach US $26 million. 

 Carotenoids, like lycopene, are largely used as colorants in foods, drinks, cosmetics, 
and animal (mainly poultry and fi sh) feed (Nunes and Mercadante  2007  ) . The main 
industrial sources of carotenoids are through chemical synthesis and extraction from 
plants (Nunes and Mercadante  2007  ) . As a result of the instability of lycopene, 
its storage and handling of should be performed under controlled environmental 
conditions to minimize oxidative degradation (Nguyen and Schwartz  1999  ) . 
Additionally, the use of lycopene as an additive faces technological diffi culties 
owing to its liposoluble character, as the absolute majority of food products are 
water-rich. Therefore, encapsulation may be useful to render lycopene water-dispersible 
and protect it from environmental conditions (Matioli and Rodriguez-Amaya  2003 ; 
Nunes and Mercadante  2007  ) .  

    15.4   Experimental Considerations 

 Edible fi lms were produced using a pigskin gelatin supplied by Gelita South America 
(São Paulo, Brazil), and sorbitol (Synth) as a plasticizer. To color this material, a 
sample of purifi ed lycopene was encapsulated in maltodextrin (LycoVit® 10 CWD), 
supplied by BASF (São Paulo, Brazil). 

 The fi lms were made by casting (Sobral et al.  2001 ; Vanin et al.  2005  )  a 2 g gelatin/100 g 
fi lm-forming solution; 25 g sorbitol/100 g gelatin, and 0.0, 0.2, 0.4, 0.6, 0.8, and 
1.0 g lycopene/100 g gelatin. Gelatin was fi rst hydrated for 30 min at room tempera-
ture, followed by solubilization at 55°C for 15 min, in a thermostat-controlled water 
bath (TE 184; TECNAL, Brazil). The plasticizer was then added and the solution 
was cooled to 38°C, lycopene was added at this point, and the whole mix was stirred 
with a magnetic stirrer for 15 min. The fi lms were formed after drying at 30°C for 2 4 h 
in an air-convection oven. The thickness of the fi lms was kept constant (0.800 ± 0.008 mm) 
by controlling the ratio dry mass to support area, was and determined with a digital 
micrometer (Mitutoyo, ±0.001 mm). 

 Before characterization, the fi lms were kept in desiccators containing sodium 
bromide saturated solution (relative humidity of 58%) at 25°C for at least 7 days. 

  Fig. 15.1    Chemical structure of lycopene       
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The characterization of the fi lms was conducted in an acclimatized room with a 
temperature range of 22 ± 3°C and relative humidity of approximately 55%. 

 The moisture content of the fi lms was determined in an oven at 105°C using 
the drying to constant weight method. The solubility in water of the fi lms was 
calculated after 24 h immersion, according to the method of Gontard et al.  (  1993  ) , 
and was expressed in terms of solubilized dry matter. 

 Water vapor permeability was determined according to the method proposed 
by Gontard et al.  (  1993  ) . The films were fixed in cells containing silica gel. 
The cells were kept inside desiccators containing distilled water and maintained at 
25°C in an oven (BOD TE 390; TECNAL) (±0.2°C). The weight gain of the system 
was followed at 24 h intervals for 120 h. Water vapor permeability was calculated 
with Eq.  15.1  (Gontard et al.  1993  ) :

     =
D

WVP ,
w x

tA P    (15.1)  

where  x  is the average thickness of the fi lm,  A  is the permeation area, D P  is the 
partial vapor pressure difference between the interior of the cell (silica gel;  P  = 0 Pa) 
and the outside (distilled water;  P  = 3,166 Pa), and  w / t  corresponds to the angular 
coeffi cient of the weight versus time plot.The mechanical properties of the fi lms 
were determined by tensile tests (tensile strength, elongation at break, and elastic 
modulus) and perforation tests (puncture force and puncture deformation) using 
a TA.XT2i texture analyzer (Stable Micro Systems) with the tensile grips probe 
moving at 0.9 mm/s (Thomazine et al.  2005  )  and with a cylindrical 3-mm probe moving 
at 1 mm/s (Sobral et al.  2001  ) , respectively. 

 The color parameters ( a *,  b *,  L *), the total color difference ( D  E *), and the opacity 
of the fi lms were determined according to the method of Sobral  (  1999  ) , using a 
portable color measurement instrument (Miniscan XE; HunterLab). The parameters 
 a *,  b *, and  L * were determined by placing the fi lms over the white standard, and 
the total difference was calculated according to Eq.  15.2  (Gennadios et al.  1996  ) :

     
* * 2 * 2 * 2 0,5E [( L ) ( a ) ( b ) ]D = D + D + D

   (15.2)  

where     D  L * =  L * 
standard

  –  L * 
sample

 ,  D  a * =  a * 
standard

  –  a * 
sample

 , and  D  b * =  b * 
standard

  –  b * 
sample

 .
The opacity was determined according to the method of Sobral  (  2000  )  using the 
same measuring instrument and software used for the color measurements. The 
opacity was calculated as the relationship ( Y  =  Y  

p
 / Y  

b
 ) between the opacity of the fi lm 

placed over the black standard ( Y  
p
 ) and the opacity of the fi lm paced over the white 

standard ( Y  
b
 ). 

 The UV and visible light barrier properties were determined with a UV/visible 
spectrophotometer (Libra S22; Biochrom) within the range from 190 to 800 nm by 
transmittance measurements of the fi lms (Fang et al.  2002  ) . 

 The data were statistically analyzed for means comparison by the Duncan test 
( p  < 0.05), using the software program SAS (version 6.8; SAS, Cary, NC, USA).  
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    15.5   Properties of the Lycopene-Added Gelatin Films 

 The lycopene-colored fi lms were most affected by the concentration of lycopene, 
and were homogeneous (absence of insoluble particles). The fi lms had a uniform 
red color, attributed to the complete lycopene solubilization in the fi lm-forming 
solution, which was aided by the fact that the colorant was microencapsulated 
(Vertzoni et al.  2006 ; Fávaro-Trindade et al.  2008  ) . This result is a very important 
milestone, as this form of solubilization is diffi cult to accomplish in synthetic 
plastics technology. According to Durston  (  2006  ) , there are limits on the quantity of 
colored pigment that can be added to the synthetic fi lms without affecting the physical 
properties of these fi lms. 

 Signifi cant differences were observed between the moisture content of fi lms 
(Table  15.2 ); these ranged from 11% to 13%. This is a very low variation, and is 
thus insuffi cient to interfere with the results for the other properties (Gontard et al. 
 1993 ; Sobral et al.  2001  ) .  

 The water vapor permeability of the fi lms was not affected by the added lycopene 
(Table  15.2 ). Therefore, lycopene addition, to improve the UV/visible light barrier 
of the gelatin-based fi lms may be technologically benefi cial, as the water vapor barrier 
is not signifi cantly affected. The water vapor permeability of the lycopene-added 
fi lms was lower than that observed by Thomazine et al.  (  2005  )  in gelatin-based 
fi lms plasticized with the same amount of glycerol and sorbitol: 7 × 10 −8  g mm/h cm 2  Pa 
and 5 × 10 −8  g mm/h cm 2  Pa, respectively, and of fi sh-skin gelatin-based fi lms 
(12 × 10 −8  g–mm/h cm 2  Pa) plasticized with 30% sorbitol (Carvalho et al.  2008b  ) . 

 The presence of the lycopene in the polymeric matrix caused a slight increase 
of the solubility in water of the fi lms (Table  15.2 ). As lycopene is a hydrophobic 
molecule, a reduction of the water solubility of the fi lms could be expected. In fact, 
it is quite possible that the existence of hydrophobic components in the fi lm may 
have hindered the perfect formation of the polymeric matrix, thus facilitating the 
fi lm solubilization. According to the literature, solubility in water of gelatin-based 
fi lms may vary mainly as a function of the formulation (plasticizer concentration, 
type of plasticizer, hydrophobic compound addition, and macromolecule concentration) 

   Table 15.2    Moisture content ( MC ), water vapor permeability ( WVP ), and solubility in water ( S ) 
of gelatin-based fi lms with different concentrations of lycopene ( C  

L
 )   

  C  
L
  (g lycopene/

100 g gelatin) 
 MC (g water/
100 g fi lm) 

 WVP (×10 -8  g mm/
h cm 2  Pa) 

  S  (g solubilized dry 
solids/100 g dried fi lm) 

 0  11.2 ± 0.6 c   4.1 ± 0.3 a   37.5 ± 1.2 a  
 0.2  12.5 ± 0.5ª  3.3 ± 0.3 b   37.7 ± 0.8 a  
 0.4  12.5 ± 0.5 a,b   4.4 ± 0.4 a   44.3 ± 4.5 b  
 0.6  11.4 ± 0.5 b,c   4.7 ± 0.6 a   43.8 ± 0.9 b  
 0.8  11.3 ± 0.6 c   4.8 ± 0.3 a   44.3 ± 1.1 b  
 1.0  13.1 ± 1.2 a, b   4.1 ± 0.4 b   44.1 ± 3.5 a  

  Different  letters  in a column denote signifi cant difference ( p  < 0.05) between averages obtained 
through the Duncan test  
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and of the type of treatment of the gelatin (chemical or enzymatic modifi cation, 
irradiation, etc.). Carvalho and Grosso  (  2004,   2006  )  determined the solubility in 
water to be between 25% and 30% in fi lms of chemically and enzymatically modifi ed 
gelatin (10 g/100 g fi lm-forming solution) fi lms plasticized with glycerol (4.5 g 
glycerol/100 g fi lm-forming solution). Bertan et al.  (  2005  )  found values of solubility in 
water from 30% to 36% in fi lms of gelatin and hydrophobic compounds (triacetine, 
stearic acid, palmitic acid, and pitch). 

 Recently, Pérez-Mateos et al.  (  2009  )  determined values of solubility in water 
near 88% for fi sh-skin gelatin fi lms containing sunfl ower oil and plasticized with 
sorbitol and glycerol, whereas Carvalho et al.  (  2008b  )  observed the complete solu-
bilization of fi lms based in halibut or tuna fi sh-skin gelatin after 24 h immersion in 
water. Regarding active fi lms, Goméz-Estaca et al. ( 2009 ) determined solubility val-
ues ranging between 34% and 84% when studying gelatin fi lms from two sources 
(bovine hide and tuna skin) with aqueous oregano and rosemary extracts added in 
different concentrations. Giménez et al.  (  2009  )  observed solubility values above 
90% in fi lms based on giant squid ( Dosidicus gigas ) gelatin. 

 Concerning the mechanical properties of the fi lms, the lycopene did not signifi -
cantly affect the strength, the stiffness, or the deformability of the fi lms (Table  15.3 ). 
It was observed that 1 g lycopene/100 g gelatin concentration caused a greater 
tensile strength, but this was almost the same as that observed for fi lms with 0.2 g 
lycopene/100 g gelatin, thus not proving a monotonic behavior. These results can 
be explained by the hydrophobic character of lycopene, which must have hardly 
interacted with gelatin polypeptides, thus not having any plasticizer-type or anti-
plasticizer-type effect.  

 In general, the fi lms with and without lycopene showed similar strength 
(Table  15.3 ) compared with other gelatin fi lms, either in strain tests (21–48 MPa 
obtained by Thomazine et.al.  2005 ; 35–50 MPa obtained by Cao et al.  2009  )  or in 
perforation tests (8–16 N obtained by Sobral et al.  2001 ; 16–20 N obtained by Vanin 
et al.  2005  ) . Besides, the fi lms were more deformable in strain tests than fi lms made 
from bovine-bone gelatin with 20–30 g sorbitol/100 g gelatin (4–8% obtained by 
Cao et al.  2009  ) , but were much less deformable than fi lms based on fi sh gelatin, 
where elongation during strain tests was around 300% Carvalho et al.  (  2008b  )  
In general, the puncture deformation was typical of gelatin-based fi lms (Sobral 
et al.  2001 ; Thomazine et al.  2005 ; Vanin et al.  2005  ) . 

 Increasing concentration of lycopene in fi lms has been shown to improve the UV 
barrier property (Fig.  15.2 ). The fi lms had no transmittance at 200 nm and values 
between 1 and 5 at 280 nm. Gelatin also has excellent UV barrier properties owing 
to the presence of amino acid residues containing aromatic rings (Sobral et al.  2001  ) . 
Similar occurrences have been reported with other materials; similar values were 
reported in fi lms of fi sh protein muscle at wavelengths of 200–280 nm (Artharn 
et al.  2007  ) . Fang et al.  (  2002  )  determined transmittance of 6–7% in the range from 
200 to 280 nm in fi lms based in whey proteins, which are also rich in amino acid 
residues containing aromatic rings.  
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 Lycopene possesses 11 chromophore conjugated double bonds and is capable of 
absorbing light in a wide wavelength spectrum (Ötles and Çagindi  2008 ; Rodriguez-
Amaya  2002  ) . Thus, lycopene absorbs UV radiation and protects both the material 
and the foodstuff from oxidation (Hanlon et al.  1998  ) . This structural confi guration 
reportedly produces a protective effect against the degradation of the material and 
of the packaged foodstuff (Hanlon et al.  1998 ; Coltro et al.  2003  ) . These results suggest 
that this type of material is suitable for packaging lipid-rich foodstuffs and/or 
vitamins susceptible to oxidation (Bekbolet  1990 ; Fang et al.  2002 ; Artharn et al. 
 2007  ) . The most pronounced effect of light-catalyzed reactions is observed with 
light in the lower wavelengths of the visible spectrum and in the UV spectrum 
(Bekbolet  1990  ) . This is of special signifi cance as light is known to have a damaging 
effect on foodstuffs such as milk and other dairy products owing to the presence of 
light-sensitive vitamins, such as vitamins A and B 

2
  (Saffert et al.  2009  ) . 

 However, lycopene also showed an excellent visible light barrier property, mainly 
between 350 and 570 nm (Fig.  15.2 ). The linear reduction (Table  15.4 ) of the trans-
mittance of the fi lm as a function of lycopene concentration in a wide wavelength 
range denoted improved light barrier property of the material (Coltro et al.  2003  ) .  

   Table 15.3    Tensile strength ( TS ), elongation at break ( EB ), elastic modulus ( EM ), puncture force 
( PF ), and puncture deformation ( PD ) of gelatin-based fi lms with different concentrations of 
lycopene ( C  

L
 )   

  C  
L
  (g lycopene/

100 g of gelatin)  TS (MPa)  EB (%)  EM (MPa)  PF (N)  PD (%) 

 0  42.3 ± 5.7 b   16.2 ± 4.3 a      12.0 ± 1.5 a   30.0 ± 1.9 a,b,c   2.4 ± 0.2 a  
 0.2  46.0 ± 5.8 a,b   18.7 ± 1.9 a   12.0 ± 1.2 a   30.7 ± 1.8 a,b   1.9 ± 0.1 b  
 0.4  45.7 ± 2.3 b   16.2 ± 2.5 a   12.3 ± 1.5ª  32.9 ± 1.1ª  2.6 ± 0.4ª 
 0.6  44.2 ± 4.8 a, b   16.2 ± 4.4 a   12.8 ± 1.9 a   28.4 ± 2.5 b,c   2.7 ± 0.3 a  
 0.8  41.4 ± 4.7 b   16.5 ± 3.8 a   11.9 ± 1.1 a   33.3 ± 2.6 a   2.7 ± 0.2 a  
 1.0  49.75 ± 8.0 a   16.2 ± 3.6 a   13.5 ± 0.6 a   26.4 ± 2.0 c   2.3 ± 0.1 a  
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  Fig. 15.2    Transmittance 
of gelatin-based fi lms 
with different concentrations 
of lycopene:  a  0.0 g 
lycopene/100 g gelatin; 
 b  0.2 g lycopene/100 g 
gelatin;  c  0.4 g 
lycopene/100 g gelatin; 
 d  0.6 g lycopene/100 g 
of gelatin;  e  0.8 g 
lycopene/100 g gelatin; 
 f  1.0 g lycopene/100 g gelatin       
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 Addition of lycopene to fi lms caused signifi cant changes in color parameters 
(Figs.  15.3 ,  15.4 ) as expected for a pigment. Even in food products, the intensity of 
color depends on the lycopene concentration (Rodriguez-Amaya  2002  ) .   

 The color parameter  a *, which varies from green (−) to red (+), and the parameter 
 b *, which varies from blue (−) to yellow (+), increased linearly ( R  2  = 0.983 and 
 R  2  = 0.992, respectively) with the pigment concentration ( C  

L
 ) (Eqs.  15.3 ,  15.4 ), indi-

cating that effectively the material became more red-yellowish as the pigment 
concentration increased:

     = - + La* 1.2 19.1C    (15.3)  

     = + Lb* 3.3 24.5C    (15.4) 

 The color parameter L* decreased linearly ( R  2  = 0.990) as a result of lycopene 
concentration increase (Eq.  15.5 ), indicating that the fi lms became darker as the 
lycopene concentration increased:

     = - LL* 90.1 15.9C    (15.5)   

 From the results observed for  L *,  a *, and  b *, increased chlorophyllide concen-
tration also caused a linear increase ( R  2  = 0.990) of the total color difference ( D  E *) 
(Fig.  15.4 ), according to Eq.  15.6 :

     D = + LE* 3.2 33.8C    (15.6)   

 Similar values can be found in the specialized literature for  b * and  L * for fi lms 
without pigment addition (Table  15.5 ). For example, Hernandez-Muñoz et al.  (  2004  )  
determined  b * = 23 for gliadin-rich fi lms containing 33 g glycerol/100 g protein and 
heat treated at 115°C for 24 h, and Rhim et al.  (  2000  )  obtained  b * = 26 when working 
with modifi ed soy protein isolate fi lms plasticized with 50 g glycerol/100 g soy protein 
isolate. Moreover, almost all values of  L * presented in Table  15.5  are similar to those 
for fi lms containing lycopene (Fig.  15.3 ).  

   Table 15.4    Parameters and correlation coeffi cients 
( R ) of the linear model used to fit transmittance 
as a function of lycopene concentration ( C  

L
 ) at 

different wavelengths (  l  )   

  l  (nm)  Equation   R  

 280   T  = 3.9–3.4 C  
L
   0.980 

 350   T  = 65.7–65.6 C  
L
   0.981 

 400   T  = 75.3–63.4 C  
L
   0.993 

 500   T  = 81.5–43.1 C  
L
   0.997 

 600   T  = 82.3–8.3 C  
L
   0.919 

 700   T  = 82.6–2.7 C  
L
   0.739 

 800   T  = 82.7–2.2 C  
L
   0.728 
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 Nevertheless, the  a * and  D  E * parameters of the fi lms containing lycopene were, 
in general, higher than the values presented in Table  15.5 , excepted for the heat-
cured (140°C) wheat gluten fi lms with 3 g glycerol/100 mL solution, for which 
 a * = 11 (Micard et al.  2000  ) , and the chemically modifi ed gelatin fi lms with 4.5 g 
glycerol/100 g solution, for which  D  E * = 20 (Carvalho and Grosso  2006  ) . In the fi rst 
case, the thermal treatment must have caused fi lm browning, whereas in the second 
case, the elevated  D  E * was caused by Schiff base formation as a consequence of 
bifunctional aldehyde cross-linking (Carvalho and Grosso  2006  ) . 

 The fi lms containing lycopene exhibited higher values of color parameters as they 
are normally quite colorless (Sobral  1999 ; Vanin et al.  2005 ; Carvalho and Grosso 
 2006  ) , even in the case of addition of chlorophyll water-soluble derivatives (Table  15.5 ). 
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  Fig. 15.3    Effect of lycopene concentration ( C  
L
 ) variation on color parameters  a *,  b *, and  L * of 
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 In fact, according to Nassau, K. ( 1996 ), the appearance of color as detected by 
the eye and interpreted by the brain depends signifi cantly on the exact viewing 
 circumstances, including transparency of samples. And also the color of a pig-
mented medium, such as a plastic, depends of both transmittance and refl ectance, 
which, in turn, are different if the material is opaque or transparent (Saunderson 
 1942  ) . Hence, gelatin fi lms (Table  15.5 ) normally exhibit low color parameter val-
ues owing to the added effects of transparency and thickness. 

 The fi lms containing lycopene also exhibited low opacity, despite the linear 
increase of this property (Eq.  15.7 ;  R  2  = 0.856) as a function of lycopene concen-
tration (Fig.  15.5 ); 

     = + LY 0.4 1.4C    (15.7)   

 Nevertheless, these fi lms could be considered as quite transparent, which suggests 
that lycopene was perfectly dissolved in the polymeric matrix as a consequence of 
encapsulation, as previously discussed (Matioli and Rodriguez-Amaya  2003 ; Nunes 
and Mercadante  2007 ; Fávero-Trindade et al. 2008). According to Villalobos et al. 
 (  2005  ) , the presence of a disperse, nonmiscible phase promotes opacity as a function 
of the differences in the refractive index of the phases and the concentration and 
particle size of the dispersed phase. Gelatin-based fi lms normally exhibit high transpar-
ency ( Y  < 3) (Sobral  1999 ; Vanin et al.  2005 ; Carvalho et al.  2008a  ) .  

    15.6   Conclusions 

 Encapsulation in maltodextrin facilitated lycopene incorporation into gelatin fi lms. 
Besides delivering a reddish color to the material, which may potentially improve 
attractiveness, the presence of lycopene as an additive improved UV/visible light 
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barrier properties, which made such fi lms very appropriate for use as packaging 
material for products susceptible to lipid oxidation. The presence of lycopene to a 
concentration of 1% in gelatin does not affect the other physical and/or functional 
properties of the fi lms.      
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           16.1   Introduction 

 In the food industry, the generation of residues is related to the difference between 
the balance of mass and energy in the processes of transformation of raw materials 
into food products. Appropriate management of residues generated by or during 
manufacture of food products usually includes storage and treatment before discharge 
or reuse as raw material for other processes. 

 Discharge of treated residues implies costs to the company and for the environment. 
This cost is mostly related to the use of energy, water, chemical products, and the 
cost of the discharge process per se .  For example, residual waters from the dairy 
industry contain whey and traces of milk, cheese, yogurt, dairy drinks, and butter. 
Treatment of these residues involves large amounts of water and produces large 
volumes of effl uent that still have high concentrations of organic material that should 
be adequately treated before being disposed of in aquatic environments. 

 The transformation of raw milk into dairy products is one of the most important 
activities of the dairy industry worldwide. Along with the production of pasteurized and 
sterilized milk for direct consumption, a variety of process are used for the produc-
tion of cheese, butter, cream, ice cream, yogurt, and other fermented milk products. 
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This processing of milk generates huge amounts of waste products, especially 
whey, which is considered the most important, high-nutrient residue in the dairy 
industry. 

 Whey is the serum or liquid part of milk that is separated from curd when making 
cheese; it is generated at a mean rate of 10 L/kg of cheese produced. The whey usually 
contains nearly 50% of the total solids present in the original milk. The components 
of whey are proteins, lactose, minerals, vitamins, and traces of milk fat. Whey is a 
by-product with high nutrient content, high economic value, and interesting func-
tional properties. Whey can be used as an ingredient for other food products, such 
as fl avored milk beverages, chocolates, candies, cookies, processed cheese, and ice 
cream, and in the composition of animal feeds. 

 The world production of cheese increased in the period of 2000–2008 as shown 
in Table  16.1 . The most important cheese manufacturers are located in European 
Union member states, North America, and South America, which are collectively 
responsible for nearly 90% of the total cheese production. If it is assumed that 
generation of each unit of cheese produces ten units of whey, the calculated amount 
of whey produced in the world is around 145 million tons per year. This fi gure 
represents nearly seven million tons of lactose and one million tons of whey proteins 
that can potentially be incorporated into processes by the food industry.   

    16.2   Cleaner Production for the Dairy Industry 

 Cleaner production is a forward-looking, “anticipate and prevent” philosophy. 
The defi nition of “cleaner production” adopted by the United Nations Environment 
Programme (UNEP  2004  )  is as follows:

  Cleaner Production is the continuous application of an integrated preventive environmental 
strategy to processes, product and services to increase overall effi ciency, and reduce risks to 
humans and the environment. For production processes, Cleaner Production    results from 
one or a combination of conservation processes of raw materials, water and energy; elimi-
nation of toxic and dangerous raw material and reduction of the quantity and toxicity of all 
emissions and wastes at source during the production process.   

   Table 16.1    Annual production of cheese (×1,000 tons)   
 Year  European Union  North America  South America  Total world production 

 2000  5,861  4,208  890  12,345 
 2001  5,865  4,216  900  12,450 
 2002  5,993  4,372  840  12,870 
 2003  6,205  4,350  785  13,054 
 2004  6,481  4,504  840  13,643 
 2005  6,625  4,645  895  14,043 
 2006  6,801  4,761  1,008  14,413 
 2007  6,870  4,833  1,055  14,187 
 2008 a   6,975  4,911  1,155  14,501 

   a  Predicted  
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 For a production process, cleaner production includes conservation of raw materials 
and energy, elimination of toxic raw materials, and reduction of the quantity and 
toxicity of all emissions and wastes before they leave the process. 

 Clean production can be implemented in the manufacture of products and the 
growth of food. Sometimes called “clean technology,” or in the case of food produc-
tion “organic agriculture,” it is a way of protecting workers and communities, and 
avoiding the generation of hazardous releases into the environment. 

 Conventional industrial production is linear (Fig.  16.1 ), but clean production 
(Fig.  16.2 ) is rooted within the concepts of product life cycles.   

 Clean production is not just about cleaner production in factories. Instead, it is a 
holistic way of looking at how design and consumption of products causes severe 
ecological problems. Clean production offers ways to reverse trends of the nonsus-
tainable use of materials and energy. Clean production promotes renewable energy 

  Fig. 16.1    Conventional production line (From Thorpe, B  1999  )        

  Fig. 16.2    Clean production cycle (From   http://www.cleanproduction.org    )       
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and materials and sustainable product design, which results in the production of 
nontoxic products and processes. More importantly, it protects biological and cultural 
diversity while encouraging an approach to production and consumption that is 
precautionary and preventive. 

 Clean production ultimately means the use of renewable energy and materials, 
the minimal use of resources, the design of sustainable products, the production of 
food in a sustainable way, and the generation of waste that is benign and returnable 
to the production processes. 

 Clean production begins with a comprehensive look at the way materials fl ow in 
society. In particular, it looks at the product chain: where raw materials come from, 
how and where they are processed, what wastes are generated along the product 
chain, what products are made from the materials, and what happens to these prod-
ucts during their use and at the end of their commercial life. 

 According to various defi nitions developed over the years, four main elements 
make up the concept of clean production:

    1.    Precautionary principle. The burden is on proponents of an activity to prove there 
is no safer way to proceed, rather than on victims or potential victims of the 
activity to prove it will be harmful.  

    2.    Preventive principle. It is cheaper and more effective to prevent environmental 
damage than to attempt to manage or cure it.  

    3.    Democratic principle. Clean production can only be implemented with the full 
involvement of workers and consumers within the product chain.  

    4.    Holistic principle. For each product we buy, we need to have access to information 
about the materials, energy, and people involved in making it. Access to this infor-
mation would help build alliances for sustainable production and consumption.     

 Clean production systems for food and manufactured products are nontoxic and 
energy-effi cient, nonpolluting throughout their entire life cycle, preserve diversity 
in nature and culture, and support the ability of future generations to meet their own 
needs. 

 The cleaner production techniques can be categorized into the following areas: 
improved housekeeping, process optimization, new process technology, and new 
product design. 

 Improved housekeeping is based on improvements to work processes and proper 
maintenance, including preventing spills and wastage, and improved monitoring, 
training, and inventory. Examples of improved housekeeping are:

   Collect the fi rst fl ush of product changeovers and where possible blend these • 
back into the next product or dispose of them as animal feed.  
  Elimination of rinsing between different fl avored batches of yoghurt.  • 
  Insulation of pipes and repair of steam leaks and steam traps; e.g., a 1-mm hole • 
in a steam line at 700 kPa will lead to a loss of 3,000 L fuel oil/year (Prasad et al. 
 2004  )   
  Process optimization reduces resource consumption by optimizing existing pro-• 
cesses. The following are changes that are easily achievable in the dairy industry:  
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  Optimizing start-up/shutdown procedures and changeovers by fi ne-tuning timers • 
and accurately detecting product interfaces to reduce product waste  
  Minimizing waste during separator desludging by optimizing bowl opening • 
frequency  
  Process technology changes involve the installation of new processes and tech-• 
nology to minimize waste and increase effi ciency. Examples of installations of 
new technology include:  
  Replacing batch pasteurizers with continuous process pasteurizers incorporating • 
plate heat exchangers with less waste and countercurrent heat regeneration reduc-
ing energy consumption  
  A fully automated cleaning system in a milk processing plant to reduce water • 
and energy usage  
  Reliable instrumentation, such as turbidity meters, to identify the concentration • 
of milk solids, and a combination of temperature, pH, and conductivity meters to 
monitor clean in place    frequency, effectiveness, and chemical loss    

 New product design should result in benefi ts throughout the life cycle of the 
product, with reduced waste, reduced energy and water consumption, and higher 
yields. The new process often requires new process equipment and marketing efforts 
to successfully establish the new product in the marketplace. Ultrafi ltration of milk 
for cheese manufacture is an example of new design intended to increase the recovery 
of whey proteins in the cheese and reduces whey volumes.  

    16.3   Main Elements of Dairy Wastes and Coproducts 

 The main environmental problem caused by dairy processing is the discharge of 
large quantities of (liquid) effl uent (Table     16.2 ). The effl uent loads from dairy pro-
cessing depend on the type of product being produced, the scale of the operation, and 
whether a plant uses batch or continuous processes. Small batch processes require 
more frequent cleaning, with increased losses from product changeover, drainage, 
and cleaning losses. Evaporation processes have the potential to create very high 
organic loads owing to losses during start-up and shutdown. Cheese whey, if not used 
as a by-product (Table  16.3 ), is discharged along with other wastewaters and can 
have a considerable impact on the organic load of the waste from the plant.   

 Dairy processing effl uent generally exhibits the following properties:

   High organic load owing to the presence of milk components  • 
  Fluctuation in pH owing to the presence of caustic and acidic cleaning agents and • 
other chemicals  
  High levels of nitrogen and phosphorus and fl uctuations in temperature (UNEP • 
 2000  )     

 Whey or milk plasma is the liquid remaining after   milk     has been   curdled     and 
strained; it is a   by-product     of the manufacture of   cheese     or   casein     and has several 
commercial uses.   Sweet whey     is manufactured during the manufacture of types of 
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   Table 16.2    Sources of wastage in dairy processing (From Hale et al.  2003  )    

 Milk processing  Cheese processing  Milk powder 

 Overfi ll  Whey  Flushing at start-up and 
shutdown 

 Spillage  Cheese fi nes  Deposit on heating surfaces 
 Purge of product prior to clean 

in place    
 Curd losses from curd transfer 

system 
 Exhaust loss of fi nes from 

driers 
 Product retained in poorly 

drained pipelines 
 Wastewater from fl ushing 

pipelines 
 Heat-deposited waste  Cheese brine-salt whey 
 Product defects/returns  Separator desludge 
 Laboratory samples  UF permeate 

   UF  ultrafi ltration  

   Table 16.3    World annual whey balance and utilization in 2001(From Zadow  2005  )    

 Region 

 Total whey 
 Industrially 
utilized whey 

 Whey protein and 
lactose  Demineralized whey 

 (%)  (MT)  (%) a   (MT)  (%) b   (MT)  (%) b   (MT) 

 USA  24.8  36  80  28.8  50  14.4  10  2.9 
 European Union  41.5  60  60  36  60  21.6  10  3.6 
 Canada  2.8  4  80  3.2  50  1.6  10  0.3 
 Argentina/Brazil  6.2  9  40  3.6  70  2.5  5  0.2 
 Australia/New 

Zealand 
 5.9  8.5  90  7,7  40  3.1  10  0.8 

 Rest of world  19  27.5  25  6.9  75  5.2  5  0.3 
 Total  100  145  59  86.1  56  48.3  9  8.1 

   MT  million tons 
  a  Percentage of total whey volume 
  b  Percentage of whey utilized  

hard   rennet     cheese such as cheddar and Swiss cheese.   Acid whey     (also known as 
  sour whey    ) is obtained during the manufacture of acid types of cheese such as 
  cottage cheese    . 

 Whey contains 95% of the original water, 5% solids, most of them lactose, 20% 
of the milk protein, and traces of fat (Table  16.4 ). The composition of whey depends 
upon the type of cheese produced. Factors such as the season, location, and type and 
health of dairy cattle also affect whey composition. There are two main types of 
whey: sweet whey and acid whey. Sweet whey (pH > 5.6) is produced from the 
manufacture of rennet cheese such as cheddar or mozzarella. Acid whey (pH < 5.1) 
is produced by lactic acid fermentation to produced fresh cheese such as cottage 
cheese or cream cheese or by hydrochloric acid casein production. Acid whey 
contains higher levels of calcium phosphate than does sweet whey.  

 The main alternatives for processing of whey and milk are either concentration 
and spray drying for production of powder, or treating the milk/whey with ultrafi ltration 
for the production of proteins followed by transformation into protein concentrate 
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   Table 16.4    Composition of sweet and acid whey, and ultrafi ltration ( UF ) permeate (From 
Durham  2000  )    

 Composition 
 Sweet whey 
cheddar 

 Acid whey 

 UF permeate cheddar  HCl  Lactic acid 

 Solids (%)  6.6  5.1  6  5.5 
 pH  6.1  4.7  4  6.1 
 Lactose (%)  4.8  3.7  3.9  4.7 
 Protein (%)  0.9  0.73  0.72  0.01 
 Ash (%)  0.59  0.6  0.72  0.53 
 Lactic acid (%)  0.13  0  0.6  0 
 Fat (%)  0.06  0.05  0.003  0 
 Calcium (ppm)  430  1,200  1,140  375 
 Phosphorus (ppm)  440  680  900  275 
 Potassium (ppm)  1,460  1,200  1,530  1,450 
 Sodium (ppm)  430  270  400  430 
 Chloride (ppm)  970  2,600  910  940 

powder; this process is not entirely green as the permeate produced is a major 
by-product. 

 Production of whey protein concentrate/milk powder is an attractive alternative 
for processing whey/milk, as the product has a high value on the market. It is used 
mainly as a component for baby food and also for protein fortifi cation in various 
food formulations. 

 Whey protein/milk concentrates, obtained by the ultrafi ltration of whey, are also 
valuable products and therefore application of spray-drying technology for dehydration 
is fully justifi ed. On the other hand, the permeate by-product of the ultrafi ltration of 
whey is a material of low value and, from the point of view of the manufacturer, the 
most convenient way to handle its disposal was, until recently, dumping. This is no 
longer permitted, and therefore a spray-drying process is currently applied to the 
permeate even though such a process is not cost-effective. 

 In the food industry, spray drying is a primary process for formation of particulate 
matter. Powders that contain fat, protein, and sugar are potentially explosive. The self-
heating of milk powders can become a source of a fi re or even dust explosion in 
dairy powder plants. The stickiness of milk powder causes deposits to form on parts 
of the drying chamber wall during the spray drying of milk. Because of the high 
costs involved in frequent washing of the drier, the chamber is washed only when 
deposits have built up to an unacceptable level. The problems caused by buildup are 
fi re or explosion hazards and deterioration of product quality. Fire or explosion 
hazards are created by the tendency of the deposit to spontaneously combust in the 
presence of critical conditions (Chong et al.  1999  ) . 

 Hot surfaces are capable, if the temperature is suffi ciently high, of igniting sur-
rounding dust accumulations. The layer ignition temperature is measured in a standard 
test for a depth of 5 mm, but because of the insulating effect of dusts, thicker deposits 
can ignite at lower temperatures (Gummer and Lunn  2003  ) . The practical dangers 
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are that a smoldering or burning layer can act either directly as an ignition source 
for a dust cloud or by means of agglomerations or nests of burning material, which 
break away from deposits and ignite a dust cloud in another part of the plant. Harper 
et al.  (  1997  )  discussed the burning behavior of powder accumulations on hot surfaces. 
The stages of ignition and the form of the combustion zone can be complex. Some 
powders burn directly in the solid phase either with a fl ame or by smoldering, others 
melt and burn as a liquid, whereas some burn with a large amount of fl ame. Some 
dust can evolve large amounts of fl ammable gas when subjected to heat. 

 To predict heating behavior in milk powder deposits, Zockoll ( 1999 ) investigated 
milk powders as both the nest material and the explosive dust cloud. At 1,200°C, 
nests ignited the dust clouds; this, however, only occurred after impact on the fl oor 
of the explosion vessel. When dust was dropped over smoldering nests on the vessel 
fl oor, cloud explosions could occur at about 860°C. A fl aming nest could, however, 
be practically extinguished by the dispersal of milk powder around it in the explosion 
vessel. Tests on the development of smoldering in nests under the infl uence of a 
0.5 m/s air stream showed that smoldering developed differently depending on the 
type of milk powder. At higher air speeds, open fi res occurred in relatively large 
quantities of skim milk powder. The transition from smoldering to open fi re occurs 
around 800–850°C, depending on the type of milk. 

 Since milk is an organic product it may be spoilt afterwards as a consequence 
of its microbial bioload. These microorganisms either survived the heat treatment – 
pasteurization – or were later introduced into the product. Spoilage is evident when 
some perceptible (sensorial, color, mold) changes occur; but an expired product 
might not apparently differ from one which is edible. The practice adopted in 
most countries until the 1980s was to recall the products and then reutilize them as 
a feed. 

 European Union legislation requires the destruction of expired dairy products. 
This regulation guarantees both product safety and consumers’ safety. The regulation 
is very rigorous, i.e., raw and partially manufactured products have to be destroyed 
together with the items stored at the manufacturing facility. This regulation is 
enforced even if the item was not visibly spoilt, or had passed all quality control 
tests. Repasteurization is allowed by legislation, provided that the product was 
stored by the dairy company; only then can it be used as a raw material.  

    16.4   Utilization of By-products 

 Whey is fi rst clarifi ed to remove cheese solids and then pasteurized to stop starter 
culture activity. Options for processing whey are summarized in Fig.  16.3 .  

 Whey contains many high-value biologically active protein and nutritional 
components that are attractive to an increasingly sophisticated market. Milk and 
whey proteins have been found to have different physiological functions because of 
the numerous bioactive peptides that are carried within the intact protein. Whey 
peptides contain 3–20 amino acid residues in the amino acid sequence which defi nes 
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function. Whey peptides have been found to exhibit various properties, such as 
antioxidative, antihypertensive, antimicrobial, cytomodulatory, and immunoregula-
tory properties, angiotensin-converting enzyme inhibition, and mineral-carrying 
capacity (Korhonan and Pihlanto  2003 ). Bioactive peptides are commonly produced 
by enzymatic hydrolysis of the whole protein, in a batch or continuously with immo-
bilized enzyme membrane reactors. Hydrolysis is coupled with various separation 
procedures depending on the target peptide. A crossfl ow fi ltration process allows 
the transfer of low molecular weight species, water, and/or solvents through a mem-
brane without changing the solution volume. This process is used for purifying 
retained large molecular weight species, increasing the recovery of low molecular 
weight species, buffer exchange, and simply changing the properties of a given 
solution. Stepwise ultrafi ltration (with diafi ltration) can be used to fractionate the 
peptides on the basis of size, whereas ion exchange/size-exclusion chromatography 
is used for separations based on size and charge. 

 A new technique reported by Groleau et al.  (  2004  )  involves peptide fractionation by 
electronanofi ltration, which involves inserting a cathode into the permeate compartment 
of the nanofi ltration unit to increase separation of neutral and basic peptides. 

 Evaporation and spray drying are the generally accepted methods for the disposal 
of large quantities of whey, and a whey drying plant is often an integral part of a 
cheese factory (Caric  1994  ) . 

 Whey powder is used in a wide range of foods, mostly as a lower-cost skim milk 
replacer, and in animal food. The properties of the whey powder are mainly governed 
by the amount of lactose converted to  a -monohydrate crystals before drying, creating 
a nonhygroscopic free-fl owing product. If the lactose in the liquid whey is not 
crystallized, the resulting high levels of amorphous lactose in the dried whey will 
lead to caking and poor storage stability (Listiohadi et al.  2005 ). New technology, 
known as the Paradry process, has been developed to improve the drying of hygro-
scopic liquids. This process has been designed for evaporation of liquids with high 
total solids contents, high viscosity, or tendency to foul. It is continuous, has low 
operating cost, and produces a noncaking power. 

Milkprocessing Cheese processing Milk powder

Overfill Whey Flushing at start-up and
shut down 

Spillage Cheese fines Deposit on heating
surfaces

Purge of product prior
to CIP

Curd losses from curd
transfer system

Exhaust  loss of fines 
from driers

Retained product.in
poorly drained
pipelines

Waste  water  from 
flushing pipelines

Heat deposited waste Cheese brine-salt whey

Product defects/returns Separator de-sludge

Laboratory samples UF   permeate

  Fig. 16.3    Process alternatives for whey.  Evap  evaporation,  UF  ultrafi ltration (From Waldron  2007  )        
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 Lactose is recovered from whey permeate as edible-grade lactose in most dairy 
manufacturing countries. Edible-grade lactose is used in infant formula, chocolate, 
confectionery, and baked goods and as a fl avor/color carrier. Pharmaceutical-grade 
lactose is further refi ned and converted into a range of products: milled lactose crys-
tals, spray-dried lactose, anhydrous  b -lactose, and micronized lactose. It is mainly 
used in pharmaceuticals as a tabletting excipient, but is also used as a high-price, 
dry-powder inhaler. Pharmaceutical-grade lactose and edible-grade lactose are also 
used as a raw material for lactose derivatives such as lactose, lactobionic acid, lac-
titol, and galacto-oligosaccharides, or are hydrolyzed to liquid lactose syrup. 

 The process of lactose manufacture typically involves concentration of the ultra-
fi ltration permeate to 60% solids in a multiple-effect evaporator. The concentrate is 
transferred to large crystallizer vats and slowly cooled over 20 h. The crystallized 
lactose is then separated, creating mother liquor containing 20–30% of the lactose 
plus 90% of the ash. The lactose crystals are washed in a refi ner washer with water 
in a ratio of 1:1 water to lactose, then dried, milled, and bagged. 

 Lactose can be enzymatically hydrolyzed to glucose and galactose with  b -galac-
tosidase, producing a syrup that is more easily digested by those who are lactose-
intolerant. Hydrolyzed lactose is sweeter and more soluble than lactose and can be 
used for sweetening syrups in ice cream, yoghurts, and drinks without lactose crys-
tallization problems. Galactose, formed from hydrolyzed lactose, is also fi nding a 
market as an endurance sports drink additive (G-Push). However, cost and diffi culty 
of storage limit the production and use of hydrolyzed lactose syrup. 

 Whey fractionation imposes greater processing demands, but results in a wide 
range of products with unique functionalities and high value in the marketplace. 
Fractionated whey products include whey protein concentrate; whey protein isolate; 
 a  and  b  fractions; bioactive proteins such as immunoglobulins, lactoferrin, lactoper-
oxidase, and glycomacropeptide; and hydrolyzed bioactive peptides. By-products 
from the ultrafi ltration permeate include edible-grade lactose, pharmaceutical-grade 
lactose, hydrolyzed lactose, lactose derivatives, and milk salts. Applications of 
whey by-products are summarized in Table  16.5 .  

 Ultrafi ltration membranes with a molecular mass cutoff in the range 10,000–
30,000 Da are used to concentrate the whey proteins, whereas the lactose and miner-
als readily pass through the membrane into the ultrafi ltration permeate. The ultrafi lter 
concentrates the whey protein concentrate to 15–20% total solids. The spray-dried 
whey protein concentrate contains approximately 34% protein, dry weight; the 
remainder consists of lactose and minerals. Whey protein concentrate with approxi-
mately 34% protein has a gross composition similar to that of skim milk powder and 
can be used in food as a skim milk replacement. 

 Nanofi ltration is a membrane process used to separate small molecules such as 
mineral ions and water salts but to retain larger molecules (including lactose and 
proteins), coupling demineralization with concentration. Nanofi ltration using 300-
Da membranes preferentially removes up to 65% of the monovalent ions (Na + , K + , 
Cl − ), with further reductions achieved by diafi ltration. Removal of monovalent ions 
improves lactose crystallization from whey permeate. Guu and Zall  (  1992  )  reported 
that lactose recovery improved by 8–10% after nanofi ltration. Nanofi ltration is also 
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advantageous for the production of demineralized whey powder for infant formula, 
as calcium phosphate is retained, but monovalent ions are removed. The nanofi ltration 
permeate contains about 0.3–0.5% solids including potassium, sodium, nonprotein 
nitrogen, and lactose. The permeate can be cleaned, by reverse osmosis, to produce 
clean water, with the remaining solution being a “dairy salt” concentrate. This mon-
ovalent salt mixture could be a useful by-product as a natural low-sodium table salt 
substitute or it could be used in sports and health beverages. 

 This salt has also been reported to be recovered and used to regenerate ion-
exchange resins (Durhan et al.  2004 ). Whey is supersaturated with calcium phos-
phate and contains high levels of potassium and sodium. Calcium phosphate 
precipitation can cause problems such as fouling of the membrane or evaporator. 
High levels of minerals can inhibit lactose crystallization, which can adversely 
affect nonhygroscopic whey production and reduce yields and purity for lactose 
manufacture. The presence of high mineral levels limits the use of whey powder in 
infant formula and adversely affects the fl avor and range of applications of whey 
products. A range of demineralization techniques have been developed, including 
precipitation, ion exchange, electrodialysis, and nanofi ltration. These processes can 
be combined to remove a greater proportion of minerals. 

 Calcium phosphate precipitation is enhanced by raised pH, heat, and concentra-
tion. This leads to evaporators fouling, shortened process runs, and additional cleaning 
losses. Removal of protein further destabilizes calcium phosphate, causing more 
fouling to occur during the evaporation of ultrafi ltration permeate (Schmidt and 

   Table 16.5    Properties and uses of whey and permeate coproducts (From  Durham et al.  1997 )   

 Product  Properties  Usage 

 Whey powder  Low-cost milk solids  Skim milk replacement 
 Demineralized whey powder  High-quality protein  Infant formula 
 Whey protein concentrate 

(35–85% protein) 
 High-quality protein, gelation, 

adhesion, emulsifi cation, 
foaming 

 Infant formula, sports diets, 
nonfat milk replacement, 
processed meats, desserts 

 Whey protein isolate (90%+)  High-quality protein  Infant formula, sports diets 
  a -Lactalbumin ( a  fraction)  High-quality protein  Infant formula 
  b -Lactoglobulin ( b  fraction)  Gelling solubility and nutrition  Restructured meat or fi sh, 

sports and dietetic 
beverages 

 Lactoferrin  Antibacterial  Infant formula 
 Lactoperoxidase  Anticaries  Toothpaste 
 Glycomacropeptide  Bifi dobacteria, enhanced 

immunity 
 Infant formula 

 Immunoglobulins  Anticancer  Cancer prevention, cancer 
treatment 

 Peptides (hydrolyzates)  Bioactive  Convalescent diets, athletes 
 Edible lactose  Carrier, fi ller, free-fl ow agent  Color, fl avor carrier, instant 

powdered foods 
 Pharmaceutical lactose  Bulking agent, binder, fl avor  Milk standardization 

Tabletting excipient 
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Both  1987  ) . Calcium phosphate precipitation is also responsible for fouling of 
ultrafi ltration membranes (Ramachandra et al.  1994  ) . Rapid removal of calcium and 
phosphate prior to heating and concentration is the preferred option, but this is not 
always possible when the whey protein needs to be protected. 

 Many dairy manufacturers are now recovering calcium phosphate from whey to 
produce dairy calcium supplements marketed to combat osteoporosis. The precipi-
tated calcium phosphate can be recovered using centrifugal separators, followed by 
washing, drying, and milling. 

 Ion exchange is capable of removing up to 95% of the minerals that are present 
in whey, with the dematerialized whey mostly used in infant formula. There are 
many diffi culties with the ion-exchange process, such as short running times 
between regeneration, high consumption of regenerant chemicals and associated 
waste problems, high water requirements to remove excess regenerant, losses of 
whey protein due to irreversible adsorption, and loss of protein functionality due to 
pH fl uctuations during processing  Jonsson and Arph,  1987 ). Ion-exchange resins 
can also be used just to decalcify whey and permeates, by employing cationic resins 
in the sodium or potassium from; thereafter, the decalcifi ed whey or permeate is 
nanofi ltered to remove the excess sodium and potassium. The ion-exchange resin 
can be regenerated using the concentrated permeate from the nanofi lter, thereby 
recycling the salt from within the process, and avoiding the cost and pollution asso-
ciated with purchasing salt to regenerate the resin (Durham et al.  2004 ). 

    16.4.1   Hydrogen Production from Cheese Whey 

 Cheese whey contains nutrients, such as lactose (4.5–5% w/v), soluble proteins 
(0.6–0.8% w/v), lipids (0.4–0.5% w/v), and mineral salts (8–10% dried extract). 
The high organic content of cheese whey can be converted to a mixture of methane 
and carbon dioxide (biogas). Moreover, under specifi c operating conditions, hydro-
gen can be formed from the conversion of the soluble carbohydrates such as lactose, 
and this is mainly responsible for the high chemical oxygen demand (COD) values 
(60–80 g COD/L). 

 Biogas production takes place during anaerobic digestion. Anaerobic digestion 
is a complex process involving the synergy of several groups of microorganisms 
that break down the organic matter into a gas mixture consisting of methane and 
carbon dioxide (biogas). It is applicable to stabilize wastes of high organic load, 
such as sewage sludge and agro-industrial wastes (such as manure and cheese 
whey), producing low volumes of sludge (compared with aerobic treatment) and 
large volumes of methane-rich biogas suitable for energy production. Cheese whey 
is an easily biodegradable organic source, consisting mainly of soluble carbohy-
drates (lactose). During anaerobic digestion (Fig.  16.4 ), the solids contained in the 
whey (mainly carbohydrates, proteins, and lipids) are hydrolyzed by bacterial 
enzymes to their soluble derivatives (i.e., sugars, amino acids, long-chain fatty 
acids). The acidogenic bacteria can take up these monomers into their cells and 
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convert them into a mixture organic acids (lactic, acetic, propionic, and butyric acids), 
alcohols, and hydrogen. This is the fastest step in anaerobic digestion, resulting in 
the production of acids that tend to decrease the pH. Under conditions of low hydrogen 
partial pressure (lower than 10 −6  atm.) and pH above 6, the intermediate products of 
acidogenesis are converted to acetic acid by acetogenic bacteria. Finally, the acetic 
acid and hydrogen are converted to methane and carbon dioxide by methanogenic 
bacteria under conditions of neutral pH.  

 The organic matter contained in the bulk liquid volume of cheese whey is trans-
formed into gaseous products, leaving the wastewater with a reduced organic load. 
The energy stored in the chemical bonds of the organic compounds in cheese whey 
is converted to methane during anaerobic digestion. This is both an energy conservation 
process and a means of pollution control. 

 Methanogenesis is performed in the secondary treatment of cheese whey and 
other effl uents. There are several confi gurations developed in one-stage or two-stage 
systems intended to improve the performance of the process in terms of COD reduc-
tion and methane yield. In two-stage systems, the acidogenesis and methanogenesis 
phases are separated in two bioreactors combined in series. As cheese whey contains 
soluble carbohydrates at high concentrations (36 g/L; Antonopoulou et al.  2008  ) , it 
is possible to obtain biogas rich in hydrogen in the acidogenic stage. 

 Much attention has been given to hydrogen gas and its potential use as a fuel for 
transport purposes and electricity generation. Hydrogen is considered to be an alter-
native energy candidate because it is a clean and environmentally friendly fuel, 
oxidized to harmless water as a combustion product, instead of greenhouse gases. 
Biological methods for hydrogen production are environmentally friendly and may 
be viable for exploiting these wastes, as they can be combined with other biological 
methods for further treatment to reduce the COD. Biohydrogen may be produced by 
cyanobacteria and algae through biophotolysis of water or by photosynthetic and 
chemosynthetic fermentative bacteria. The latter process seems to be the most 
promising because it is carried out without light energy, and a variety of renewable 

  Fig. 16.4    Organic matter breakdown in the anaerobic digestion process       
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feedstocks can be used as substrates. Carbohydrates are the main source of hydrogen 
during fermentative processes and, therefore, wastes/wastewaters or agricultural 
residues rich in carbohydrates (such as dairy wastewaters) can be considered as 
potential sources of hydrogen. 

 Degradation of glucose (or its isomers or its polymers, starch, and cellulose) during 
anaerobic conditions is accompanied by the production of hydrogen and various 
metabolic products, mainly volatile fatty acids (acetic, propionic, and butyric acids), 
lactic acid, and alcohols (butanol and ethanol), depending on the microbial species 
present and the prevailing conditions. The hydrogen yield can be correlated stoi-
chiometrically with the fi nal metabolic products through the reactions describing 
the individual processes of acidogenesis (Eqs.  16.1  and  16.2 ). The production of 
acetic and butyric acids favors the simultaneous production of hydrogen. The fermen-
tation of glucose to acetic acid produces a maximum theoretical yield of 4 mol 
hydrogen per mole of glucose (reaction in Eq.  16.1 ) and the conversion to butyric 
acid results in 2 mol hydrogen per mole of glucose (reaction in Eq.  16.2 ):

     + ® + +6 12 6 2 3 2 2C H O 2H O 2CH COOH 2CO 4H    (16.1)  

     ® + +6 12 6 3 2 2 2 2C H O CH CH CH COOH 2CO 2H    (16.2)   

 In practice, the production of multiple metabolic products, such as lactic acid, 
propionic acid, or ethanol, produces a lower net yield of hydrogen. Moreover, acetate-
producing metabolism may occur via different, non-hydrogen-yielding pathways. 
In mixed fermentation processes, the microorganisms may select different pathways, 
while converting sugars, as a response to changes in their environment (pH, sugar 
concentration, etc.). The absence or presence of hydrogen-consuming microorgan-
isms in the microbial consortium also affects the microbial metabolic balance and, 
consequently, the fermentation end products. To improve hydrogen production, all 
of these aspects should be taken into account and assessed. The following are factors 
considered crucial for hydrogen production from cheese whey:

    • Regulation of pH . The optimum pH range for hydrogen production is considered 
to be 5–6. The high production of acids from cheese whey, if not controlled, will 
cause the pH to drop below 5. Antonopoulou et al.  (  2008  )  found that addition of 
20 g/L NaHCO 

3
  was suffi cient to keep the pH of the hydrogen reactor at 5.2; this 

is the pH that is required to obtain a stable operation of a continuous stirred tank 
reactor at a hydraulic retention time of 24 h. The yield in terms of liters of hydrogen 
produced per liter of whey added was 2.49. Davila-Vazquez et al.  (  2008  )  studied 
the feasibility to produce hydrogen from cheese whey powder in batch reactors 
and found that 1 mmol H 

2
 /L/h could be attained at pH 7.5 from 25 g/L cheese 

whey powder, indicating that hydrogen production may occur at pH values higher 
than 6. Ferchichi et al.  (  2005  )  studied the infl uence of initial pH on hydrogen 
production from cheese whey. The initial pH varied between 5 and 10 in batch 
experiments where the crude cheese whey (87.5% v/v) was fermented by 
 Clostridium saccharoperbutylacetonicum . The maximum hydrogen production 



39516 Clean Strategies for the Management of Residues in Dairy Industries

rate and yield were observed at an initial pH 6 and then steadily decreased as the 
pH increased. The highest rate and yield were 28.3 mL/h and 7.89 mmol/g lactose, 
respectively. It was also found that lag phase times were much longer at acidic 
pH than at alkaline pH. Yang et al.  (  2007  )  performed experiments in a completely 
mixed reactor (continuous stirred tank reactor). The pH of the bioreactor was 
controlled in a range of 4.0–5.0 by addition of carbonate to the feed material 
consisting of simulated cheese processing wastewater. Maximum hydrogen 
yields were between 1.8 and 2.3 mmol/g COD fed for the loading rates tested 
with a hydraulic retention time of 24 h.  
   • Inoculation . The use of heat-treated sludge is a common practice used to seed a 
bioreactor to produce hydrogen. This process favors the presence of the spore-
forming, hydrogen-producing  Clostridium . This practice was followed by Davila-
Vazquez et al.  (  2008  ) , who treated the inoculum as follows: granular sludge was 
used as inoculum and washed with three volumes of tap water and then boiled for 
40 min to inactivate methanogenic microfl ora and was stored at 4°C before use. 
However, Antonopoulou et al.  (  2008  )  followed a different strategy: the indigenous 
microorganisms of the cheese whey were used for the start-up of the bioreactor 
by fi lling it with cheese whey and letting it operate in batch mode for 24 h. After 
this inoculation time, the mode was switched to continuous and hydrogen con-
tinued to be produced at a constant rate (Fig.  16.5 ). The inoculation procedure 
followed by Antonopoulou et al.  (  2008  )  indicated that no spore-forming bacteria 
able to produce hydrogen prevailed. The fact that the raw cheese whey can be 
directly used for the production of hydrogen is very important for the operation 
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  Fig. 16.5    The evolution of biogas and hydrogen in the hydrogenogenic reactor throughout the 
experimental period (Reprinted with permission from Antonopoulou et al.  2008  )        
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of a full-scale plant, suggesting that no extra energy will be required either for the 
start-up of the reactor or for the pasteurization or sterilization of the infl uent.   
   • Organic acid production . In general, hydrogen yields are correlated to the fi nal 
metabolic products. The production of acetic and butyric acids is accompanied by 
the production of hydrogen, whereas the production of propionic acid indicates 
that hydrogen is consumed. Moreover, lactic acid and ethanol production is accom-
panied by no hydrogen generation. In the cases studied by Davila-Vazquez et al. 
 (  2008  )  and Yang et al.  (  2007  ) , acetic and butyric acids were detected at higher 
concentrations than propionic acid. The same was also found by Antonopoulou 
et al.  (  2008  ) , who also monitored the lactic acid concentration in a hydrogenotrophic 
bioreactor. In fact, lactic acid was produced at signifi cant concentrations. It was 
also observed that when the hydrogen production decreased, the lactic acid con-
centration increased and the pH fell below 5. Therefore, these three parameters 
seem to be closely correlated and reveal the dynamic behavior of the microbial 
community towards factors that affect the pH of the medium, and result in a shift 
of the metabolism towards to more lactate and less hydrogen or vice versa.    

 In conclusion, the microbial production of hydrogen from cheese whey has not 
been extensively studied so far. Fermentative hydrogen production processes do not 
reduce the organic content of the feed. A total COD removal below 5% can be 
achieved and, therefore, another, subsequent stage is required for COD reduction.   

    16.5   Wastewater Treatment 

    16.5.1   Characterization of Dairy Wastewaters 

 According to Janczukowicz et al.  (  2008  ) , the key pollutants in dairy wastewater are 
organic compounds [defi ned as the 5-day biological oxygen demand (BOD 

5
 ) and 

COD] that occur in abundance, suspended solids, and biogenic elements. The main 
contributors to organic load in dairy wastewater are lactose, fats, and proteins originat-
ing from the milk (Perle et al.  1995  ) . The correlation between fats, proteins and car-
bohydrates might be varied in the case of dairy wastewater, which is extremely 
signifi cant as far as its biodegradability is concerned. All dairy production effl uents 
can be treated together, with the exception of whey. The biodegradation demands are 
complex and may cause too much burden on wastewater treatment technology sys-
tems. Whey by-product should therefore be managed within a separate installation 
(Janczukowicz et al.  2008  ) . 

 Orthon et al.  (  1993  )  investigated the biological treatability of integrated dairy 
plant wastewater containing a small fraction of whey wash waters. The results 
showed that the wastewater tested had practically no initially inert fraction, but 
generated residual microbial products accounting for 6–7% of the initial degradable 
COD; thus, it was noted that effl uent COD could not be biologically reduced below 
85 mg/L. Danalewich et al. ( 1998b )    evaluated effl uents from 15 different dairy 
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plants and, on the basis of the mean total BOD 
5
  and total COD values (1,856 mg/L 

and 2,855 mg/L), confi rmed that milk processing wastewaters often have a rela-
tively high organic content, which varied greatly within and among plants. For the 
great majority of the plants evaluated, the BOD 

5
  to COD ratio was above 0.5, with 

an average of 0.6320, showing that most of the organic compounds in dairy wastewa-
ters should be easily biodegradable. On average, about 76% of the soluble solids 
were volatile, even though the ratios varied over a wide range. Total solids and vola-
tile levels also varied signifi cantly. On average, 52% of the total solids were found 
to be volatile, indicating that soluble inorganic constituents were important in these 
waste streams. The pH values of composite samples collected over a 24-h period 
were generally near neutrality or basic, indicating that the large quantities of caustic 
soda used for cleaning, apparently had a greater impact on overall wastewater pH 
than the acids used for cleaning. As regards nutrient requirements, Danalewich et al. 
(1998) found that phosphorus was present at much greater levels than the amount 
needed for aerobic biological treatment, and in the most of the cases nitrogen levels 
were suffi cient.  

    16.5.2   Preliminary Processes 

 Preliminary treatment is the fi rst step in dairy wastewater treatment plants and 
removes large objects such sticks, bottles, cans, stone, grit, and rags; this process 
protects the equipment in the plant from physical damage or interference with 
downstream equipment and treatment processes, including pumps, pump inlets, and 
pipelines (Nielsen  1996  ) . Treatment equipment such as bar screens and grit cham-
bers are used as the wastewater fi rst enters a treatment plant. There are several types 
of screens used in wastewater treatment, including static or stationary, rotary drum, 
brushed, and vibrating screens. Mesh sizes in such equipment can range from 0.5 in. 
in a static screen to 40 mesh in a more fi nely spaced mechanically brushed system 
(Britz et al.  2006  ) . Screening systems may be used in combination (i.e., prescreen 
– polish screen) to achieve the desired solids removal effi ciency (USEPA  2002 ). 
To prevent the settling of coarse matter in the wastewater before it is fi ltered, the ratio 
of the depth to the width of the approach channel of the screen should be 1:2, and the 
velocity of water should not be less than 0.6 m/s (Droste  1997  ) . Screens can be 
cleaned manually or mechanically and the material collected can be sent for com-
posting and used as a soil amendment or as a medium to grow plants. The screened 
material can also used to produce animal food or it can be disposed of in a landfi ll. In 
dairy wastewater plants it is recommended that the retained material from the screen-
ing process should be removed a quickly as possible to prevent an increase in the 
COD concentration as a result of solubilization of the solids (Britz et al.  2006  ) . 

 Most dairy factories operate intermittently, with discontinuous wastewater pro-
duction, and where weekly variation of wastewater fl ow is also a common occur-
rence. In addition, there are signifi cant differences in fl ow during processing and 
cleanup periods, producing a substantial diurnal variation in fl ow and organic load 
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on processing days. To minimize the need for sizing subsequent treatment units to 
handle peak fl ows and loads, fl ow equalization tanks may be installed to provide a 
constant 24-h fl ow rate on processing days, but sizing may also be used to provide a 
constant daily fl ow rate, including on nonprocessing days. Large variations in pH 
wastewater are encountered in a dairy plant’s discharge, which may be attributed to 
the different cleaning strategies employed. Alkaline detergents generally used for 
organic matter removal would have a pH above 10, whereas acid-based sanitizers and 
acidic cleaners used for the removal of mineral deposits have a pH of 1.5–6.0 (Britz 
et al.  2006  ) . The typical pretreatment of dairy wastewaters consists in the modifi cation 
of the fl ow rate and pH of the dairy processing waste stream by a fl ow equalization – 
neutralization system. Such processes even out the wide variations encountered in a 
dairy plant’s discharge, and also provide a means of isolating accidental causes of acid 
spills which would shift the pH of the wastewater above 9.0 or below 6.0. 

 The presence of equalization basins, in which the effl uent remains for at least 
6–12 h, promotes better operation conditions of secondary wastewater treatment 
systems as they are not subjected to shock loads and variations of feed and pH 
values. In these facilities, residual oxidants can react completely with solid particles, 
neutralizing cleaning solutions. Maintaining the pH between 6.5 and 7.5, minimizes 
or even prevents the corrosion as this is a process which may occur at pH values 
below 6.5 and above 10. To avoid settling of solids and odor generation, aeration 
and mixing of fl ow equalization basins are required. Methods of aeration and mixing 
include diffused air, diffused air with mechanical mixing, and mechanical aeration 
(Tchobanoglous and Burton  2003  ) . The best localization for equalization facilities 
differs with the characteristics of the collection system, the wastewater to be han-
dled, land availability, and the type of treatment required.  

    16.5.3   Primary Treatment 

 Primary treatment is the second step in treatment and removes settable and fl oatable 
materials from the dairy wastewater. Wastewater is, often fi rst, held in a quiet tank 
for several hours to allow particles to settle to the bottom and the greases to fl oat to 
the top. The solids drawn off the bottom and skimmed off the top are then moved 
and undergo further treatment through a solids handling   processes. The clarifi ed 
wastewater fl ows to the next stage of wastewater treatment. The presence of fats, oil, 
and grease in dairy wastewater can cause a variety of problems in biological waste-
water treatment systems. 

 Gravity traps are extremely effective, self-operating, and easily constructed sys-
tems, where wastewater fl ows through a series of cells, and fats, oil, and grease, 
which usually fl oat on top, are removed by retention within the cells. Drawbacks 
include frequent monitoring and cleaning to prevent buildup of fats, oil, and grease, 
and decreased removal effi ciency at pH above 8 (IDJ  1997  ) . 

 Most fats, oils, and grease have low density and cannot be separated effi ciently 
by sedimentation from water streams. Thus, fl otation is a preferred technique for the 
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removal of oil and particles with low density from water during or after de-emulsifi cation; 
fl otation may be natural or forced depending on technical/economic consider-
ations. Dissolved air fl otation (DAF) is used extensively in the primary treatment of 
dairy industry wastewaters to remove suspended solids. The principal advantage of 
DAF over gravity settling is its ability to totally remove very small or light particles 
(including grease) in a shorter period of time. Once particles have reached the sur-
face, they are removed by skimming (Tchobanoglous and Burton  2003  ) . 

 In DAF, either the entire infl uent (incoming material), some fraction of the infl uent, 
or some fraction of the recycled DAF effl uent is saturated with air at a pressure of 
40–50 psi (250–300 kPa), and is then introduced into the fl otation tank. The dissolved 
air is converted to minute air bubbles under the normal atmospheric pressure in the 
tank. These air bubbles attach to the fat particles, and the scum formed is skimmed 
off at the top of tank. Chemicals (e.g., lime, iron and aluminum salts, polymers, and 
fl occulants) are often added prior to the DAF to improve the DAF performance. 
A DAF system has many advantages, including its low installation costs, compact 
design, ability to accept variable loading rates, and low level of maintenance 
(Nielsen  1996  ) . The mechanical equipment used in the DAF system is fairly simple, 
requiring limited maintenance attention for things such as pumps and mechanical 
drives (USEPA 2002). The resulting scum is formed by an unstable waste material 
that should preferably not be mixed with sludge from biological and chemical treat-
ment process since it is very diffi cult to dewater (Britz et al.  2006  ) .  

    16.5.4   Secondary Treatment 

 Secondary treatment is the stage responsible for the consumption of the organic 
matter. The process in this treatment stage can be physicochemical or biological, or 
also a combination of both. The dairy effl uents selected for a specifi c treatment 
process are dependent on the effl uent’s characteristic composition. Those effl uents 
treated by a biological process can be divided in two major groups, those treated via 
aerobic or anaerobic processes. Both aerobic and anaerobic technologies have their 
characteristic advantages and disadvantages, and many authors have recommended 
their combination as the best option for the treatment of wastewaters with high 
organic matter concentrations. Through combined processes, optimized for dairy 
wastewater treatment, effl uent discharge limits for agro-industry wastewaters are 
adequately reached (Demirel et al.  2005 ). 

 The aerobic technologies adopted by many dairy industries for processing waste-
waters, when applied as the sole solution, are usually highly energy intensive and 
may lead to uncertainty regarding stabilized performance, owing to factors such as 
overloading and bulking sludge. On the other hand, anaerobic technologies are sim-
pler, require a lower budget to operate, and have the potential of producing energy 
from the utilization of the main process product, biogas with a high content of meth-
ane (Arvanitoyannis and Giakoundis  2006  ) . It is also known that alone anaerobic 
processes are not capable of providing an acceptable quality of effl uent, so the 



400 G. Tommaso et al.

application of anaerobic processes followed by aerobic processes is the best option 
for any high-strength wastewater, with the additional possibility of promoting nitro-
gen removal. 

 In the conventional anaerobic treatment processes often used for treating dairy 
wastewaters, anaerobic fi lters and upfl ow anaerobic sludge blanket (UASB) reactors 
are the most common reactor confi gurations used. The UASB reactors are preferred, 
as they can treat large volumes of dairy wastewaters in a relatively short time. Lipid 
degradation and inhibition in single-phase anaerobic systems is frequently discussed 
in the literature, as lipids are potential inhibitors in anaerobic systems. Moreover, 
high concentrations of suspended solids in dairy waste streams can also adversely 
affect the performance of conventional anaerobic treatment processes, particularly 
the most commonly used upfl ow anaerobic fi lters. Thus, two-phase anaerobic diges-
tion processes should be considered more often to overcome problems that may be 
experienced in conventional single-phase design applications (Demirel et al.  2005  ) . 

 Alkalinity must be recognized as one of the major factors affecting anaerobic 
treatment exploratory studies: the selection of the type, amount, and the process 
confi guration itself has considerable impact on proper design and operation (Speece 
 1996  ) . According to Demirel et al.  (  2005  ) , adequate levels of alkalinity are consid-
ered to be most important for controlling process reliability during anaerobic treat-
ment of dairy wastewater. This statement was also made by Ratusznei et al. ( 2003a )   , 
Mockaitis et al.  (  2006  ) , Bezerra et al.  (  2007  ) , and Fuzatto et al.  (  2009  ) . These 
authors insist that the operating stability of anaerobic batch reactors is strongly 
dependent on the alkalinity supplementation strategy. 

 One of the main problems related to dairy effl uents is associated with lipid 
content. Although lipids are easily hydrolyzed to long-chain fat acids ( Hanaki et al. 
 1981 ), they can cause many problems related to the biomass present in anaerobic 
reactors. These problems are always related to biomass washout, short circuit forma-
tion, and microorganism inhibition due to exposure to long-chain fatty acids (Hwu 
and Lettinga,  1997 ; Vidal et al.  2000 ; Alves et al.  2000 ; Demirel et al.  2005  ) . 

 Some alternatives, such as the inclusion of fi lters in the upper part of UASB 
reactors, are indicated for the minimization of the problem of expulsion of the baiomass   . 
   Córdoba et al. ( 1995 ) compared two anaerobic systems for diluted dairy wastewater 
treatment, a biological fi lter with polyurethane foam as a support and a UASB reactor, 
in which a gas/liquid/solid separator was substituted by a polyurethane foam stream 
bed. With organic loading rates from 1 to 8 kg/m 3 /day, the hybrid confi guration 
showed better results, reaching 89.9% of COD removal at the highest load. 

 The search for solutions for problems related to the presence of lipids has moti-
vated researchers to use lipases in the pretreatment of wastewaters. Rigo et al. ( 2008 ) 
studied the use of enzymatic compounds in the prehydrolysis of oils and fats present 
in effl uents from slaughterhouses. An enzymatic “pool” produced by solid-state 
fermentation using  Penicillium restrictum  was compared with a commercial lipase 
(Lipolase® 1000 T from Novozymes). The conclusion was that both conditions 
tested were adequate to perform the prehydrolysis of oils and fats present in fl oating 
residues from slaughterhouse effl uents. Although the specifi c activity of the com-
mercial enzyme was higher than that found in the enzymatic “pool,” similar effl uent 
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hydrolysis levels were obtained. Using the same enzymatic pool, Leal et al. (2002) 
studied the effect of enzymatic pretreatment in the effi ciency of a UASB-type reactor 
in pilot-scale treatment of wastewaters from the dairy industry. It was observed that 
enzymatic pretreatment increased the overall effi ciency of the process and the initial 
organic matter degradation rate. The authors concluded that the results confi rm the 
potential viability of enzymatic systems combined with anaerobic reactors in the 
degradation of wastewaters rich in lipids. Promising results have also been reported 
by Mendes et al. ( 2006 ), with the use of pancreatin in the hydrolysis of dairy waste-
waters. They detected biogas production of the order of 445 ± 29 mL when the effl uent 
was submitted to hydrolytic pretreatment and 209 ± 47 mL without pretreatment in 
reactors of total volume 500 mL, with 50 mL of anaerobic inoculum previously 
adapted. In addition, Gomes et al. ( 2011 ) found that enzymatic treatment with 
porcine pancreas lipase was harmful to the granular structure, promoting biomass 
disruption and expulsion, and loss of effi ciency and stability. 

 The following biochemical and physiologically based inhibitory mechanisms 
were recognized in the anaerobic digestion of dairy effl uents:

   Lack of a developed proteolytic enzymatic system capable of casein solubilization • 
in the nonacclimatized sludge. The result is a very slow rate of degradation and 
consumption of casein and hence low process effi ciency. This could be overcome 
by a long period of careful acclimatization to casein, as when effl uent is    fed to 
casein-acclimatized reactors the degradation of casein is very fast and its degra-
dation products are biologically available and noninhibitory to the anaerobic 
process.  
  Inhibition of the process by milk fat and by the long-chain fatty acids resulting • 
from milk fat lipolysis. The inhibition is expressed both by reduction of the 
methanogenic activity and by reduction of the ATP level, which indicate a 
general reduction in the physiological activity of the cells. In relation to glycerol, 
this compound was found to be a noninhibitory, readily available by-product of 
milk fat biodegradation (Perle et al.  1995  ) .    

 Concerning the inhibition aspect, Alves et al.  (  2000  )  suggested that the long-
chain fatty acids could be potentially deleterious to methane formation, especially 
the fraction related to acetate consumption, which represents 70% of the overall 
production. They also indicated that both tolerance to toxicity and biodegradability 
of oleic acid were improved by acclimatization with lipids. In this way, Vidal et al. 
 (  2000  )  studied the anaerobic biodegradability of two synthetic wastewaters: one 
rich in fats (COD ratio; fats/proteins/carbohydrates 1.7:0.57:1) and the other with a 
low fat content (COD ratio; fats/proteins/carbohydrates 0.05:0.54:1) were studied in 
samples with total COD ranging from 0.4 to 20 g/L. There were no problems of 
sludge fl otation and the maximum biodegradability and methanation were obtained 
when operating with wastewaters in the range 3 ± 5 g COD/L. The anaerobic bio-
degradation rate of fat-rich wastewaters was slower than that of fat-poor wastewaters 
owing to the slower rate of the fat hydrolysis step. However, this fact avoided the 
accumulation of volatile fatty acids and the overall process was facilitated. The 
presence of fats in the wastewater specifi cally prevented the periodic production of 
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high concentrations of volatile fatty acids, which may adversely affect the process. 
Under the actual experimental conditions, the intermediates of fat degradation 
(glycerol and long-chain fatty acids) do not seem to reach suffi cient concentrations 
to affect the anaerobic process. 

 Raw whey is known to be quite problematic when subjected to anaerobic 
processes; this condition is precipitated by prevailing low bicarbonate alkalinity, its 
high COD concentration, and its tendency to rapidly become acidifi ed. During 
anaerobic digestion, it is important to keep the pH at levels at which the methano-
gens are active; this is the most crucial factor during the operation of anaerobic 
digesters. Several authors have pointed out that it is diffi cult for an anaerobic 
digester to self-sustain the pH in the case of cheese whey treatment (Mah  1983 ; 
Ghaly and Pyke  1991 ; Ghaly  1989 ; Yan et al.  1989 ; Clanton et al.  1987 ; Lo and Liao 
 1986 ; Wolfe  1983  ) . The indigenous bacterial population of cheese whey is rich in 
microbes that convert lactose rapidly to lactic acid. The acute accumulation of 
organic acids combined with the low bicarbonate alkalinity causes the pH to fall 
below 5. Moreover, a massive growth of fi lamentous bacteria with low specifi c 
activity and poor stability may occur in an acidic environment, resulting in low 
treatment effi ciency (Ghaly and Pyke  1991 ; Yan et al.  1989 ; Schroder and De Haast 
 1989 ; Nordstedt and Thomas  1985  ) . 

 Therefore, the addition of an alkalinity source (sodium bicarbonate) is necessary 
to avoid anaerobic process failure (Lo and Liao  1986 ; Wildenauer and Winter  1985  ) . 
The alkalinity supplementation may be moderated through proper manipulation of 
the operating conditions, such as operating with high hydraulic residence times or 
diluting the infl uent (Kalyuzhnyi et al.  1997 ; Yan et al.  1988 ; Kato et al.  1994  ) . The 
recirculation of the anaerobic effl uent may be an alternative to increase alkalinity 
and dilute the infl uent (Malaspina et al.  1996  ) . Another strategy is the separation of 
the acidogenic and methanogenic phases in two bioreactors in series (Garcia et al. 
 1991 ; Germerli et al.  1993 ; Yilmazer and Yenigu¨n  1999 ; Antonopoulou et al. 
 2008  ) . In this confi guration, the methanogenic effl uent can be reused to dilute the 
infl uent and enhance alkalinity. The increase in alkalinity can also be achieved by 
mixing the cheese whey with manure, which is a waste with high alkalinity (Gavala 
et al.  1999 ; Lyberatos et al.  1997  ) . 

 Moreover, the methanogenic bacteria are slow-growing microorganisms affected 
adversely by low pH values. To increase the low rates of organic acid consumption 
and the low biogas production rate, the anaerobic digestion of cheese whey has been 
studied in bioreactors that enhance the concentration of microorganisms by preventing 
them from leaving the bioreactors with the effl uent. Typical bioreactors designed 
with this concept are those that allow:

   The granulation of biomass as in UASB reactors (Gavala et al.  • 1999 ; Erguder 
et al.  2001  ) .  
  The formation of biofi lms through the colonization of certain materials which • 
increase the useable surface for bacterial growth, as in fl uidized bed reactors, 
anaerobic upfl ow fi xed bed reactors, or anaerobic downfl ow fi xed bed reactors. 
Borja et al.  (  1994  )  have shown that immobilization of microorganisms on sepiolite, 
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saponite, and bentonite supports in an anaerobic upfl ow fi xed bed reactor 
increases the anaerobic digestion rate of diluted cheese whey. Patel et al.  (  1995  )  
studied the biomethanation of undiluted cheese whey using different support 
material such as charcoal, gravel, brick pieces, PVC pieces, and pumice stones, 
with the charcoal resulting in the best performance.  
  The settling of biomass after stirring as in anaerobic sequencing batch reactors • 
(Mockaitis et al.  2006 ; Ratusznei et al.  2003b ). The settling capacity of the bacte-
ria is increased through attachment to materials such as polyurethane foam cubes; 
this type of anaerobic sequencing batch reactor is called an anaerobic sequencing 
batch biofi lm reactor. Damasceno et al. ( 2007 ) studied the performance of this 
type of bioreactor under various organic loading rates and feed strategies.  
  The accumulation of bacteria as in the periodic anaerobic baffl ed reactor, which is • 
modifi cation of the simple anaerobic baffl ed reactor confi guration (Antonopoulou 
et al.  2008  )     

 Another strategy is to use a membrane-based technology for the removal of bio-
solids from the anaerobic liquid effl uent; the biosolids carried in the effl uent consist 
mainly of bacteria. The biosolids retained on the membrane are recycled back to the 
bioreactor (Saddoud et al.  2007  ) . 

 Table  16.6  summarizes the performance of several bioreactor confi gurations 
(in terms of COD removal) under various operating conditions, such as the COD of 
the infl uent, the hydraulic retention time, and the organic loading rate expressed in 
grams    of COD added per liter of reactor volume per day. It can be seen that high 
COD removals can be achieved, but attention should be paid to the bioreactor start-
up and pH maintenance in the methanogenic bioreactor. The anaerobic digestion of 
dairy wastewaters generally (not only cheese whey) in a single-stage or two-stage 
confi guration was reviewed by Demirel et al.  (  2005  )  and Siso  (  1996  ) . In the review 
of Siso  (  1996  ) , other methods of treatment and/or exploitation of dairy wastewaters 
were also discussed.   

    16.5.5   Tertiary Treatment 

 Tertiary treatment is the part of the treatment plant related to nutrient (nitrogen and 
phosphorous) removal, since discharging wastewater with high levels of phosphorus 
and nitrogen can result mainly in eutrophication of receiving waters, particularly 
lakes and slow-moving rivers. 

    16.5.5.1   Nitrogen Removal 

 In dairy wastewater treatment plants, a fraction of the total nitrogen is removed in 
biological reactors designed remove the carbon-based organic matter that is vital for 
growth and maintenance of microorganisms. The amount of nonremovable fraction 
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must be reduced before the disposal of the effl uent. This process can be performed 
by biological or by physicochemical means. In a conventional biological tertiary 
treatment plant, nitrogen is removed in two stages, nitrifi cation and denitrifi cation, 
which are performed under different conditions and by different microorganisms. 
The removal has to be sequential to be performed well as the various processes have 
to be separated in time or space. 

 In the aerobic nitrifi cation stage, performed by autotrophic bacterial species, 
ammonium (NH  

4
  +  ) is fi rstly oxidized to nitrite (NO  

2
  −  ) by  Nitrosomonas . Nitrite is 

then oxidized by  Nitrobacter  to nitrate (NO  
3
  −  ) (Weijers et al.  1996 ). The denitrifi cation 

process involves the biological reduction of nitrate and/or nitrite to nitrogen gas in 
the absence of dissolved oxygen. Unlike nitrifi cation, denitrifi cation is performed by 
a wide range of heterotrophic bacterial species, many of which are commonly found 
in secondary tanks, since they are facultative, and they can use oxygen, nitrate, or 
nitrite as their terminal electron acceptor. Heterotrophic bacteria need carbon sources 
to accomplish the denitrifi cation process; hence, a carbon source must be added to 
the medium to enable the process to proceed. The substrates can be organics found 
in the wastewater, ethanol, methanol, or acetic acid (Brown and Koch  2006  ) . 

 Grady et al.  (  1999  )  summarized general guidelines for organic matter to nitrogen 
ratios for wastewaters that are amenable to complete biological nitrogen removal. 
COD to total Kjeldahl nitrogen, BOD 

5
  to total Kjeldahl nitrogen, and BOD 

5
  to 

ammonia nitrogen ratios greater than 9, 5, and 8, respectively, should result in excellent 
nitrogen removal. Danalewich et al. (1998) studied 15 milk processing plants in the 
Upper Midwest of the USA to obtain information on general process operation, 
waste generation and treatment practices, chemical usage, and wastewater charac-
teristics. All plants had organic matter to nitrogen ratios exceeding the minimum 
values necessary to accomplish excellent biological nitrogen removal process. 

 The conventional nitrifi cation reaction consumes a large amount of oxygen, 
requiring 4.2 g of oxygen for each gram of nitrifi ed ammonium nitrogen. During 
denitrifi cation, the requirement of organic carbon is signifi cant. To optimize these 
processes, various novel and sustainable technologies have been proposed. 
Simultaneous nitrifi cation and denitrifi cation is the process in which, given the 
correct conditions, nitrifi cation and denitrifi cation occur simultaneously. This pro-
cess is based on the presence of anoxic zones and the availability of electron donors 
for the denitrifi cation process where the nitrifi cation was already happening. In the 
Anammox (anaerobic ammonium oxidation) process, nitrite and ammonium are 
converted into nitrogen gas under anaerobic conditions without the need to add an 
external carbon source. In the SHARON (single reactor system for high ammonium 
removal over nitrite) process, ammonium is oxidized in a reactor system under aerobic 
conditions to nitrite, which in turn is reduced to nitrogen gas under anoxic conditions 
by using an external carbon source. 

 Ammonia nitrogen can be removed from wastewater by physicochemical means 
such as volatilization of gaseous ammonia. The process is simple in concept, but it 
has serious drawbacks that make it expensive to operate and maintain (Tchobanoglous 
and Burton  2003  ) . The volatilization can be achieved by raising the pH of the liquor 
so that the aqueous ammonia exists in equilibrium with its gaseous counterpart in 
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accordance with Henry’s law. When the pH exceeds 9.5, unionized ammonia 
prevails and can be stripped from the side stream liquid. The process requires a 
large amount of air and the gas stream must be captured and treated (Brown and 
Koch  2006  ) . As Henry’s constant varies with temperature, the ammonia solubility 
is also variable, and the costs of the process can seriously rise with temperature 
reduction. 

 Another physicochemical method is breakpoint chlorination, which involves the 
addition of chlorine to wastewater to oxidize the ammonia nitrogen in solution to 
gas and other stable compounds. With proper control, all ammonia can be oxidized, 
but there are serious considerations involved with the process, such as the formation 
of high chlorine residuals, trihalomethanes, or trichloride gas (which can avoided by 
the careful control of the pH of the process, which requires high-quality skilled 
operators). The process can be used following other nitrogen removal processes for 
fi ne-tuning of the process (Tchobanoglous and Burton  2003  ) . 

 Ion exchange can also be used where climatic conditions inhibit biological nitri-
fi cation and where strict effl uent standards are required. This process can meet total 
nitrogen standards, but has high capital and operational costs and requires high-
quality skilled operators (Tchobanoglous and Burton  2003  ) .  

    16.5.5.2   Phosphorous Removal 

 Microbes usually have low phosphorous requirements; thus, to achieve low effl uent 
concentrations it is necessary to have additional uptake beyond that needed for normal 
cell maintenance and synthesis. This situation is achieved when microorganisms 
store phosphorous for later utilization. This is possible when specifi c organisms are 
successively exposed to different environments (aerobic and anaerobic or anoxic). 
This situation provides a favorable growth condition for microorganisms capable of 
storing phosphorous, in comparison with other microorganisms (Brown and Koch 
 2006  ) . When an anaerobic zone is followed by an aerobic zone, the microorganisms 
exhibit phosphorous uptake above normal levels. On the other hand, in anoxic con-
ditions, phosphorous may be released by microorganisms. Many processes, such as 
the fi ve-stage Bardenpho process and the PhoStrip process are based on these 
sequential exposures (Tchobanoglous and Burton  2003  ) . 

 The presence of nitrate in dairy waste streams adds a level of complexity not 
commonly encountered in domestic wastewaters. Dairy plants have several options 
to compensate for the presence of nitrate in their wastewaters. One option is to 
reduce or eliminate the use of nitric acid as a cleaning agent, decreasing the effect 
of nitrate on enhanced biological phosphorus removal. Several plants use nitric acid 
only because of phosphorus surcharges and prefer phosphoric acid based cleaners 
from a cleaning perspective. Thus, eliminating nitrate from their waste streams may 
result in improved enhanced biological phosphorus removal, while resulting in better 
cleaning performance at a lower cost (Danalewich et al. 1998). 

 Only physicochemical treatment (precipitation and subsequent removal) can be 
applied, and the most common chemicals used in the process are metal salts (ferric 
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chloride and aluminum sulfate), lime, and polymers. (Tchobanoglous and Burton 
 2003  ) . The lime precipitation clarifi cation process is primarily used for removal of 
soluble phosphates by precipitating the phosphate with the calcium oxide to pro-
duce insoluble calcium phosphate. It is postulated that orthophosphates are precipi-
tated as calcium phosphate, and polyphosphates are removed primarily by adsorption 
on calcium fl oc. 

 Enhanced biological phosphorus removal can be more cost-effective than chemical 
precipitation strategies. Therefore, it is important for the dairy industry to evaluate 
enhanced biological phosphorus removal, combined with nitrifi cation and denitrifi -
cation (to remove nitrogen), as a treatment option for nutrient removal. Another 
important aspect is that volatile fatty acids or fermentable organics need to be added 
to some dairy wastewaters to accomplish complete phosphorus removal (Danalewich 
et al. 1998).    

    16.6   Summary and Conclusions 

 The transformation of raw milk into dairy products is one of the most important 
activities of the dairy industry worldwide. Along with the production of pasteurized 
and sterilized milk for direct consumption, a variety of processes are used for the 
production of cheese, butter, cream, ice-cream, yogurts, and other fermented milk 
products. As a consequence, the processing of milk usually generates huge amounts 
of waste products, such as whey and buttermilk. These products have high nutrient 
and economic values; therefore, they can be used as ingredients for others milk prod-
ucts, such as fl avored milk beverages, chocolates, candies, cookies, processed cheese, 
ice cream, and powdered milk. Because of their intrinsic composition, dairy waste-
waters cannot be discharged into septic systems or state water systems or directly 
dumped; appropriate treatment is required before their release into the environment. 
There are many alternatives for the treatment of this type of effl uent, all based on a 
sequence of processes and operations presented as functions of physicochemical 
characteristics of dairy waste effl uent. The selection of some processes require careful 
consideration and must be based on technical, economic, and social aspects.      
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