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Preface

Food engineering has developed to a level at which integrated approaches to the 
various situations involved in the discipline have become the essential ingredients 
of successful process and product development. For this reason, it is relevant to 
identify recent and ongoing efforts toward the use and inclusion of tools and dis-
ciplines within the food engineering fi eld.

Food Engineering: Integrated Approaches presents an up-to-date review of 
important food engineering concepts, issues and recent advances in the fi eld. 
Distinguished food engineers and food scientists from key institutions worldwide 
have contributed chapters that provide a deep analysis of their particular subjects. 
At the same time, each topic is framed within the context of a broader more in-
tegrated approach, demonstrating its relationship and interconnectedness to other 
areas. The premise of this work, therefore, is to offer both a comprehensive under-
standing of food engineering as a whole and a thorough knowledge of individual 
subjects. This approach appropriately conveys the basic fundamentals, state-of-
the-art technology, and applications of the involved disciplines, and further en-
courages scientifi c collaboration among researchers.

This book is mainly directed to academics, and to undergraduate and post-
graduate students in food engineering, food science and food technology. Scholars 
will fi nd a selection of innovative topics ranging from bubbles in food and trans-
port phenomena in food systems to practical food processing applications at the 
industrial level. Professionals working in food research centers and food indus-
tries may also fi nd this book useful.

This book was produced through an Iberoamerican effort to integrate food 
engineering in a comprehensive way. This work has been made possible by the 
catalyzing activity of the Iberoamerican Program of Science and Technology for 
Development (CYTED), which has provided an appropriate forum for the launch-
ing of food engineering networks and projects from which the Iberoamerican 
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Congresses on Food Engineering series were conceived. The general subjects 
covered were discussed in the fi fth version of this series, and carefully updated 
and revised for their inclusion in this book. 

The fi rst chapter describes the activity of CYTED program in the Agri-Food 
area. The next 12 chapters review novel applications of engineering principles, 
transport phenomena and new scopes for analyzing food processing, and consti-
tute a platform for the next two chapters. These chapters provide a framework for 
the integrated approach to food engineering and a view of the profound scope of 
food product design. This framework constitutes the basis for the following 
17 chapters, in which specifi c examples of an integrated approach to food engi-
neering are presented, with the aim of covering as broadly and deeply as possible 
the different subjects discussed. Finally, two chapters on food engineering educa-
tion programs are presented, with the purpose of disseminating alternatives for 
internationalizing students and supervisors’ activities in food studies.

It is very likely that many of the procedures and techniques described are 
being or will be used in the food industry. It is hoped that this volume will 
constitute a worthy addition to the existing literature on food engineering and that 
readers will fi nd in it balanced, systematic and harmonized information.

G. F. Gutiérrez-López
G. V. Barbosa-Cánovas

J. Welti-Chanes
E. Parada-Arias
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1
Scientific and Technological 
Cooperation in the Agri-Food Sector:
The Case of the CYTED Program

J.L. Solleiro and G.F. Gutiérrez-López

1.1. Introduction

The Latin American Program of Science and Technology for Development 
(Spanish acronym: CYTED) was created in 1984 by an interinstitutional agree-
ment signed by 19 countries in Latin America, Spain and Portugal.

CYTED is an international program that promotes scientific and technological 
cooperation with the objective of contributing to the harmonic development of 
the Latin American region by promoting cooperation among research groups 
from universities, research centers and innovative companies in Iberoamerican 
countries, in order to attain transferable scientific and technological results from 
productive systems and social policies.

The CYTED program is organized according to a decentralized model, and 
its structure has a dual framework: institutional and functional. The institutional 
frame comprises the bodies responsible for the scientific and technological 
policies of the 21 participant countries, called the Signatory Bodies of the 
Program. Each body is responsible for the management of the program at 
national levels, and the manage-ment and coordination of the activities is directed 
by the General Secretariat of the program.

By 2005, CYTED had generated 76 thematic networks, 95 research projects 
and 166 innovation projects, with the participation of more than 10,000 Latin 
American scientists and technologists (Fig. 1.1), as well as promoting integrated 
approaches to food science and technology related activities.

The CYTED program develops its internationally cooperative activities by 
means of the following instruments, referred to as “actions”:

● Thematic networks
● Research projects
● Individual members’ research projects
● IBEROEKA innovation projects

The first three are developed and managed within the frame of Thematic Areas 
and the fourth trough the Network of Managing Bodies: IBEROEKA.

1
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The objectives of the above actions are:

● Thematic networks: to facilitate the scientific relations and the transference of 
knowledge among the research units of different countries

● Coordination of research projects: make it possible to obtain scientific and tech-
nological results that can improve the scientific and technological capacities of 
institutions and companies of the region

● Group research projects: to impel the development of the Latin American 
region through the generation of new products and innovative processes or 
services in the region

● IBEROEKA projects: to foment the cooperation of enterprises in Latin 
American and European markets to improve the competitiveness and  position of 
the companies in the region.

1.1.1. Thematic Areas of CYTED

In 2005, the old structure of CYTED, which was based on subject-based subpro-
grams, was replaced by a new scheme of thematic areas:

Fig. 1.1. Evolution of CYTED actions 1990–2005
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● Agri-food
● Health
● Promotion of industrial development
● Sustainable development
● Technologies of information and communication
● Science and society

Within the frame of the above areas, high-priority thematic lines are being 
financed. Proposals are generated by researchers in Latin American countries on 
the basis of an open call.

1.1.2. Agriculture and Food (Agri-food) Area

The CYTED Program has recognized that the agriculture and food sector must 
contribute scientifically and technologically to integrated productive systems in 
order to optimize the use of resources and to assure long-term sustainable agriculture. 
To achieve the last objective, biologically and chemically productive based methods 
are carefully chosen and evaluated, giving consideration to the protection of the 
environment. These integrated systems of production must provide good agro-
nomic yields, optimal qualities of products and low levels of residues. From the 
commercialization point of view, production has to supply goods with added 
value to attract the preference of a wide sector of the population, especially of 
consumers aware of the importance of healthy and non-contaminating foods.

1.1.3. Agri-Food Mission

In 2005, CYTED approved the mission of this area, which is “to promote and 
fortify the excellence of research in production, treatment and food storage, to 
contribute to alleviation of security problems such as availability, distribution 
and safety of products, as well as to increase their added value. Also, it will seek 
the effective transference of research results to the population and companies, in 
this way supporting the sustainability of production and the improvement of the 
quality of life of the people of the region.” The following vision to the year 2010 
has been proposed.

1.1.4. Area Vision to Year 2010

The area vision to the year 2010 is stated as follows: “To be effective for devel-
opment and adaptation of new technologies, as well as to improve traditional 
techniques in order to raise the competitive level of the agri-food sector and to 
increase the quality of life in Iberoamerican countries, by means of scientific and 
technological cooperation” within the area. To define this vision, a proposal of 
lines for future work has been elaborated, reflecting the intention to promote the 
application of technologies in the different agri-food processes (see Table 1.1)
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1.2. CYTED Priorities in the Transition Period 2005–2006

During 2005, the transition of the old model based on subprograms to the new 
structure of the thematic areas was made; an open call for the financial support of 
proposals was launched. Given budgetary limitations, it was necessary to define 
high priority lines by taking into account the following points:

● The high degree of heterogeneity of scientific, technological and productive 
levels existing in the Iberoamerican region

● The enormous diversity of interests and potentialities between countries com-
prising this community

● The recommendations of groups working within the frame of CYTED in the 
structure of the subprograms

Criteria for decision making in relation to new financed activities:

● Scientific and technological strengths of the groups
● Regional pertinence
● Attractiveness to market
● Projection to the future
● Technical, economical and social scientific relevance
● Viability of the application of the products of the proposal (technical, eco-

nomical and institutional), implicating the existence of users interested in the 
results

● Social impact of the cooperation in terms of contributions to solving the prob-
lems of the Latin American population

CYTED supported projects in 2005:

● Scientific and technological bases for functional food production from green 
banana

● Baking products for specific needs
● Development of technologies for integral handling of apple tree diseases

Table 1.1. Agri-food areas: Lines of research for future work
Research lines for the future

● Modern methods of genetic improvement and animal reproduction
● Modern methods of improvement of plant reproduction
● Generation of diagnostic methods for diseases of plants and animals
● Advanced methods of food storage: Inclusion of irradiation and modern packing techniques
● Production in barren and semi-arid zones
● Functional foods
● Viable technologies for reproduction, larvae culture, nutrition, improvement of cultivation processes 

and pathology control in aquaculture
● Fishing biotechnology
● Food safety and traceability
● Improvement of food processing and clean technologies
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● Latin American network of innovation indicators and impact of science and 
technology in the agri-food sector

Considering the 2005 experience, it is possible to conclude that it is necessary to 
reinforce the evaluation process by means of peer-based evaluating processes.

Also, it was concluded that it is necessary to face the lack of experience of 
individual researchers and to identify partners for structuring successful financed 
action. It is therefore essential to improve the ways in which the formulation of 
proposals is carried out and to consider participants from different countries. To 
accomplish this task, a wide network of contacts should be formed, with the aim 
of increasing the proportion of researchers from countries with small scientific 
and technological communities.

1.3. Priorities for 2006

The year 2006 was the first year in which the new structure of CYTED was used 
as the framework for operation. The defined high-priority lines depicted in Table 1.2 
represent the first step toward the above-mentioned vision of the CYTED 
 program. Description of these lines is also provided in Table 1.3.

Table 1.2. Summary of the open lines (2006)

Research Lines Potential Actions

● Aquaculture Thematic network or research projects
Viable technological alternatives to take advantage 

of the productive potential of the region
● Animal protein production Thematic network or research projects
New technologies for sustainable animal production 

that will contribute to satisfying regional needs 
for animal protein

● Processing and quality assurance of foods Thematic network or coordination action on 
research projects

Technologies and procedures to improve food 
safety, traceability and efficiency of processing, 
as well as to develop new processes and products

● Vegetal production systems with integrated plague 
handling

Thematic network or research projects

Effective solutions to combat plagues and diseases 
of different cultivars, in conjunction with 
reduction of negative impacts on the 
environment

● Production systems for infertile semi-arid areas 
and soil-climatic conditions of limited productive 
resources

Associated research project

Viable and sustainable productive systems that allow 
profitable production technologies in infertile and 
semi-arid zones
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Table 1.3. Description of research lines 1, 2, 3, 4

Research Line 1 Aquaculture

General Objective To develop viable technological alternatives to 
take advantage of the productive potential of 
aquaculture resources in the region

Specific Objectives Development and application of knowledge in the 
following areas:

 • Reproduction
 • Yeast culture
 • Nutrition
Improvement of agricultural production processes 

and pathological control:
 • prophylaxis, treatments and vaccines

Action Thematic network or research projects

Research Line 2 Animal Protein Production

General Objective To generate new technologies of sustainable 
animal production that will contribute to 
satisfying the needs for protein of animal origin

Specific Objectives To develop and apply knowledge-related activities 
to the following areas:

 • Feeding systems
 • Handling
 • Genetic reproduction improvement
 • Animal health

Action Thematic network or research projects

Research Line 3 Food Processing and Quality

General Objective To generate technologies and procedures to 
improve food safety, traceability and efficiency 
of processing, as well as to develop new 
processes and products

Specific Objectives To improve systems, processes and products to 
assure quality, food safety and traceability to 
fulfill national and international standards

Action Thematic network or research projects

Research Line 4 Vegetal Production Systems with Integrated 
Handling of Plagues

General Objective To generate effective solutions for the control 
of plagues and diseases in conjunction 
with reduction of negative impacts on the 
environment

Specific Objectives To develop and apply knowledge to develop 
different strategies for integrated handling of 
plagues such as:

 • Biological controls
 • New agronomics practices
 • Genetically modified seeds
 • Rational use of plague control agents

Action Thematic network or research projects

(continued)
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As a complement to the actions mentioned in Table 1.2, training activities are 
also being carried out based on courses in which the possibilities of collabora-
tion within other bodies, particularly the Spanish Agency of Cooperation with 
Iberoamerican Countries, are described.

1.4. Conclusions and Perspective

CYTED can generate new areas for scientific and technological cooperation 
in the Latin American region. This action will depend on the way in which the 
scientific community defines multilateral cooperation activities. Food produc-
tion and distribution activities are subject to a process of transformation due to 
advances in biological sciences and new and emerging technologies, as well as 
innovations in logistics. New consumer demands are appearing, given the chang-
ing needs of the population and commercial pressures imposed by international 
regulating agencies.

Latin American countries cannot simply observe innovative tendencies; they 
must be reactive to modernity, and for this reason, the systematic and joint par-
ticipation of researchers, producers and international agencies must be induced. 
The CYTED program can act as a catalyst for innovation in the agri-food sector, 
thanks to the formation of a valuable network of scientists and technologists. This 
network must be extended and renewed continuously, as this ongoing process 
constitutes the basis for the formulation of networks and projects. Nowadays, any 
specialist of the region can initiate and submit a proposal for a financed action in 
CYTED. Although the program has a highly ranked benefit-to-cost ratio, it also 
has a tendency toward growth and not to mature; therefore, it will only be pos-
sible to meet the challenges faced by the agri-food area by increasing cooperative 
actions and interchange of experiences among individuals. As CYTED becomes 
more visible, it will attract more attention from governments and politicians. 
It is also necessary to go beyond academic circles by entering into industrial 
scenarios. The level of participation of the various components of scientific 

Research Line 5

Production Systems for Infertile, Semi-arid 
Zones and Soil-climatic Conditions of Limited 
Productive Resources

General Objective To develop viable and sustainable productive 
systems that allow profitable production of 
foods in infertile and semi-arid zones

Specific Objectives To develop new technologies and integral 
solutions for production under drought 
conditions

Action Research project

Table 1.3. (continued)
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cooperation, innovation and transfer of technology must be increased; institutions 
of higher education and research, farmers, agricultural commodities producers, 
food companies, public institutions, non-government organizations and interna-
tional agencies for agricultural development must all become more involved.

Finally, to reinforce the financial strategy, it is important that CYTED extend 
its network of strategic alliances. The relationship of CYTED with regional 
science and technology organizations has produced very good results. The key 
to consolidate this strategy is to increase the resources directed to CYTED action 
and to gradually turn CYTED into a constructor of networks that will contribute 
to an integrated approach to food science and technology related activities.



2
Food Sterilization by Combining High 
Pressure and Thermal Energy

G.V. Barbosa-Cánovas and P. Juliano

2.1. High Pressure Processing: An Industrial Reality

High pressure processing (HPP) is an industrially tested technology that offers 
a more natural, environmentally friendly alternative for pasteurization or shelf 
life extension of a wide range of food products (Welti-Chanes et al., 2005). 
Commercial high pressure, low temperature methods achieve inactivation 
of vegetative microorganisms by subjecting vacuum-sealed food in flexible 
packaging to treatment at hydrostatic pressures of 600 MPa (or less) and initial 
temperatures lower than 40°C for one to fifteen min depending upon the product 
application. The use of lower temperatures has allowed better retention of sensory 
attributes characteristic of “fresh” or “just prepared,” as well as food nutritional 
components (Cano and de Ancos, 2005). As a result, HPP has become a post 
packaging technology convenient for foods whose quality would otherwise be 
altered by heat pasteurization.

Among many advantages, HPP can add significant value to low-cost or heat-
sensitive raw materials and other prepared foods. Furthermore, similar quality 
levels can be reached when processing large volumes or larger samples. Different 
from heat penetration, hydrostatic pressurization allows “instant” pressure trans-
mission in fluids and semisolids within the pressure vessel, thereby achieving 
reduced product damage from lower temperatures. Moreover, HPP can add sig-
nificant shelf life to an existing refrigerated product (Hjelmqwist, 2005). In fact, 
it has the potential to deliver chemical- or additive-free products with minimum 
impact on shelf life.

Like any other food preservation processes, HPP is product specific, making 
shelf life extension dependent on food composition, the presence of enzymes, and 
on the actual bacterial species/strains present in a given food factory. Another use 
of HPP is in texture modification of foods with high protein content.

Tenderized meats and modified dairy or egg-based ingredients of varied func-
tionality are some examples of the benefits observed in texture modification 
(Montero and Gómez-Guillén, 2005; Guamis et al., 2005).

The US Food and Drug Administration (FDA) and Department of Agriculture 
(USDA) have approved HPP as a post package pasteurization technology for 

9
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manufacture of shelf-stable high-acid foods and pasteurized low-acid food 
products, and developed guidelines and regulations for those products (21CFR114 
and 21CFR113). Furthermore, the European Commission on food regulations 
has adapted existing legislation on novel foods to products processed by HPP 
(EC258/97; European Commission, 2002; Barbosa-Cánovas et al., 2005a).

The term “pasteurization,” originally specifying the destruction of non-
spore-forming foodborne pathogens by heat, has been extended to HPP and other 
validated pathogen-lethality technologies. Members of the National Advisory 
Committee on Microbiological Criteria for Foods (NACMCF, an advisory group 
chartered by the USDA’s Food Safety and Inspection Service, the FDA, the 
Centers for Disease Control and Prevention, the National Marine Fisheries 
Service, and the Department of Defense Veterinary Service Activity) have jointly 
established this revised definition of pasteurization, providing specific considera-
tions for a number of thermal (cooking, microwave processing, ohmic/inductive 
heating, steam and hot water treatments) and nonthermal (HPP, UV radiation, 
pulsed electric fields, etc.) preservation processes (NACMCF, 2004; 2005).

Moreover, the FDA and USDA have promoted the implementation of Good 
Manufacturing Practices (GMP) as well as procedures for Hazard Analysis and 
Critical Control Point (HACCP) in HPP production facilities for refrigerated or 
pasteurized foods to ensure product safety. A food safety management standard 
that can be implemented when designing an HPP factory has also been devel-
oped by the International Standardization Organization (ISO) (Tapia, et al. 2005; 
Surak, 2006).

High pressure processing provides new opportunities for the food industry to 
develop new products for consumers. About 80 full scale HPP units in the world 
are run by 55 companies worldwide (Leadley, 2005; Hendricks, 2005). Most 
applications in Europe are in Italy, Spain, and Portugal, whereas others are spread 
around the United States, Mexico, and Japan. A number of companies are form-
ing consortia to develop new products and new applications using high pressure 
technologies, such as low-acid food sterilization (de Heij et al., 2005). Among 
these companies are Kraft, Hormel, Unilever, Basic American Foods, Stork Food 
and Dairy Systems, Washington Farms, ConAgra, and Avomex.

HPP has demonstrated strong potential for the delivery of a wide range of high 
quality chilled products with extended shelf life. Among these, rare and cooked 
meats, fruits, vegetables, fresh herbs, and a variety of products prepared with 
these ingredients can be mentioned. Some of the products already commercialized 
in the worldwide market (Table 2.1) are fresh-like foods (e.g., new varieties of 
avocado products and juices) and ready-to-eat (or heat and serve) meat/meals. 
The food industry has shown interest in using HPP technology for the devel-
opment of modified dairy-based items (desserts, puddings), sauces and savory 
foods, whole muscle meats (partially precooked), and for the improvement of 
shucking efficiency and seafood safety.

HPP technology, as commercially defined today, is unable to produce low-acid 
shelf stable products, since bacterial spore inactivation requires high pressures of 
at least 800–1700 MPa at room temperature, far in excess of what is commercially 
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feasible (Farkas and Hoover, 2000; Leadley, 2005). Even foods with pH lower 
than 4.5 require refrigerated storage and other preservation hurdles to prevent 
enzymatic degradation reactions and to inhibit spore germination. It was not until 
the early 1970s when studies on Clostridium species demonstrated the need to 
combine pressure and heat to achieve spore inactivation (Sale et al., 1970; Heinz 
and Knorr, 2001). Furthermore, inactivation data on C. botulinum spores date 
from the late 1990s (Rovere et al., 1998; Reddy et al., 1999; Heinz and Knorr, 
2001), where pressures in the range of 690 to 900 MPa were combined with 
initial temperatures between 50 and 70°C. The following section will provide an 
in depth description of the potential application of high pressure combined with 
heat in commercial sterilization.

2.2. High Pressure Thermal Sterilization

High pressure high temperature (HPHT) processing, or pressure-assisted thermal 
processing (PATP), involves the use of moderate initial chamber temperatures 
between 60°C and 90°C in which, through internal compression heating at pressures 
of 600 MPa or greater, in-process temperatures can reach 90°C to 130°C. The 
process has been proposed as a high-temperature short-time process, where both 
pressure and compression heat contribute to the process’s lethality (Leadley, 
2005). In this case, compression heat developed through pressurization allows 
instantaneous and volumetric temperature increase, which, in combination with 
high pressure, accelerates spore inactivation in low-acid media. Several recently 
developed patents show a number of approaches for the attainment of commercial 
food sterility in selected low-acid foods (Meyer et al., 2000; Wilson and Baker, 
2000; van Schepdael et al., 2002; März, 2002, 2003; Wilson and Baker, 2003; 
Cooper et al., 2004). Some of these microbial spore inactivation approaches 
proposed combining (de Heij et al., 2003; Leadley, 2005): (a) two low pressure pulses 
at 200–400 MPa (the first one for spore germination and the second for germinated 
cell inactivation); (b) a low pressure pulse at 200 to 400 MPa for spore germination 
followed by a thermal treatment at 70°C for 30 min for vegetative cell inactivation; 
(c) package preheating above 75°C and pressurization at 620 to 900 MPa for 1 to 

Table 2.1. High pressure commercial chilled products (adapted from NC Hyperbaric, 
2004)

Product types Countries*
Shelf life achieved (4°C to room 
temperature)

Juices and beverages Japan, France, Mexico, USA, Lebanon, 
UK, Portugal, Italy, Ireland, Czech 
Republic

21 d. to 12 mo.

Vegetable products Japan, USA, Italy, Canada 1 to 6 mo.
Meat products Japan, Spain, USA, Italy 21 d. to 2 mo. (cooked products)
Seafood products Japan, USA, Australia, Canada, Spain 10 d. to 2 mo.

*Countries are listed in order of product appearance in the market
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20 min; and (d) package preheating above 70°C and applying two or more pulses 
at 400 to 900 MPa for 1 to 20 min.

Three of the above-mentioned approaches have proven inconvenient from 
either a microbiological or an economical perspective. When applying low 
pressures between 200 and 400 MPa, combined with moderate temperature 
[cases (a) and (b)], residual dormant spores have been detected after treatment 
(van Opstal et al., 2004; Leadley, 2005), making this option unlikely for a 
commercial process. Moreover, a high pressure multiple pulse approach [case 
(d)] is not recommended, as additional cycles decrease equipment lifetime 
and increase maintenance costs (de Heij et al., 2003). Hence, application of a 
single pulse above 600 MPa for 5 min or less [case (c)], combined with initial 
temperatures above 60 °C, would be more cost-effective and a safer approach 
for industrial purposes (de Heij et al., 2005). As will be explained later, success 
of this processing approach depends on the efficient use of compression heat in 
achieving nearly adiabatic conditions.

2.2.1. Advantages of HPHT Processing

Recent publications claim that the main advantage of HPHT treatment is its 
shorter processing time compared to conventional thermal processing in eliminating 
spore-forming microorganisms (Fig. 2.1; Matser et al., 2004).

Fig. 2.1. Typical product temperature profiles in a retort and HPHT process. Processing steps 
during pressurization
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This shorter process time and ultimate pressurization temperatures lower than 
121°C have resulted in higher quality and nutrient retention in selected products. 
For example, better retention of flavor components in fresh basil, firmness in 
green beans, and color in carrots, spinach and tomato puree have been found after 
HPHT processing (Krebbers et al., 2002; Krebbers et al., 2003). Nutrients such 
as vitamins C and A have also shown higher retention after HPHT processing in 
comparison to retort methods (Matser et al., 2004).

One more benefit of HPHT processing is its use to process non-pumpable 
foodstuffs like soups containing solid ingredients such as noodles, barley, and/or 
cut-up vegetables and meat (de Heij et al., 2005).

As mentioned earlier, high pressure low temperature processing provides 
direct product scale-up and higher efficiency for larger volumes of food, com-
pared to thermal processing, due to “instant” hydrostatic pressure transmission. 
Similarly, HPHT processing is suitable for larger sizes, as compression heating 
to high temperatures is instantly achieved throughout the entire package volume. 
Nevertheless, the preheating step, or the period of time necessary to reach initial 
product temperature before pressurization, needs to be considered when evaluating 
overall processing time. A long preheating time, especially in a large container, 
may lower product quality retention at the end of the HPHT process.

Although the HPHT process can be seen as advantageous due to its shorter 
time, lower processing temperatures cannot yet be assured for C. botulinum 
inactivation until optimal temperature/pressure/time combinations are identified. 
Section 2.5 will highlight some of the latest findings in terms of HPHT processing 
conditions required for C. botulinum and surrogate inactivation.

2.2.2. Potential HPHT Processed Foods

Production of shelf stable foods intended for outdoor, military, or humanitarian 
use has shown a tremendous increase since the late 1970s, when the concept 
of Meals Ready-to-Eat (MRE) packed in flexible plastic retort pouches was 
introduced (Mermelstein, 2001; Hirsch et al., 2005). However, the quality and 
nutrition challenges encountered in the development of certain foods have led 
to considering alternative manufacturing processes. There are a number of foods 
that cannot be turned into shelf-stable products by means of retort processing due 
to the non-acceptable or low quality values obtained after long exposure to high heat. 
Nonetheless, some of these foods show potential for commercial sterilization 
using HPHT treatment.

Products stabilized using HPHT processing can be categorized as long-life, 
chill- stable, and shelf-stable. The chill-stable category includes meat snacks, 
vegetables, and ready-to-eat meals, or heat and serve meats, among many products 
(Franceschini et al., 2005).

Potential HPHT shelf-stable products may include egg-based breakfast items, 
meat joints, pot roasts/stews, high quality soups, ready-to-drink teas/coffees, dairy 
desserts/smoothies, cheese/cream sauces, low-acid pasta sauces, high quality fruits/ 
vegetables, and liquid flavors/herbs (Stewart, 2005).
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The quality, acceptability, and nutritional value of these products will not only 
depend on the developed formulation, but also on the design of the process, i.e., 
the preheating equipment, the high pressure system, and the packaging material 
chosen.

2.3. Developing a High-Pressure High-Temperature System

A high-pressure system designed for commercial sterilization purposes must 
at least be able to withstand high pressures within the range of 600–800 MPa, 
chamber temperatures up to 98°C, and retain product temperatures created during 
compression up to 130°C. This can mainly be accomplished by building a pres-
sure chamber of appropriate thickness, adapting an insulated polymeric liner with 
a sample carrier, and a pumping system that rapidly injects preheated compres-
sion fluid. Sections below will describe in more detail requirements for existing 
pressure systems working at HPHT conditions.

2.3.1.  Available Equipment and System Requirements 
for HPHT Conditions

A typical batch high-pressure machine system is made of a thick wire-wound 
cylindrical steel vessel with two end closures, a low-pressure pump, an intensifier 
that uses liquid from the low-pressure pump to generate high-pressure process 
fluid for system compression, and necessary system controls and instrumentation 
(Farkas and Hoover, 2000). For HPHT processing (or pressures over 400 MPa), 
pressure vessels can be built with two or more concentric cylinders of high tensile 
strength steel. The outer cylinders compress the inner cylinders such that the wall 
of the pressure chamber is always under some residual compression at the design 
operating pressure. In some designs, cylinders and frame are prestressed by wind-
ing layer upon layer of wire under tension. The tension in the wire compresses the 
vessel cylinder so that the diameter is reduced (Hjelmqwist, 2005). This special 
arrangement allows an equipment lifetime of over 100,000 cycles at pressures of 
at least 680 MPa. The preferred practice is to design high-pressure chambers with 
stainless steel food-contacting parts so that filtered (potable) water can be used as 
the isostatic compression fluid (Farkas and Hoover, 2000).

During pressurization at high temperature conditions, a temperature increase is 
produced in both the compression fluid and food (Ting et al., 2002). However, since 
compression heating in the system steel vessel is almost zero (Ting et al., 2002; de 
Heij et al., 2003), there is heat loss toward the chamber wall. In theory, heat gener-
ated by compression is dissipated by a combination of conduction and convection 
within the pressurizing fluid in the chamber and transfer of heat across the chamber 
wall into the surroundings (Carroll et al., 2003). Heat dissipation may cause cool-
ing down of the sample during both come up and holding time, which may thereby 
decrease spore inactivation effectiveness (de Heij et al., 2002; Ardia et al., 2004). 
Thus, it is important to avoid heat loss through the chamber system.
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A number of high-pressure systems specified for high pressure (600–1000 MPa) 
and high temperature (130°C) have been developed. There are several designs 
for vessel volumes ranging from micro/laboratory scale (0.02-2 L) to pilot 
scale (10–35 L). However, not all systems fulfill equal requirements in terms of 
pumping speed, compression-heat retention, and type of compression fluid used 
(Balasubramaniam et al., 2004). In most cases, vessels are heated to initial tem-
perature by means of an internal heater (jacket or coils), which also controls the 
temperature. However, this is not enough to retain compression heat generated 
during pressurization.

Modern systems are required to use several features for heat loss prevention by 
mainly: (a) adapting a dense polymeric insulating liner with a free moving piston 
at the bottom or valve to allow adequate pressure transmission; (b) preheating 
the inflowing pressurization fluid and pipes; and (c) preheating the vessel at a 
temperature higher than the initial fluid/sample temperature. Successful instal-
lation of these features can make the system close to adiabatic and, in this way, 
maximize preservation efficacy at chosen HPHT conditions.

High pressure vessels insulated from the interior by means of a cylindrical 
liner can prevent heat losses through the steel structure. In this case, a material 
with low thermal conductivity (less than 1 W/m/K) is required as part of the 
vessel design (de Heij et al., 2003). This product container (5 mm or more in 
wall thickness) can be made of polymeric materials such as dense polypropylene, 
polyoxymethylene, polyetheretherketone, or ultra-high-molecular-weight 
polyethylene to provide intended heat retention (de Heij et al., 2003). Compression 
heating rates of these materials have not yet been determined; however, empirical 
testing has proven their benefit for heat loss prevention. Fig. 2.2 shows the 
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Fig. 2.2. Temperature profiles of pressurized water at 70°C initial temperature and 
680 MPa when: a) compressed water is in pressure vessel; b) compressed water is in preheated 
polypropylene liner. Data was extracted from a cylindrical liner (internal diameter 
75 mm, external diameter 100 mm, height 21.5 mm) made with a movable lid inserted 
into a 1.7 L high pressure chamber (Engineered Pressure Systems, Inc., model # 914-100, 
Haverhill, MA)
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temperature profile of water in a white polypropylene liner (25 mm wall thick-
ness) during pressurization in a 1.7 L vessel.

Some laboratory scale systems require using compression fluid mixtures such 
as food-approved oil or water containing FDA- and USDA-approved lubricants, 
and anti-corrosion agents. Water solutions of castor oil, silicone oil, and sodium 
benzoate are sometimes used as pressure-transmitting fluids (Ting et al., 2002). 
For HPHT processing of foods, typical fluids used in pressure vessels include 
water with glycerol, edible oils, and water/edible oil emulsions (Meyer et al., 
2000). High compression heating of oil-added compression fluids can be of aid 
for additional compression heating retention. However, for commercial purposes, 
the use of potable water is the most recommended compression medium.

Pressure vessel size also plays an important role in the compression heating 
retention (Ting et al., 2002), since larger size non-insulated vessels have been 
shown to retain more heat during holding time (Hartmann and Delgado, 2003). 
At least three 35 L pilot sterilization units have been built in the world, each 
designed by Avure Technologies (USA, The Netherlands, Italy, and Australia), 
and no machine has yet been designed for industrial use. The latest 35 L vessel 
design receives compression water from the intensifier after being passed through 
an ultra-high pressure heater to reach initial target temperature. Another heat 
retention aid is the addition of preheated water from a fill tank once the product 
carrier, which is inserted into a cylindrical polymeric liner, is placed inside the 
vessel to avoid residual air after chamber closure. A series of automatic controls 
recirculate water prior to starting pressurization to assure that initial target 
temperature is reached in both the compression fluid and samples.

Ideally, a proper HPHT system requires thermocouples that provide reliable 
in-package temperature readings during the pressurization process. For this 
purpose, unpublished research has been performed by high pressure equipment 
manufacturers, who have screened thermocouples for types K (chromel/alumel), 
J (iron/constantan), and T (copper/constantan) in terms of accuracy, precision, 
and signal response, when exposed to HPHT conditions. Furthermore, systems 
that hermetically fix thermocouples inside the pouches are being tested. There are 
also pH measurement devices being developed to work under HPHT conditions.

The stage after pressure release is also an important part of the process. 
Assuming that spore inactivation depends on preheating and pressurization steps, 
it is important to optimize the cooling phase in order to prevent overheating and 
to maximize quality retention. In this case, samples can immediately be removed 
and transported into a turbulent low temperature water bath at the end of the 
pressure cycle.

2.3.2. HPHT Processing and Critical Steps

A single pulse HPHT process involves six main process time intervals: (i) sample 
vacuum packaging and product loading, (ii) preheating to target temperature, (iii) 
product equilibration to initial temperature, (iv) product temperature increase to 
pressurization temperature by means of compression heating, (v) product temperature 
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decrease during decompression, and (vi) product cooling to ambient temperature. 
Each of these steps (illustrated in Fig. 2.3) marks the temperature evolution of 
the process. However, reaching the preheating target temperature inside the food, 
maintaining it up to the pressure pump starts, achieving constant target pressure, 
and retaining heat inside the product during pressure come up and holding time are 
all critical to achieving consistent product sterility.

When looking at the overall process flow chart (Fig. 2.3), two main control 
points can be distinguished as critical to safety: preheating and pressurization. 
As observed before, target pressurization temperature in all pouches inside the 
chamber or liner, as well as in all parts of the food, depends on the target preheat-
ing temperature before pressure is initiated. As a result, process variables must be 
controlled in different sections of the preheating/pressure system to assure that 
conditions required for spore inactivation are met.

Fig. 2.3. Flow chart of HPHT process showing critical control points (CCP) for food safety 
as well as other process variables
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2.3.2.1. Critical Factors

During an HPHT process, the amount of heat received is determined by three 
main conditions: target preheating/equilibration temperature, selected pressure, 
and pressure/temperature holding time. Furthermore, there are other inherent 
factors such as the presence of lower temperature sites in the vessel, pressure 
come up rate, pressure holding, decompression rate, and food/package properties. 
All need to be accounted for when evaluating sterilization performance.

2.3.2.1a. Temperature Distribution. In terms of temperature distribution within a 
non-insulated system, “cold spots” are located close to the vessel wall. This may 
cause the product fraction located near the wall to cool down and not match the 
final temperature obtained at the center of the vessel (de Heij et al., 2002; Ting et 
al., 2002; Otero and Sanz, 2003; Ardia et al., 2004).

Another factor influencing vessel temperature distribution is the (preheated) 
liquid entering the vessel (2-30 mL, depending on vessel dimensions), which can 
cool down the transmission fluid located inside the vessel.

Three-dimensional numerical simulations have illustrated temperature gradients 
created by incoming fluid at the entrance of the vessel (Hartmann and Delgado, 
2002).

In order to decrease cooling caused by the inflowing pressurizing fluid, the system 
can be modified according to the following (de Heij et al., 2003; Balasubramaniam 
et al., 2004): (a) An internal pressure intensifier can be incorporated to decrease 
the amount of liquid entering the machine; (b) the pressurizing fluid, the high-
pressure pipes, and the external intensifier system in the high-pressure pump can 
be preheated to a higher initial temperature; and (c) insulation with a special liner 
can be added to prevent contact between packages and entering fluid. These solu-
tions can be executed according to (i) the pressure vessel dimensions, (ii) the initial 
temperature specified for the preheating system, (iii) the compression fluid used by 
the specific machine, and (iv) the intensifier system, including the incoming fluid. 
If all processing aids are simultaneously applied, temperature loss during come up 
and holding times can reach a minimum. However, up until now there has been no 
existing equipment that can guarantee a heat retention efficiency of 100%.

The difference between the temperature of the fluid/package system before and 
after high-pressure processing can indicate the extent of heat loss during process-
ing (Ting et al., 2002). Thus, based on what was discussed above, the following 
parameters can be used to account for the overall process performance concern-
ing product safety:

• Target preheating/equilibration temperature
• Target temperature at maximum (constant) pressure
• Temperature at the end of holding/pressurization time
• Temperature at the end of pressure release

Rates of preheating, compression (pressure come-up time), and cooling can be 
associated with the process performance in terms of processing time, or time of 
exposure of the food package to high heat.
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2.3.2.1b. Pressure come-up time. The pressure rise period has proven important 
concerning spore inactivation, since bacterial spores can be inactivated at zero 
holding time when combined with temperature (Koutchma et al., 2005). In this 
case, come-up time, or compression rate, is determined by setting the power of 
the low-pressure pump (driving the intensifier) and the target process pressure 
(Farkas and Hoover, 2000; Balasubramaniam et al., 2004). For a specific process, 
variability in the compression rate must be determined and tolerance should be 
specified for the inactivation process. Moreover, effects on compression rate 
variation in spore inactivation are still unknown, and its determination could help 
establish a compression rate tolerance.

2.3.2.1c. Constant Pressure. Maintaining a constant pressure during pre-
ssurization is also essential for compression heat retention. In modern high-
pressure systems, pressure intensifiers and automatic pressure control maintains 
pressure constant during the holding time. High-pressure equipment allows 
controlling pressure within ± 0.5% (e.g., ± 3.4 MPa at 680 MPa) and recording it 
to the same level of accuracy (Farkas and Hoover, 2000).

2.3.2.1d. Decompression Rate. It is unclear whether the decompression rate is 
critical for spore inactivation. However, from a process efficiency perspective, it 
would be desirable to achieve ambient pressure recovery in the shortest possible 
time. Control of decompression rate should be recommended based on the results 
of the effect of pressure-release rate on spore inactivation, which is still unknown. 
Single stroke intensifiers may be used to control the decompression rate of a 
system (Farkas and Hoover, 2000).

2.3.2.1e. Food Package-related Factors. Factors that are food-related include the 
package dimensions and weight, food molecular properties (pH, composition, water 
activity), and thermophysical/structural properties (volume, shape, density/porosity, 
compressibility, specific heat, thermal expansion coefficient). Variation of these 
properties may affect temperature uniformity in the treated food. Uniform initial 
target temperature of the food sample is desirable to achieve a uniform temperature 
increase in a homogenous system during compression (Farkas and Hoover, 2000; 
Meyer et al., 2000). Non-homogeneities in terms of composition, presence of food 
pieces, or uneven preheating (e.g., from microwaves) may affect the temperature 
distribution during pressurization. Hence, it is important to analyze and quantify the 
effect of each factor on the overall process performance and to evaluate the most 
critical ones.

2.3.3. Compression Heating in HPHT Processing

In general, compression/decompression temperature and pressure curves are 
nearly linear and, therefore, compression rate can be assumed constant for a 
given time interval. Once target temperature is fixed, a constant compression rate 
should provide a constant compression heating. However, as indicated by the 
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compression heating equation (Eq. 2.1), this will depend on how the volumetric 
expansion coefficient ap (1/K), the density r (kg/m3), and the isobaric heat capacity 
Cp (J/kg.K) of both the food and liquid will change during pressurization time 
(Carrol et al., 2003).
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where T is the temperature (K) of the food or compression fluid.
Both the temperature of the product and compression fluid may rise 20–40°C 

during high-pressure treatment, whereas, as stated before, the steel pressure vessel 
is not subjected to significant compression heating (de Heij et al., 2002; Ting 
et al., 2002). As shown in Fig. 2.4, several food components provide variable 
compression heating rates. Therefore, temperature increase may vary in foods 
with relatively complex composition. In fact, the compression heating rates of 
fats and oils can be up to three times higher than in water (Ting et al., 2002; 
Rasanayagam et al., 2003).

Not much data has been reported on the compression heating rate for food 
products at HPHT conditions. Balasubramaniam et al. (2004) reported compres-
sion heating of water at 4.0, 4.6, and 5.3°C/100 MPa and initial temperatures of 
60, 75, and 90°C, respectively. However, Rasanayagam et al. (2003) observed 
little or no increase in compression heating in oils and fats due to higher initial 
temperature.
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Equation (2.1) has been applied using small pressure intervals of ∆P (around 
10 MPa) to predict compression heating of water in the range of 0.1 up to 
350 MPa and initial temperatures of 22 and 62°C (Otero et al., 2000). The authors 
reported the decompression cooling rate (rather than compression heating) after 
holding time, and good agreement was found with experimental data when using 
values for r, a, and Cp taken from the literature (Ter Minassian et al., 1981). 
Moreover, Ardia et al. (2004) predicted temperature rise in water, sugar solutions, 
and orange juice by comparing data from the National Institute of Standards and 
Technology (NIST) (Harvey et al., 1996) and experimental measurements done 
in a high pressure machine. They found no significant deviations between NIST 
and experimental results for water obtained from the Multivessel Model U111 
(Unipress, Warsaw, PL) for distilled water, even at sterilization conditions (initial 
liquid temperature of 80°C at 600 MPa).

For predictions in sugar solutions and orange juice, Eq. (2.1) was rewritten 
using α for water and implementing NIST formulations for the regressive calcu-
lation of each property (Eq. 2).
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For sugar solutions, mixing rules (Eqs. 2.3 and 2.4) were used to express den-
sity and the specific heat of a pure solid/water mixture, rmixture and Cp mixture, as a 
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where [W] and [S] are the relative amounts of water and solid (in mass or volume 
percentage, respectively). Since mixing rules equations are applicable at ambient 
pressure, an empirical correction factor was used to correctly fit the experimental 
results for Cp mixture:
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where the numerator is represented by Cp of water calculated at atmospheric 
pressure and the denominator denotes Cp of water at higher pressure conditions.
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Ardia et al. (2004) found no significant deviations for sugar solutions in the 
range of 0.1 to 600 MPa, while good continuity was found when extrapolating 
between 600 and 1400 MPa. When simulating the heat of compression in orange 
juice with a 9% solid content, no evident deviations from measured temperature 
were detected. Thus, the model produced satisfactory and reproducible compres-
sion temperature rise even at sterilization conditions. This means that the a, r, and 
Cp values of pure water determined from the NIST database were also accurate for 
predicting the increase in temperature, even at sterilization conditions (Eq. 2.2).

2.3.4. Packaging for HPHT Processing

Packaging materials selected for shelf-stable products must meet a number of 
requirements in terms of seal strength, overall integrity, and barrier properties to 
oxygen and water vapor. However, little is known about the effect of HPHT 
conditions on polymeric laminates. Recent studies have found that aluminum 
foil laminated retort pouches designed to withstand a temperature of 121°C may 
delaminate and blister after a thermal pressure process, particularly at chamber 
temperatures > 90°C and > 200 MPa (Schauwecker et al., 2002; Caner et al., 2004).

Delamination during pressurization has been mainly observed in areas in con-
tact with trapped air (undergoing higher compression heating) and in folded parts 
(suffering higher localized stress at hydrostatic compression). Some researchers 
claim that HPHT conditions decompose portions of the adhesive layer, causing 
other layers (e.g., polyethylene and foil laminate in retort pouches) to separate. 
Research on several laminates to identify packaging materials suitable for HPHT 
conditions is ongoing. Special attention is being given to the effect of HPHT 
treatment on packaging components and the contribution of air retained in pack-
ages (or headspace) to delamination.

Another aspect to consider about a packaging material is its behavior as a barrier 
to heat and pressure transfer. During preheating and cooling steps, the container 
material constitutes an intermediate barrier in the transfer of heat from the heating 
medium into the product and from the product to the cooling medium. The thick-
ness of the material, as well as its thermal diffusivity, can affect the rate of heat 
conduction to (or from) the product during preheating (or cooling). During the 
pressurization stage, packaging material such as polypropylene has been shown to 
act as an insulating barrier, preventing heat loss from the product (Hartmann and 
Delgado, 2003). Other than the laminate composition and thickness, the headspace 
left inside the package as well as internal stresses from the vacuum created are 
additional factors to consider in the transfer of pressure and heat.

2.4. Preheating Step: Design and Quality Optimization

Correct performance of the preheating step is critical to ensure that the temperature 
of the food product matches the target initial temperature. As already mentioned, 
a uniform initial target temperature throughout the food sample is desirable to 
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achieve a uniform temperature increase in a homogenous system during compres-
sion (Farkas and Hoover, 2000; Meyer et al., 2000). If “cold spots” are present 
within the food, some areas in the product will not reach the target process 
temperature during pressurization, thereby posing a safety risk in those areas 
with lower temperature (Meyer et al., 2000). However, an extended preheating 
time can also affect the quality characteristics of the food product, so in order to 
maximize quality retention, it is desirable to minimize the duration of preheating 
needed to reach the target initial temperature (Barbosa-Cánovas et al., 2005b; 
Juliano et al., 2006b).

2.4.1. Preheating Design for Optimal Quality Retention

Several alternatives have been proposed to save preheating time, for example, the 
use of still water baths set at temperatures higher than the target temperature, and 
other heat transfer aids such as steam, steam injection in water, water circulation 
pump systems, or dielectric heating (Hoogland et al., 2001; Juliano et al., 2006b). 
However, care must be taken when adopting faster preheating methods, as they 
can affect initial temperature distribution within the food package. Since faster 
preheating methods provide less uniformity, they require a longer time for equilibra-
tion to achieve temperature homogeneity.

In practice, carrier operation time can be reduced by using a two-stage preheating 
approach, i.e., by having samples preheated at a lower temperature in a separate 
vessel. In this case, the sample should undergo two equilibration steps: (1) equili-
brating in a still water bath at a lower temperature (e.g., 60°C) and (2) placing 
samples in a carrier, preheating up to target temperature, and equilibrating at 
target temperature. An alternative approach in step 2 is to preheat the food to a 
temperature greater than the target temperature. This will shorten equilibration 
time and assure that all parts of the food reach the initial temperature (Barbosa-
Cánovas et al., 2005b). In both cases, two-stage preheating could result in 
improved productivity, especially in larger packages. Choosing this approach 
will depend on product composition and its sensitivity to long-time exposure to 
moderate temperatures. As will be discussed further, the dimensions and thermal 
properties of the test sample and vessel determine equilibrium time (step 2) inside 
the chamber (Balasubramaniam et al., 2004).

2.4.2. Factors Affecting Preheating

Factors related to package geometry, product characteristics, and heating system 
can affect preheat time (NFPA 1985) and are organized in Table 2.2 for each element 
in the preheating system.

In thermal processing, pouches usually have a slab geometry design to achieve 
a more rapid heat penetration due its thin profile and high surface-area-to-volume 
ratio (NFPA 1985). Therefore, container thickness can be considered the main 
factor affecting heating rate. If containers are placed in hot water, the water vapor 
released and residual gas retained inside may expand the container, altering its 
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Table. 2.2. Factors affecting heat transfer during preheating of packaged foods

Process variable System element Process factors Parameters

Fluid temperature Preheating system •  Type of system •  Heat transfer 
coefficient

•  Heating rate
•  Ratio of fluid mass:product 

mass (number of packages)
•  Racking system (separation 

between container, 
circulation between 
layers, package restraint to 
specified thickness)

•  Heat transfer aids (steam, 
steam/vapor, microwaves, 
radiofrequencies, 
circulation pumps)

Container geometry •  Packaging material 
(composition, thickness)

•  Package thickness
•  Fill weight
•  Sample confining system 

(racks, trays, cassettes)
•  Container headspace 

(amount of air in the 
package)

•  Container shape
•  Distribution of food 

particulates

•  Package thermal 
diffusivity*

•  Time to reach 
target temperature

•  Temperature 
equilibration timeTarget preheating 

temperature

Product characteristics •  Composition of ingredients • Product thermal 
diffusivity*

•  Particulate size
•  Soluble solids
•  Physical state (fresh/ 

cooked, liquid, semisolid, 
frozen)

•  Food structure 
(homogeneity)

•  Occluded gases
•  Viscosity

*Thermal diffusivity g is known as the ratio of the heat conducted to the heat stored and is calculated 
using the following expression: g =k/(r Cp), where k is the thermal conductivity, r is the specific 
density, and Cp is the specific heat

thickness. In retort processing, thickness is controlled with overpressure, which 
also ensures seal integrity. In an HPHT process, internal product temperatures can 
be as high as 90°C in preheating systems, in which case, package thickness can 
be controlled by other physical means. For example, polymeric racks, grid trays, 
and cassettes can be specially designed to hold the container in place, avoiding 
sample mobility and maintaining pouch thickness.

In laboratory scale HPHT processes, samples are generally preheated in 
selected baths in a carrier and immediately transferred inside the liner for product 
equilibration. This liner can later be located inside the high pressure machine for 
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subsequent pressurization. Another option, currently used in pilot scale vessels, 
is to directly perform preheating inside the liner, while having samples stacked 
in the carrier. Liners should include steam/air injection and circulation pumps for 
stirring of the heating media. If higher preheating fluid temperature is used, the 
liner system needs a means of decreasing fluid temperature at the end of preheating 
near to the target product temperature (e.g., from 100 to 80°C). Temperature 
decrease of the preheating fluid inside the liner will avoid temperature overshooting 
during product equilibration and pressurization steps while the liner is located 
inside the pressure chamber. One alternative would be to partially remove the 
heating fluid and mix it with water preheated at initial pressurization temperature. 
In this case, highly controlled automatic devices that regulate the inflow/outflow 
of fluid until the system reaches initial target pressurization temperature need to 
be designed.

In order to ensure proper temperature exposure to all packages in the system, 
the racking system should be designed in a way that water circulation is parallel 
to the container length or width. Furthermore, the separation between each con-
tainer layer should be calculated to permit water/steam/air mixture circulation 
and assure temperature uniformity. Given the importance of this critical step, a 
reference temperature device, similar to the mercury-in-glass thermometer used 
in retorts, should be added to the system.

Other factors related to the container geometry, e.g., fill weight, container 
size, and product characteristics (Table 2.2), need to be identified when adapting 
a preheating system to a particular product and processing. Container geometry 
is defined by the package shape and distribution of the food and its particulates, 
which can affect preheating rate. As previously mentioned, heating rate is also 
a function of the food’s physical and chemical properties, and variation of these 
properties mainly depends on product formulation. If the product is a semisolid, 
minor variations in formulation might not significantly change the rate of heat 
penetration. Moreover, heat transfer rate can be associated with the thermal diffu-
sivities of the package and food components of the semisolid (Palazoglu, 2006). 
On the other hand, foods containing sufficient free liquid to promote convection 
may change heat transfer drastically according to their composition (e.g., due to 
added starch or other thickening agents), thereby changing heat penetration rate.

2.4.3. Heat Penetration Evaluation

Evaluation of heat penetration during preheating is important for comparative 
purposes, particularly when characterizing a system modified for faster temperature 
rise, during scale-up studies using multiple pouch stacks, or when testing larger 
size products. Primarily, an adequate temperature login system must be installed 
to provide reliable temperature profiles used to determine preheating efficiency. 
Plastic stuffing boxes can help fixing the thermocouples at the center of the pouch 
(or at the slowest heating position) for accurate determination of heat penetration 
profiles. Other thermocouple positioning devices shown in guidelines from the US 
National Food Processors Association can also be adapted (NFPA, 1985).
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Heat penetration can be evaluated by using the heating rate index fh and heating 
lag factor jh (Holdsworth, 1997). The heating rate index fh and heating lag factor 
jh can be determined by using Eqs. (2.6) and (2.7) (Holdsworth, 1997):

 
log log logu

T T

T T

t

f
jR

R h

=
−
−

⎛
⎝⎜

⎞
⎠⎟

= − +
0

 (2.6)

where u is the reduced temperature, T is the temperature at the geometric center 
of the package, T0 is the initial product temperature, TR is the reference tempera-
ture of the heating medium, and j is the extrapolated lag factor. The corrected 
heating lag factor jh can be determined from the 58% come-up time (t58), which 
corresponds to an additional 42% of come-up time needed to reach the target 
temperature.
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The lag factor jh is related to the lag time needed to reach uniform heating 
rate values. The accuracy of heat penetration determination depends, among 
other factors, on the headspace inside the pouch, as well as the internal vapor 
pressure created due to increased temperature, which can influence the jh value 
due to convective currents in contact with the product surface. Accuracy of 
temperature readings may also be affected by the type of thermocouples used, 
thermocouple entry system into the package, and use of connectors and exten-
sion wires (NFPA, 1985).

When comparing different preheating methods, the heat transfer coefficient 
can provide additional information on preheating efficiency. It can be calculated 
either by empirical correlations between dimensionless numbers (e.g., Nussell 
and Reynolds number) or by fitting simplified Fourier balances to experimental 
temperature histories. The instant heat transfer coefficient h can be determined by 
solving the following overall heat balance equation (Varga and Oliveira, 2000):

 rC V
dT

dt
h A T Tp

ave
t

t
surf
t= −( )1 ∞  (2.8)

where T•, Tsurf , and Tave are the heating medium and product surface and vol-
ume average temperatures, respectively. Since this expression defines an instant 
value, the superscript and subscript t indicate that these variables are a function 
of time.

Varga and Oliveira (2000) showed that more reliable results can be obtained 
from the derivatives of average heat transfer coefficient h̄ t, instead of calculating 
ht values for short time steps in the preheating process.

The average external heat transfer coefficient h̄ t between zero and time t was 
defined as:
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where t0 is the initial time for the preheating stage (depending on whether a one- or 
two-stage preheating is considered). Varga and Oliveira (2000) offered two  solutions 
to determine the average external heat transfer coefficient from t0 to  several values 
of t considered: (a) integrating the heat balance (Eq. 2.8) or (b) using the residual 
sum of the square method to minimize the difference between experimental and 
model temperatures. A detailed description of this methodology escapes the scope 
of this manuscript and can be found in the mentioned reference.

2.5. Microbial Engineering and Regulatory Implications

Bacterial spore inactivation depends on pressure applied and initial temperature of 
the food and vessel. Most thermal baro-resistant spores are inactivated at pressures 
600 MPa or greater, in combination with initial temperature above 60°C. However, 
relatively low pressures (below 200 MPa) can trigger spore germination (Patterson, 
2005; Leadley, 2005). Furthermore, studies on target microorganisms for inactiva-
tion and related safety assurance of canned food products, such as for Clostridium 
botulinum, have shown large variation in the pressure resistance of different spore 
strains (Margosch et al., 2004; Margosch, 2005; Gola and Rovere et al., 2005).

2.5.1.  Inactivation of C. botulinum Strains 
by HPHT Processing

Until now, the resistance to pressure and temperature has been studied with at least 
five C. botulinum strains in varied conditions and media (Reddy et al., 1999; Reddy 
et al., 2003; Margosch et al., 2004; Gola and Rovere, 2005). C. botulinum spores 
type E in pH 7 buffer, for example, have been reduced 4.5 logs at 50°C/758 MPa/
5 min and 5 logs at 40°C/827 MPa/10 min (Reddy et al., 1999). Furthermore, 
C. botulinum type A was reduced by more than 3 log units in pH 7 buffer and crab 
meat following treatment at 75°C/827 MPa/20 min (Reddy et al., 2003). Other studies 
on several C. botulinum strains (types A, B, F proteolytic, B non-proteolytic) in 
mashed carrots were carried out by Margosch et al. (2004) and Margosch (2005). 
They found that treatment at 80°C/600 MPa/1 s reduced strains by more than 5.5 log 
cycles to none at all. In particular, non-proteolytic C. botulinum type B was the least 
resistant strain and was reduced by more than 5.5 log cycles after 80°C/600 MPa/1 s. 
In comparison, proteolytic C. botulinum type A had more than 5 log reductions 
after 80°C/600 MPa/12 min treatment, and proteolytic C. botulinum type B spores 
were inactivated by less than three orders of magnitude at 80°C/600 MPa/60 min.

Since spore resistance also proved to be product dependent, more research is 
needed to find the optimum inactivation pressure/temperature/time conditions 
for C. botulinum strains in particular products, as the type of medium may influ-
ence spore germination rates (Margosch, 2005). Moreover, understanding how 
HPHT conditions affect bacterial neurotoxins produced is worth of consideration 
(Margosch et al., 2005).
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2.5.2.  Inactivation of Microbial Spore Surrogates 
by HPHT Processing

Regarding other spore-forming microorganisms, microbial studies have proven 
that an initial chamber/product temperature of 75-85°C and pressure 600-
827 MPa can effectively inactivate target heat resistant spore-forming bacteria 
commonly used as indicators of food safety and shelf stability (Heinz and Knorr, 
2001). In particular, Bacillus stearothermophilus spores were reduced 5 log 
cycles in phosphate buffer and beef broth at 70°C/700 MPa/3 min (Gola et al., 
1996; Rovere et al., 1998), and at least 4.5 log cycles in meat balls in tomato 
puree at 90°C/700 MPa/30 s (Krebbers et al., 2003). Furthermore, B. stearother-
mophilus spores were inactivated in egg patties at 700 MPa and 105°C (Rajan 
et al., 2006a; Rajan et al., 2006b; Koutchma et al., 2005). Koutchma et al. (2005) 
also showed that 700 MPa/105°C/4 min was sufficient to destroy 6 logs of B. 
stearothermophilus in spore strips in egg patties, whereas 6 logs of C. sporogenes 
PA 3679 at 700 MPa/110°C/5 min were destroyed in the same media.

Other spore genii such as Bacillus licheniformis spores suspended in pH 7.0 
buffer were also inactivated at 60°C/600 MPa/20 min (Taki et al., 1991), and 
reduced 6 logs in pH 7 buffer and beef broth at 70°C/700 MPa/5 min (Gola et al., 
1996; Rovere et al., 1998). Bacillus cereus spores were also reduced 8 logs in 
pH 7 buffer at 60°C/690 MPa/1 min with previous sporulation at 37°C (Raso 
et al., 1998), and 5 logs in beef broth at 70°C/700 MPa/5 min (Rovere et al., 
1998). Similarly, Bacillus subtillis spores were inactivated at 827 MPa and a 
process temperature ranging from 102 to 107°C, yielding up to a 6 log reduction 
(Balasubramaniam and Balasubramaniam, 2003).

Moreover, B. amyloliquefaciens was higher in HPHT resistance than C. botulinum 
strains (Margosch, 2005), becoming a potential surrogate for future research in 
HPHT sterilization (Margosch et al., 2004). Ahn et al. (2005) obtained up to 7–8 
log reductions with B. amyloliquefaciens after treatment at 700 MPa and 121°C 
for less than 1 min.

It is worth mentioning that data reported by several authors on spore inactivation 
were not obtained at the same conditions due to heat loss experienced in the cham-
ber using machines of different sizes, the compression fluids, and heat retention 
configurations (de Heij et al., 2002; Balasubramaniam and Balasubramaniam, 
2003; Ardia et al., 2004; Balasubramaniam et al., 2004). Thus, in many cases, data 
may not be comparable. Previous research has proven by means of numerical sim-
ulation the difference in inactivation reduction of Alicyclobacillus acidoterrestris 
spores at 50°C/800MPa (Ardia et al., 2004) and B. stearothermophilus (de Heij et 
al., 2002) at 700 MPa/121°C/2-90s pulses between the center and inner side-wall 
of pressure vessel. Particularly, Ardia et al. (2004) predicted that a difference of 
3–4°C between these two crucial points would result in a difference of approxi-
mately 6 log reductions between the center and inner side-wall of a polyethylene 
container located inside the pressure vessel. De Heij et al. (2002) predicted a 15°C 
difference between the center and vessel side-wall, giving a rough difference of 
5 log cycles.
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2.5.3. Regulatory Perspective

During the last five years, high pressure sterilization initiatives have been started 
by two consortia, one in the US and one in Europe, offering a new technology 
that will rival or complement conventional canning. Although 21CFR113 was not 
intended for pressure-processed low-acid vegetables and seafood, it is likely to be 
applicable since heat is included during compression (Sizer et al., 2002). Other 
parts in the US Code of Federal Regulations (9CFR318.300 and 9CFR381.300) 
applicable to the sterilization of food products containing 3 percent or more raw 
(2 percent cooked) meat or poultry could also be used for this technology.

A standard scenario for commercial sterilization using high pressure processing 
can be defined as the combination of 700 MPa and a final process temperature of 
121°C (initial temperature 90°C) with a holding time of 3 min. In this case, an F0 
value of approximately 3 min (corresponding to a 12D reduction of C. botulinum 
spores) is obtained by only accounting for the thermal component and neglecting 
the pressure effect on microbial inactivation (Sizer et al., 2002). This standard 
scenario would allow filing HPHT treatment as a thermal process according to 
21CFR113 as a first approach, avoiding the use of large volumes of microbial 
inactivation data and special kinetic models to account for the combined effect of 
temperature and pressure.

On the other hand, various researchers are gathering safety data on microbial 
inactivation, as well as process data, to model the kinetics of C. botulinum inacti-
vation that will allow identifying process performance criteria for process valida-
tion and process filing with regulatory agencies such as the FDA.

2.5.3.1. FSO Concept in High-Pressure Sterilization

The concept of Food Safety Objective (FSO) has been introduced by the Codex 
Committee on Food Hygiene (Codex, 2004) as the “maximum frequency or 
concentration of a hazard in a food at the time of consumption that provides or con-
tributes to the appropriate level of protection (ALOP)” (NACMFS, 2005). This 
concept is also emerging as a regulatory parameter for evaluating the efficacy of 
novel technologies to inactivate target pathogenic microorganisms. An inactiva-
tion performance criterion can be expressed as follows (NACMFS, 2005):

 H0 R+ I FSO (or PO)_ ≤∑∑  (2.10)

where FSO is the food safety objective, PO is the performance objective, H0 is the 
initial level of the hazard, Σ R is the total (cumulative) reduction of hazard on a 
log10 scale, and Σ I is the total (cumulative) increase of hazard on a log10 scale.

Alternatively, the Performance Objective (PO), or “the maximum frequency 
and/or concentration of a hazard in a food at a specified step in the food chain 
prior to consumption that provides or contributes to an FSO or ALOP, as applicable” 
(Codex, 2004), can be used in Eq. (2.10) to establish process performance. In 
the context of risk analysis, an FSO would be based on a public health goal that 
provides an ALOP or “reasonable certainty of no harm.” Since the most resistant 
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microorganism of public health significance in HPHT sterilization of low-acid 
foods is C. botulinum, an FSO could be defined as the achievement of a <100 cfu 
C. botulinum/g in a food at the point of consumption.

2.5.4.  Process Performance Criteria Accounting 
for Temperature History and Inactivation Kinetics

As mentioned before, the 21CFR113 primarily stipulates minimum temperature 
requirements for commercially sterilizing low acid foods. However, inactiva-
tion of C. botulinum has not been validated for thermally pressurized foods, not 
only due to the lack of inactivation data for several strains, but also because the 
microbial performance or process outcome criterion has not yet been established 
for comparison purposes (Koutchma et al., 2005). This process performance 
criterion should include inactivation kinetic parameters of C. botulinum, along 
with other parameters that account for the pressure and temperature profile during 
the established HPHT sterilization process.

The following paragraphs will describe approaches to determining parameters 
that simultaneously account for uniformity and the sterility of an HPHT process 
and that can therefore be applied in process validation.

2.5.4.1. Conventional Thermal Processing Approach

Koutchma et al. (2005) showed that the HPHT process may be validated by 
applying concepts such as decimal reduction time (DT, DP) and temperature 
sensitivity (ZT , ZP), traditionally used in conventional thermal processing of 
low-acid foods. The authors based their research on evidence reported on the 
linearity of microbial inactivation curves (semilog scale) of classical surrogates, 
namely B. stearothermophilus and C. sporogenes PA 3679, at a pressure range 
of 600–800 MPa and process temperature range of 91–108°C. They found that 
thermal sensitivity of PA 3679 spores (ZP values) did not vary with pressure, nor 
did pressure sensitivity (ZT values) vary with temperature at these ranges. They 
were able to calculate F0 values for the HPHT sterilization process by adapting 
a concept established by Pflug (1987) to calculate the process lethality, which 
included the initial microbial load. Nevertheless, research is ongoing since Z 
values of C. botulinum spores at a reference sterilization temperature 121°C are 
necessary for quantifying the additional contribution of pressure in an HPHT 
process in terms of lethality and overall thermal death time. In order to separate 
the pressure effect, care must be taken when comparing an HPHT process with 
a conventional thermal process, since processing factors (i.e., package geometry, 
food media, temperature measurement, etc.) should be reproducible at only-thermal 
and thermal pressurization conditions. Furthermore, F0 values accounting for the 
thermal components should coincide in both processes. Due to the asymmetric 
reduced temperature semilog scale profile obtained in an HPHT process, the 
General Method (Holdsworth, 1997) could most accurately determine F0 values 
from temperature profiles in commercial software packages.
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2.5.4.2. Weibullian Approach

Peleg et al. (2005) identified a theory to redefine the concept of “thermal death 
time” for non-isothermal heat treatments like HPHT processing that was an 
alternative to the F0 value concept, by describing C. botulinum inactivation 
kinetics using a power law or “Weibullian” model with temperature dependent 
parameters:
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where N0 is the initial number of microorganisms and N(t) is the number of 
surviving microorganisms at time t. The parameters b(T) and n(T) are a function 
of the applied temperature. A similar model can be used to describe the HPHT 
process using model parameters, b and n, as functions of both pressure and 
temperature (Campanella and Peleg, 2001). Thus, the combined effect of pressure 
and temperature of the process can be accounted for in this expression:
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The relationship between parameters b and n with pressure and temperature can 
be determined from experimental survival curves obtained at combined pressures 
and temperatures. In order to know the effects of pressure and temperature on 
parameters b and n, the temperature [i.e., T(t)] and pressure [i.e., P(t)] histories 
must be known. Thus, an analytical heat transfer model to express T(t) and 
P(t) needs to be incorporated into Eq. (2.12). Once parameters b(t) and n(t) are 
known, inactivation of microorganisms at selected pressure and temperature can 
be predicted. Peleg et al. (2003) and Peleg et al. (2005) proposed a methodology 
to estimate survival parameters b and n for conditions of variable pressure and 
temperature. However, as said before, no sufficient C. botulinum data exists that 
validates the model. Once data is collected for a tolerable number of C. botulinum 
strains, these parameters could eventually be used to validate an established 
HPHT sterilization process.

The advantage of this approach is that parameters will depend on the actual 
thermal pressurization history; therefore, more accurate conditions to reach steri-
lization can be defined to establish a given HPHT process. This approach allows 
process optimization to minimize over processing, and increases the chances 
of yielding higher quality foods with increased nutritional content (Peleg 
et al., 2005).

2.5.4.3. Alternative Performance Criteria

Design of thermal process operations requires the use of heat transfer models 
to determine process parameters that account for temperature in terms of its 
distribution within the food or equipment during treatment (Nicolaï et al., 2001). 
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This concept can be extended to build models that not only account for 
temperature distribution, but also for microbial survivor distribution. Numerical 
heat transfer models that incorporate inactivation constants as a function of pressure 
and temperature have been proposed to account for the extent of combined tempera-
ture and pressure inside the pressure vessel (Denys et al., 2000; Hartmann and 
Delgado, 2003).

For instance, the temporal and spatial distribution of activity of Bacillus 
subtillis α-amylase and cfu-concentration of E. coli (Hartmann et al., 2003) was 
described with the first order inactivation kinetics equation in terms of continuum 
mechanics and scalar transport (Ludikhuyze et al., 1997):
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where A is the relative activity (actual activity related to the initial activity, 
varying between 100% with values close to zero), K(P,T) is the inactivation rate 
constant, and u, w, and v are the components of the fluid velocity vector in the x-, 
y-, and, z-directions, respectively. Velocity vectors were taken from thermal and 
fluid dynamic conservation equations of mass, momentum and energy (Hartmann 
and Delgado, 2003). Eq. (2.13) represents the coupling between the activity A 
and the flow field (i.e., the velocity of the vessel fluid and fluid inside packages) and 
the coupling of A and the temperature distribution. In this way, the pressure-
temperature-time profiles, calculated through the model, were integrated through 
a numerical scheme, and the activity retention could be evaluated at any point in 
time and vessel space.

This model allowed obtaining inactivation distribution per package located at 
specified volumetric regions in the vessel. For this purpose, a volume-weighted 
averaging can be carried out for each package, and arithmetic averaging of all 
packages can provide an idea of global inactivation effectiveness (Hartmann 
and Delgado, 2003). Furthermore, a process uniformity parameter, Λ, has been 
defined in terms of the average relative activity retention, i.e.,

 Λ =
A

A
ave

ave

_ min

_ max

 (2.14)

where Aave_min is the minimum average activity retention and Aave_max is the 
maximum average activity retention (Hartmann and Delgado, 2003). A similar 
inactivation distribution analysis can be performed by means of thermal and 
fluid dynamic models that include inactivation kinetic equations for pressure/
temperature resistant spore-forming bacteria such as C. botulinum. In this case, 
microorganisms should be assumed as a transport quantity varying over space 
and time (Hartmann et al., 2003). This would allow calculations of temperature 
uniformity during HPHT sterilization processes, of special use in scale-up studies. 
A few works have already integrated thermodynamic, heat transfer, and spore 
inactivation kinetic models to predict the effect of temperature evolution at 
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selected points in the pressure vessel on spore inactivation (de Heij et al., 2002; 
Ardia et al., 2004). A mathematical model integrating thermodynamics and inac-
tivation kinetics of Bacillus stearothermophilus was built to predict temperature 
distribution in the high-pressure vessel (de Heij et al., 2002). In this case, an 
axi-symmetric one-dimensional finite element model based on heat conduction 
was developed, which predicted temperature at the vessel wall and at the center. 
A first order kinetic constant k was found from spore inactivation data and fit 
into a modified Arrehnius-Eyring equation (Eq. 2.15), expressed as follows as a 
function of pressure and temperature:
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where volume Va is the activation volume, Ea is the activation energy, and R is 
the universal gas constant (8.314 J/mol/K). Although this contribution does not 
clearly specify results in terms of microbial reduction, as already mentioned, the 
model could predict temperature profiles at selected vessel points and illustrate 
the lower log cycle reduction achieved near the vessel walls after a two-cycle 
700 MPa/121°C/90s process.

Similarly, Ardia et al. (2004) modeled compression heating using a finite 
element method, also based on heat conduction in radial coordinates. The model, 
based on Eq. (2.1), included dT/dP as a time dependent heat source during the 
compression or de-compression phase. The numerical routine implemented 
NIST formulations (Harvey et al., 1996) for regressive calculation of the thermal 
expansion coefficient α, density ρ, and specific heat Cp. To account for tempera-
ture increase due to compression, a microbial inactivation model was included 
into the finite difference scheme, yielding the degree of inactivation (log cycle 
reductions) for any radial position. In this case, the time dependent inactivation 
was mathematically expressed assuming nth order inactivation kinetics:

 dN

dt
k N n= − .  (2.16)

The inactivation rate constant was then expressed as a function of pressure and 
temperature using the Arrhenius-Eyring equation:

 In k
RT

E V Pa( ) *= −( )1 ∆  (2.17)

where the activation volume ∆V* is the characteristic parameter for the pressure 
dependence of the rate constant. This modeling approach predicted the inactiva-
tion of Alicyclobacillus acidoterrestris spores at 50°C/ 800 MPa in geometrically 
defined locations, finding (as mentioned before) a difference of 6 log cycles 
inactivation at the center of the pressure chamber and closer to the chamber walls 
(due to a 3–4°C difference at the end of pressurization).
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2.5.5. Synergistic Approach

A number of foods composed of heat-labile components, relevant in terms of 
product quality and nutrition, can be affected by HPHT conditions necessary for 
sterilization (Matser et al., 2004; van Loey et al., 1998). In this case, additional 
synergies can be tried by using food additives and preservatives, such as bacteri-
ocins (inactivation by membrane pore formation), surfactants like sucrose esters 
(affecting both proteins and biomembrane structure and function), acidulants 
(providing specificity in antimicrobial inactivation), humectants, chelating agents, 
and others.

Kalchayanand et al. (2003) showed that, at moderate pressure, bacterial spores 
can be induced to germinate and outgrow, at which stage they can be killed by 
bacteriocin-based biopreservatives. In this study, inactivation of Clostridium 
laramie spores or a mixture of 4 clostridial spores (C. sporogenes, C. perfringens, 
C. tertium, and C. laramie) in roast beef with added preservative mixtures 
(pediocin, nisin, lysozyme, Na-EDTA, and BPy) were subjected to treatment at 
60°C/345 MPa/5 min. It was found that a combination of HP with bacteriocins 
extended the shelf life of inoculated roast beef up to 7 days at 25°C and up to 
84 days at 4°C. Stewart et al. (2000) showed that B. subtilis and C. sporogenes 
ATCC 7958 were especially sensitive to nisin addition. A marked synergistic 
decrease in spore count was detected with pressurization at 250–300 MPa com-
bined with 45°C and pH less than or equal to 6.0 in the presence of sucrose 
laureate fatty esther.

Moreover, Shearer et al. (2000) investigated the addition of sucrose laurate and 
combined treatment at 45°C/392 MPa/10–15 min, finding 3–5.5 log reductions 
for B. subtilis in milk, B. cereus in beef, B. coagulans in tomato juice (pH 4.5), 
Alicyclobacillus sp. in tomato juice (pH 4.5), and Alicyclobacillus sp. in apple 
juice. In this study, sucrose laurate appeared to be inhibitory rather than lethal to 
spores. However, its application to food as an extra hurdle may allow the use of 
lower temperatures in combination with pressure.

2.6. Quality of Selected HPHT Processed Foods

Even though extensive research has been done on bacterial spore inactivation, 
quality validation studies of low-acid foods after HPHT treatment have rarely 
been performed. Furthermore, little consumer data on HPHT processed products 
have been reported, and few comparisons exist in the literature with retort process-
ing on consumer acceptability. Information on appearance, texture, and flavor/
aroma mostly exists in terms of analytical evaluations of HPHT treated products 
such as broccoli juice, green beans, tomato puree, and meat sauce (van Loey et 
al., 1998; Rovere et al., 2000; Krebbers et al., 2003; Matser et al., 2004). Indeed, 
a number of high pressure, high temperature (HPHT) treated low-acid foods such 
as meat, milk, and vegetable products showed more desirable texture, color, and 
flavor/aroma retention in comparison to retorted products and, in some cases, to 
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frozen products (Hoogland et al., 2001; Krebbers et al., 2002; Krebbers et al., 
2003; Matser et al., 2004).

Color, it has been shown, can be retained in selected vegetables (Matser et al., 
2004). For instance, spinach has been found to retain higher color intensity 
than conventionally sterilized spinach after two pulses at 90°C/700 MPa/30s. 
Furthermore, tomato puree treated at 90°C/700 MPa/30s also retained color, 
whereas color degradation was greater after conventional retort treatment. This data 
was supported by a sensory panel that found higher color acceptability in tomato 
puree treated at HPHT conditions, in comparison to retorted samples. Lycopene 
content was maintained in this case, while a lower content was found after retort 
treatment (Krebbers et al., 2003). Moreover, Juliano et al. (2006a, b) indicated that 
HPHT treatment at 70°C/700 MPa/5 min can maintain color and appearance of 
selected scrambled egg patty formulations (as evaluated by a trained panel).

Regarding texture, firmness of HPTS-treated green beans after 75°C/1000 MPa/
80s was much higher than those conventionally retorted, dried, or frozen (Krebbers 
et al., 2002). HP treated tomato puree (90°C/700 MPa/30s/121°C) displayed lower 
serum separation and higher viscosity than the retorted product. Previous studies 
have also identified that utilization of lower pressurization temperatures can 
significantly improve the texture and water retention of scrambled egg patties 
(Juliano et al., 2006b). In fact, previous studies on high pressure formation of 
gels from whole liquid eggs, egg white, egg yolk, and egg yolk/white (Ma et al., 
2001; Ahmed et al., 2003; Lee et al., 1999) have shown that pressures greater 
than 600 MPa not only increase apparent viscosity, but also provide instantaneous 
gelation of egg yolk and egg white.

Flavor components in fresh basil were best retained after HPHT processing 
(two pulses of 85°C/700 MPa) in comparison to freezing, conventional retorting, 
and drying. Egg flavor retention has also been reported in high pressure high 
temperature treated egg patties at 700 MPa/105°C/5 min (Juliano et al., 2006b).

2.6.1.  Shelf-Stable Egg-Based Products Processed 
by HPHT: A Case Study

Manufacturing of acceptable shelf-stable egg products using conventional thermal 
processing remains a challenge, as retort processing yields undesirable flavors, 
greenish-gray discoloration, and detrimental changes in texture and syneresis 
(Baliga, et al., 1969; Wesley et al., 1982; Luechapattanaporn et al., 2005). In fact, 
the US Army recently stopped the production of retorted scrambled eggs in plastic 
institutional trays due to the dissatisfaction found by military consumers with 
respect to the quality of this benchmark product (Dunne, 2005).

At present, Washington State University (WSU), in conjunction with The Ohio 
State University (OSU) and the National Center for Food Safety and Technology 
(NCFST) has been directing a short-term Combat Rations Network (CORANET, 
US Defense Logistics Agency) project for the development of shelf-stable egg 
products using HPHT processing. The project, run under the guidance of the US 
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Natick Soldier Systems Center, has been part of a series of efforts carried out to 
identify processing alternatives for the manufacture of acceptable shelf-stable 
egg-based products. Alternatives include the use of high-temperature short-
time retort processing, radiofrequency heating, freeze-drying, and refractance 
windows drying. The HPHT processing project had the active collaboration of 
experts from industry in various fields, including the high pressure equipment 
design team from Avure Technologies, the egg product development team from 
Michael Foods Egg Products Company, the high pressure processing packaging 
development team from ALCAN, and military ration developers from Wornick, 
Ameriqual, and Sopakco.

Among existing precooked egg products, scrambled egg patties were identified 
as an adequate product for high-pressure processing, especially during HPHT 
processing, due to their semisolid homogeneous structure (Juliano et al., 2006b). 
During the first phase of this project, several efforts have been directed in terms of 
formulation development, microbial challenge studies, identification of adequate 
processing conditions, as well as packaging studies.

The team focused on identifying the effects of HPHT conditions on commercial 
and modified egg patty formulations. Two processing strategies were initially 
proposed for egg-based product commercial sterilization and C. botulinum 
inactivation: (a) standard thermal sterilization treatment at process temperature 
121°C accelerated by the application of 700 MPa with holding time at 
3 min, and (b) thermal HPHT treatment using lower temperature than in (a) with 
increased holding time. Option (a) was considered with the purpose of facilitating 
FDA approval as a thermal process. In both cases, microbial challenge studies 
have helped in the selection of processing conditions. Furthermore, inactivation 
kinetics studies, incubation tests, packaging identification, and compression heating 
studies gave a deeper understanding of the process. Results of these endeavors, 
after iterative steps, are highlighted in the following sections.

2.6.1.1. Egg Patty Formulation Identification for HPHT Conditions

Michael Foods has played a key role in the development and production of 6 egg 
patty formulations that were supplied to WSU, NCFST and OSU for testing. 
Trained and consumer sensory panels at WSU, along with additional physical 
tests (texture profile analysis, quantification of syneresis, and instrumental color 
measurements) have helped identify a formulation suitable in flavor, aroma, and 
appearance.

A six-member descriptive panel trained at WSU analyzed a basic formulation 
(whole eggs, water, soybean oil, modified food starch, whey solids, salt, nonfat 
dried milk, and citric acid) and other formulations with added water, cheddar 
cheese particles, xanthan gum, EDTA and flavors. Formulations with added xanthan 
gum, EDTA and flavors, treated at 700 MPa/105°C/5 min, showed higher tones of 
butter flavor as well as lower tones of rancid, unclean and retort flavor than the 
basic formula after pressure (Juliano et al., 2006b).

Texture was initially identified as one of the most challenging problems in the 
quality of the egg products after pressurization at process temperatures greater 
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than 100°C (Juliano et al., 2006b). It was found that the addition of xanthan gum 
and water significantly decreased the hardness of high pressure treated patties by 
30–55% after 700 MPa/105°C/5 min (Juliano et al., 2006a). Furthermore, addition 
of xanthan gum reduced the water loss (or syneresis) after pressure.

Results of a 40-member consumer panel verified previous studies on the effects 
of process temperature on product quality after HPHT processing. It was found 
that decreasing the high pressure process temperature from 121 to 105°C at 
700 MPa improved the overall acceptability of HPHT treated formulations with 
added xanthan gum. A formulation containing 20% Cheddar cheese and treated 
at 105–110°C and 700 MPa obtained ratings similar to the untreated egg patty 
controls (Juliano et al., 2007).

Testing in a DUST 35 L machine (QUINTUS Food Autoclave Type 35L-
600, Avure Technologies, Kent, WA) showed that texture can be improved by 
using lower vacuum packaging conditions, whereas texture of the patty was not 
affected when processed in smaller 1.5 L chambers (Quintus Food Processor-
6, Flow Autoclave systems, Columbus, OH) and 1.7 L chambers (Engineered 
Pressure Systems, Inc., model # 914-100, Haverhill, MA). Furthermore, the three 
centers (WSU, NCFST and OSU) studied the effect of HPHT processing on the 
pH of the basic egg formulation and formulation with added xanthan gum, detect-
ing no significant changes after processing.

2.6.1.2. Preheating Studies

By working with different preheating systems, trials were conducted to reduce 
preheating times and to minimize decreased quality and excessive use of heat 
due to long preheating periods (Juliano et al., 2006b). Comparisons were made 
between preheating with an electrical heater, a water kettle with steam jacket, a 
water kettle with steam injection, or microwaves, showing that microwaves and 
steam injection elevated patty temperatures up to 75°C most quickly.

Considering that microwave heating showed significant temperature gradients 
within the patties (proven by means of infrared imaging), direct steam injection 
was shown to be advantageous in reducing preheating time. One other effect found 
was that the type of packaging material influenced preheating times. Aluminum 
foil-based laminates provided better penetration rates than non-foil ones.

2.6.1.3. Compression Heating of Egg-Based Products

Determination of compression heating properties of egg mixtures gave no significant 
differences with water. The compression heating factor of egg patties ranged from 
3.3°C/100 MPa to 4.8°C/100 MPa at the initial process temperatures of 25°C and 
80°C, respectively. Therefore, no temperature gradients between the compression 
fluid and the egg patties are expected due to different compression heating.

2.6.1.4. Microbial Challenge Studies

Microbial inactivation studies were carried out by NCFST and OSU. Inactivation 
of B. stearothermophilus was studied after different stages in the process: (a) 
baking of the egg mix to form patties, (b) after preheating and (c) after HPHT 
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processing. B. stearothermophilus spore inoculated into the egg mix showed 
a one log cycle reduction after baking. After treatment at 700 MPa/105°C, 
inactivation of B. stearothermophilus (ATCC 7953) spores in egg patties was 
accelerated (Rajan et al., 2006b). The resistance of B. stearothermophilus, given 
by its D-values, also proved to be much lower when using pressure. Inactivation 
of B. stearothermophilus in spore strips located between two egg patties can be 
reduced by at least 6 log cycles at 688 MPa/ 105°C/5 minutes (Koutchma et al., 
2005). However, Clostridium sporogenes (PA 3679) bioindicator spores were 
more resistant than Bacillus stearothermophilus and needed a process tempera-
ture of at least 110°C.

2.6.1.5. Identification of Packaging Materials for HPHT Processing

Throughout the first phase, project partners worked with different packaging com-
panies to identify suitable individual flexible pouches (clear and foil laminates). 
Selected plastic and foil-laminated pouches from Kapak, Pyramid, ALCAN, and 
Smurfit-Stone manufacturers were screened for their ability to withstand HPHT 
and retort treatments. Overall packaging integrity, oxygen permeability (deter-
mined from a Mocon-Oxtran unit), and seal strength (determined from tensile 
tests using an Instron texture analyzer) were evaluated before and after treatments 
at NCFST facilities. In addition, pouches were tested for delamination, flex damage, 
or other treatment-related anomalies.

It was proven that foil laminates from Pyramid and Smurfit-stone (48 ga. poly-
ethylene/ adhesive/ 0.0005" aluminum foil/adhesive/ 4 mL polyolefin) retained 
their barriers during steam injection preheating and HPHT treatment. However, 
a statistically significant loss of barrier was found in clear plastic pouches from 
Pyramid without aluminum foil. Seal strength of all packaging materials was 
not significantly affected by HPHT and HP low temperature treatments, while 
retort at 121°C decreased seal strength. Furthermore, WSU, in partnership with 
ALCAN Packaging, identified a pouch made of coextruded laminates that pro-
vided almost no blistering and low oxygen permeability after pressure under 
a worst-case scenario condition (700 MPa/121°C/3 min). ALCAN packaging 
material composition was a 60 ga. biaxial nylon/adhesive/5.0 mL ethylene vinyl 
alcohol (EVOH) coextruded sealant.

2.6.1.6. Incubation Tests – Shelf Stability Studies

Egg patties (basic formulation) were treated in WSU’s 1.7 L machine at pressures 
between 200 and 700 MPa, with holding time of 5 min and initial temperature of 
90°C for storage testing. Treated and untreated packages were stored at room 
temperature and 37°C for one year. Results indicated that at pressures above 
400 MPa, no pouches showed production of gas or decomposition. HPHT treated 
patties stored at room temperature for one year maintained initial color, hardness 
and aroma. Moreover, other non-inoculated formulations tested in the NCFST/
Avure 35 L pilot machine also remained stable (no gas formation) for six months 
when stored at 37°C after 700 MPa/105°C treatment.
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Another set of samples were inoculated with B. stearothermophilus spores 
(7.5×106 spore/g) at OSU laboratories and treated at 700 MPa/105°C/5 min. 
The product remained stable after at least two months storage at 37°C.

2.7. Final Remarks

The concept of combining high hydrostatic pressure and heat to commercially sterilize 
low-acid foods emerged in the early 1970s and is scaling up from the laboratory 
bench to the pilot plant. At least four pilot 35 L high pressure vessels located around 
the world are being used today as part of various industrial/government consortia 
projects to identify the benefits of HPHT processing for several products.

Patents have been published proposing different approaches, among which 
the application of a single pressure pulse of 600 MPa or greater, combined with 
temperature between 90 and 130°C, seems most appropriate from a food safety 
and economic point of view. This approach defines a high temperature short time 
sterilization process, which has been proven to provide improved flavor, texture, 
color and nutrient retention in selected food components, in comparison to retort. 
At this stage of development, HPHT technology can be claimed advantageous for 
its shorter processing time. However, lower processing temperatures than 121°C 
cannot yet assure sterilization. For this purpose, additional microbial inactivation 
data on many C. botulinum strains as well as surrogate spore-forming microorganisms 
of higher resistance (to be identified) are greatly needed. Hence, based on the cur-
rent knowledge, regulatory approval can only be obtained by filing this technology 
as a thermal process, following the guidelines established in the 9CFR318.300, 
9CFR381.300, and 21CFR113.

Once C. botulinum inactivation data on several strains is gathered (together 
with process data) kinetic models can be developed for HPHT conditions. In fact, 
microbial kinetic models in combination with heat transfer models could be used 
to express overall process performance in terms of energy use. Overall parameters 
obtained for these models would completely account for (or be directly related to) 
individual performance parameters such as preheating rate, pressure come-up 
time, target preheating/equilibration temperature, target temperature at maximum 
pressure, temperature at the end of holding/ pressurization time, and temperature 
at the end of pressure release.

Synergistic approaches through the addition of natural antimicrobial preserva-
tives such as bacteriocins can help reduce the HPHT conditions needed to reach 
sterilization, providing opportunities for the development of products with more 
heat labile components. The FSO concept can help establish optimal conditions 
and ingredient addition for sterilization from a regulatory standpoint.

Attainment of optimal sterilization conditions is also related to the efficient use 
of compression heat developed during pressurization. Equipment modification 
with heat retention aids such as an insulating polymeric liner at chamber walls, 
preheated pressurization fluids, and an internal pressure intensifier to decrease 
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the amount of inflowing pressurization fluid, can yield more uniform temperature 
distribution across the chamber vo-lume. If a nearly adiabatic state is achieved 
inside the liner, pressure holding times may be decreased, as temperature will be 
uniform, even near the steel chamber walls.

The preheating step has been identified as a critical control point in the overall 
process since it determines the achievement of the target pressurization temperature 
in all food packages. A number of factors intervening in the preheating step have 
been listed, among which the preheating method used and package geometry 
seem the most relevant. Furthermore, the equilibration step after preheating is 
important to assure temperature homogeneity inside the food packages before 
pressure come-up time. From a quality perspective, minimization of preheating 
times, by selecting faster preheating methods, could help improve food attributes 
at the end of the HPHT process. A two-stage preheating approach has been 
proposed to save carrier operating time.

HPHT technology has the potential to manufacture shelf-stable egg, vegetable, 
meat and dairy products, but more information is needed in terms of the sensory 
quality of HPHT products and consumer preferences. Further studies on the effect 
of HPHT conditions on separate food components and developed formulations will 
allow identification of specific study cases. Once products are identified, characteri-
zation in terms of shelf life can be carried out. In this case, shelf stability of developed 
HPHT processed foods will not only depend on the treatment applied, but also on 
the barrier provided by the selected packaging material. Efforts are ongoing to identify 
packaging materials that meet the requirements for overall integrity, specific seal 
strength and gas permeability after HPHT treatment.

In conclusion, defining the conditions of C. botulinum inactivation is fundamental 
to establishing further product development studies on novel HPHT treated foods 
to satisfy the shelf-stable ready-to-eat markets. In addition, validation of process 
performance criteria related to C. botulinum inactivation, and pressure and 
temperature history will not only allow process filing with regulatory agencies, 
but will help establish a business case for transforming HPHT processing into an 
industrial reality.
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3
Nonlinear Kinetics: Principles 
and Potential Food Applications

M.G. Corradini, M.D. Normand, and M. Peleg

3.1. Introduction

Traditionally, the progress of many processes affecting the safety and quality of 
foods, notably microbial inactivation and the thermal degradation of vitamins 
has been described in terms of first order kinetics. According to this concept, 
the “survival ratio” y(t), be it the fraction of survival cells or spores, i.e., N(t)/
N0, where N(t) and N0 are the momentary (instantaneous) and initial numbers, 
or C(t)/C0, where C(t) and C0 are the momentary and initial vitamin’s concen-
tration, is given by:

 dy t

dt
k T y t

( )
( ) ( )= −  (3.1)

which upon integration yields:

 y(t) = exp[−k(T)t] (3.2)

 log y(t) = −k(T)t (3.3)

where k(T) is a temperature dependent rate constant. A similar model can be 
written for exponential growth, in which case the negative sign is dropped. 
However, exponential growth, either of a microbial population or of any 
chemical compound concentration cannot continue indefinitely for obvious 
reasons. Hence, growth, especially of microorganisms in a closed habitat, 
must be described by alternative models. These can be classified as:

(a) models derived from the classic continuous logistic equation (Verhulst’s 
model):

 

dy t

dt
r T y t

y t

y Tasympt

( )
( ) ( )

( )

( )
= −

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1

 

(3.4)

where y(t) is the linear or logarithmic growth ratio, i.e., [N(t)-N0]/N0 or log[N(t)/
N0], respectively, r(T) is the characteristic temperature dependent rate constant 
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and yasympt(T) (commonly and erroneously dubbed “max”) is the asymptotic 
growth ratio, representing the habitat’s carrying capacity. Examples of these 
are the Baranyi-Roberts model (Baranyi and Roberts, 1994) and Fujikawa et al. 
(2004). In the former, r(T) is replaced by a function intended to account for the 
physiological state of the population at the time of its introduction to the new 
medium. In the latter, a power term is added to the original logistic model to 
improve its fit to experimental sigmoid growth curves.

(b)  Descriptive algebraic models, the most familiar of which is the Gompertz 
model (McKellar and Lu, 2004):

 log[y(t)] = A(T) + C(T)exp{-exp{–B(T)[t–m(T)]}} (3.5)

where µ(T) is the inflection point location and A(T), B(T) and C(T) are coefficients, 
all temperature dependent adjusted regression parameters. 

The temperature dependence of both the growth and inactivation/degradation 
rate constants has been traditionally assumed to obey the Arrhenius equation 
(Purich and Allison, 2000):

 k(T) = k(T ) expref
. 
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where k(Tref) is the rate constant at a reference temperature Tref, EA the “energy 
of activation” and R the universal gas constant. In microbial and enzyme inac-
tivation, and sometimes even in vitamin degradation (Labuza, n.d.; Purich and 
Allison, 2000), the temperature dependence of the reciprocal of k(T), known as 
the “D value”, has been assumed to obey the relationship:

 log
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where z is the temperature span at which the “D value” increases or decreases by 
a factor of ten. Although Eqs. (3.6) and (3.7) are mutually exclusive models, their 
parameters are frequently displayed in textbooks and websites side by side without 
comment. Despite their wide use in microbiology and food physical chemistry and 
biochemistry, the two models can have serious drawbacks. For example:

(a) For either to be correct, all the isothermal inactivation, degradation or 
growth curves need to be log linear, i.e., the process has to follow the first 
order kinetics model. Unfortunately, there is growing evidence that in 
many systems, this condition is not satisfied (e.g., Peleg and Cole, 1998; 
van Boekel, 2002; Corradini and Peleg, 2004). This should not come as 
a surprise. The first order kinetics model is the hallmark of radioactive 
decay or simple chemical reactions, where the probability of a disintegra-
tion event or interaction does not change with time, because the atoms or 
reactants remain unchanged throughout the process duration. This need 
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not be the case in biological systems and complex biochemical reactions, 
where both the “reactants” and chemical environment are continuously 
changing (Peleg et al., 2004.)

(b) The Arrhenius equation was developed for simple chemical reactions having 
a single energy of activation. There is no reason to assume that biological and 
complex biochemical processes having several interactive pathways must be 
universally coordinated in such a way that they will always produce a single 
energy of activation as if they were one single reaction between two gases 
under low pressure, for which the model was originally derived (Barrow, 
1996). The same can be said about the log linear model that has produced 
the z value. Its universality, if it had existed, would also require a coordinated 
kinetics that would be very difficult to explain in mechanistic terms. But let us 
assume that the two models (Eqs. 3.6 and 3.7) were only used as an approxi-
mation with no mechanistic significance assigned to their coefficients. Even 
then they would be a poor choice for several reasons:

1. The rate constant k(T) or its reciprocal D(T) are both derived from data after 
their logarithmic transformation. Therefore, in the pertinent temperature rate, 
they rarely change by several orders of magnitude that would justify a second 
logarithmic transformation. In the Arrhenius model, the rationale of compress-
ing the temperature scale is also highly questionable. For example, for most 
biochemical reactions, the range between 5 and 40°C is quite significant and 
so is the range of 90 to 120°C in sporal inactivation. Yet they are compressed 
to the modest 0.0036 – 0.0032 and 0.00275 – 0.0025 K−1 intervals after the 
transformation required by the Arrhenius model (Peleg, 2006).

2. Both models entail that the logarithmic rate in the same chemical environ-
ment is solely a function of temperature but not of time, i.e., k(T) or D(T) are 
totally independent of the temperature history of the food (Peleg et al., 2004). 
To demonstrate this point, consider the following hypothetical scenario: 
A food containing a heat sensitive vitamin, let’s say, or inoculated with a bac-
terium and stored at a fairly low but nondestructive temperature is divided 
into two halves I and II. The first, I, is heated quickly to a highly destructive 
or lethal temperature, kept at this temperature for awhile and then cooled to 
a somewhat lower, but still destructive or lethal temperature, as shown in 
Fig. 3.1. The second, II, is kept at the original temperature and then quickly 
heated to the same temperature to which the first half has been cooled. From 
this point on, both halves are kept at the same destructive lethal temperature, 
as also shown schematically in the figure. Now, according to the traditional 
first order kinetics, combined with the Arrhenius or log linear model, the 
vitamin’s concentration or the size of the bacterium’s population in the two 
halves of the food would be very different – no problem here. But since these 
two halves have reached the same temperature, the vitamin’s logarithmic 
decay rate or the bacterium’s logarithmic mortality rate must be exactly the 
same! This is very unlikely, and for this reason alone, the whole approach to 
modeling food kinetics has to be re-examined and revised (Peleg, 2006).
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3. Suppose that there were food systems whose kinetics indeed followed the 
first order kinetics and a meaningful k(T) or D(T) could represent it. In 
this case, linearization of the plot depicting the rate constant or reciprocal’s 
temperature dependence on semi logarithmic coordinates would carry the 
risk of amplifying experimental errors. Or alternatively, even a slight but 
true deviation from the assumed linearity might result in an exponential 
error, as shown in Fig. 3.2.

These shortcomings or potential shortcomings of the traditional models can 
be all eliminated, but this requires their reformulation as nonlinear rate models. 
Fortunately, as will be demonstrated below, the tools to handle such models are 
readily available, and they can be used in many situations that are encountered in 
food processing, handling and storage.

3.2. Nonlinear Kinetics

The starting point is that we do not have to assume a priori, let alone know 
in advance, what the system’s kinetics is. This applies to processes involving 
inactivation and degradation or growth and accumulation. All we rely on are 
sets of isothermal experimental data of loss or growth. At least certain kinds of 

0 2 4 6 8 10 12 14 16
40

50

60

70

80

90

100

110

120

I 

II 

I & II 

TIME (arbitrary scale) 

T
E

M
P

E
R

A
T

U
R

E
 (

�C
) 

Fig. 3.1. A food containing a heat sensitive vitamin or inoculated with a bacterium and 
stored at a fairly low but nondestructive temperature is divided into two halves, I and II. 
The first, I, is heated quickly to a highly destructive or lethal temperature. If the traditional 
temperature dependence models were correct, the logarithmic decay rate of the two halves 
must be the same, kept at this temperature for awhile and then cooled to a somewhat lower, 
but still destructive or lethal temperature. The second, II, is kept at the original temperature 
and then quickly heated to the same temperature to which the first half has been cooled. 
From this point on, both halves are kept at the same destructive lethal temperature
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inactivation parameters can also be extracted from non-isothermal survival or 
degradation curves—see below—but this requires dense and highly reproducible 
experimental data (Peleg and Normand, 2004; Peleg et al., 2004). For simplic-
ity, we’ll show two kinds of processes, a Weibullian–power law inactivation or 
degradation and logistic growth or accumulation. It will become evident that 
the methodology can be applied to other decay or growth patterns as has been 
demonstrated elsewhere (Peleg et al., 2003; Corradini and Peleg, 2005). We’ll 
concentrate on the mathematical procedure rather than on the models’ mechanis-
tic interpretation and the considerations that had led to their development. These 
are amply discussed in the publications already cited.

3.2.1. Power Law (Weibullian) Log-Logistic Decay

Consider an isothermal survival curve of the kind shown in Fig. 3.3., i.e., having 
upward or downward concavity. It is obvious that the local slope (momentary 
rate) is time dependent. Such curves, more often than not can be fitted by the 
power law model with a constant power:

 log y(t) = b(T)t10
n_  (3.8)

where b(T) is a rate constant and n a constant. Upper concavity is expressed by n < 1, 
downward concavity by n >1 and linearity (“first order kinetics”) by n = 1 (Fig. 3.4). 
Thus, the log linear model is just a special case of Eq. (3.8). Consequently, all that 
follow would apply to the conventional models, but not vice versa. Also, the 
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Fig. 3.2. A slight-but-true deviation from the assumed linearity might result in an expo-
nential error
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Fig. 3.3. Isothermal survival curve having upward (left) or downward concavity (right)

Fig. 3.4. A series of isothermal survival or decay curves
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constancy of n is not a prerequisite and the methodology can easily be extended to 
a temperature dependent n(T) – see Mattick et al. (2001) for example.

A series of isothermal survival or decay curves would most probably look 
like what is shown schematically in Fig. 3.4. The temperature dependence of 
b(T) can be described by several alternative models (Corradini et al., 2005), as 
demonstrated in Fig. 3.5. For microbial and enzyme inactivation, our preference 
is the log logistic model:

 
b T( ) {= +log exp[ ( )]}e 1 k T Tc-

 
(3.9)

where Tc marks the temperature at which destruction starts to accelerate and k the 
slope of b(T)’s climb at temperature well above Tc.

The advantage of this model is that it properly accounts for the qualitative 
difference between the effects of low and high temperatures on the survival of 
microbes and enzymes.
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Fig. 3.5. The temperature dependence of the b(T) of C. botulinum spores described by 
four alternative models. Notice that the difference in fit are primarily expressed around the 
inactivation’s onset. The original data is from Anderson et al. (1996)
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The fit of Eqs. (3.8) and (3.9) to published decay curves of different kinds is 
demonstrated in Fig. 3.6.

According to this model, a non-isothermal decay curve y(t) vs. t can be con-
structed by assuming that its local (momentary) slope is the slope of the iso-
thermal curve the at momentary temperature at a time t* that corresponds to the 
momentary value of y(t), shown in Fig. 3.3.

Written mathematically, the momentary isothermal slope of the curve is as 
follows:

 
dy t

dt
b T t

T const

n( )
( )

.=

−= − 1

 
(3.10)

Fig. 3.6. The fit of Eqs. (3.8) and (3.9) to experimental survival data published by Periago 
et al. (2004) and Valdramidis et al. (2004) – left and right respectively
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and
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(3.11)

which yields the differential rate equation:
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 (3.12)

or when b(T) can be described by the log logistic model (Eq. 3.9)
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k T t T n
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e c
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(3.13)

This rate model, despite its cumbersome appearance can be easily solved by 
modern mathematical software and even with general purpose software like MS 
Excel® (Peleg et al., 2005).

The predictive ability of the model is demonstrated in Fig. 3.7. Notice that 
alternative models can also be used. As long as the alternative models have good 
fit to the experimental isothermal data, the chosen model’s format is unimportant, 
provided that it is only used to predict decay/survival curves under conditions 
covered by the isothermal experimental data and not for extrapolation.

3.2.2. Time Equivalent

Thermobacteriologists and food engineers are accustomed to the concept of an “F0 
value” which is supposed to be a measure of the equivalency of a non isothermal 
heat process to one performed at a constant reference temperature. Traditionally, 
this temperature has been 121.1°C (250°F) for heat sterilization of low acid foods. 
The problem with the “F0 value” as a degree of inactivation measure is that it has 
a meaning if and only if the organism’s or spore’s isothermal survival curves are 
all log linear and the temperature dependence of the “D values” is log linear too. 
In any other case, including that where the survival curves are log linear but the 
temperature dependence of the rate constant k is governed by the Arrhenius equa-
tion, the use of the concept will result in considerable discrepancies between the 
calculated and actual survival ratios (see Datta, 1993 and Peleg, 2003). The prob-
lem can be avoided if the “F0 value” is replaced by the actual equivalent time at a 
reference temperature, which can be either calculated or determined graphically 
for any inactivation model. In this way, the requirement of log linearity is totally 
eliminated, and as long as the non isothermal process does not produce growth 
and the process is too short for biological adaptation, there are no restrictions 
on either the primary or secondary models that describe the organism’s inactiva-
tion. The construction of the “equivalent time at reference temperature” is shown 
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Fig. 3.7. Demonstration of the predictive ability of the non isothermal survival model 
(Eq. 3.13) to survival data published by Periago et al. (2004) and Valdramidis et al. (2004). 
Circles – experimental survival ratios, solid lines – the survival curve calculated from 
isothermal data
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 schematically in Fig. 3.8 (Corradini et al., 2005). For the simplified Weibullian 
model (Eq. 3.8) with a constant exponent n, it can be calculated from:

 
T t

S t

b Tref

n

equivalent Tref@ ( )
log ( )

( )
=

−⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

10

1

 
(3.14)

and plotted together with survival ratio as a measure of a thermal process progress.

3.2.3. Logistic Growth or Accumulation

Consider that a sigmoid isothermal growth can be described by the empirical model:

 
y t

a T

k T t T t

a T

k T t T
c c

( )
( )

exp ( ) ( )

( )

exp ( ) ( )
=

+ −[ ]{ } −
+ [ ]1 1  

(3.15)

where y(t) is the linear or logarithmic growth/accumulation ratio, a(T) is the 
approximate temperature dependent asymptotic level of y(t), tc(T) the tempera-
ture dependent time that marks the region where exponential growth occurs and 
k(T) a temperature dependent marker of the curve’s steepness at this region. The 
rationale of adding the usually small second term to the right side of the equation 
is to assure that at t = 0, y(t) = 0 (Corradini and Peleg, 2005). Thus, the actual 
asymptotic ratio is a(T)(1 – 1/{1 + exp[k(T)tc(T)]}).

A schematic view of an isothermal logistic growth curve is shown in Fig. 3.9. 
As before, the slope of the curve, or the momentary isothermal growth rate, is 
a function of time. [It is curious that this notion, taken for granted in microbial 
growth modeling, is sometimes fiercely opposed when applied to microbial 
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Fig. 3.8. Schematic view of the construction of the “equivalent time at a reference 
temperature”
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 inactivation and degradation kinetics]. The temperature dependence of the growth 
parameters a(T), k(T) and tc(T) can be described by an ad hoc empirical model. 
An example is shown in Fig. 3.10.

As in inactivation, the assumption, which again can be verified by testing the 
model’s predictions against experimental observations, is that the momentary 
non-isothermal growth rate is the momentary isothermal growth rate a time that 
corresponds to the momentary growth ratio. Thus, the non-isothermal growth or 
accumulation curve can be constructed in a similar manner, as shown schemati-
cally in Fig. 3.11. The predictive ability of the model is demonstrated in Fig. 3.12. 
Again, alternative models can also be constructed, and as long as they are not 
used for extrapolation, the choice of the particular model will hardly affect the 
predictions’ quality (Corradini and Peleg, 2005).

All the above demonstrates that if an organism’s survival or growth parameters 
are known, one can translate a time-temperature relationship into a corresponding 
inactivation or growth curve—see below. Or alternatively, if the decay or accu-
mulation parameters of a nutrient or pigment are known, then one can convert the 
time temperature data into a corresponding quality loss curve.

3.3. Potential Food Applications

Programs written in MS Excel® to perform the calculation of microorganisms’ 
response to changing temperature, be it inactivation or growth, are now posted on 
the web. See www-unix.oit.umass.edu/∼aew2000/CBotSurvival.html and www.
unix.oit.umass.edu/∼aew 2000/MicrobeGrowthModelA.html. [A similar program 
to describe the response of microorganisms to the presence of a volatile/unstable 
disinfectant is also included.] Each program is presented in two formats: In the first, 
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Fig. 3.9. Schematic view of a normalized isothermal logistic curve
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the temperature (or concentration) is generated through a mathematical formula 
whose parameters can be chosen or adjusted by the user. The user can also choose 
or adjust the organisms’ inactivation or growth parameters, known or assumed. 
In the second, the user can paste his or her own time-temperature (or concentra-
tion) data and modify or edit them at will. The programs work in real time and, 
in principle at least, the source of the time-temperature data can be the output of a 
digital thermometer or thermometers placed in the point or points of interest, or an 
industrial sensor/controller. This means that with the right parameters of the organ-
ism or spore in question, one can translate time-temperature data, continuously, 
into theoretical degree of inactivation, in terms of a momentary theoretical survival 

0 5 10 15 20 25
0

1

2

3

4

5

6

7

20 25 30 35 40 45 50
0

0.5

1

1.5

2

20 25 30 35 40 45 50
0

5

10

15

20

25

20 25 30 35 40 45 50
5

5.25

5.5

5.75

6

6.25

6.5

TEMPERATURE (�C) TEMPERATURE (�C)

TEMPERATURE (°C) TIME (h) 

Y
(t

)

a(
T

)

k(
T

)

t c
(T

)

30�C 

35�C 

45�C 
40�C

Fig. 3.10. The fit of the isothermal growth of C. perfringens and the temperature depend-
ence of the growth parameters a(T), k(T) and tc(T). The original data are from Amezquita 
et al. (2005)



60    M.G. Corradini et al.

ratio and/or equivalent time at a reference temperature (instead of the “F0 value,” 
which is limited to very few organisms, if any). A theoretical growth ratio can also 
be calculated in a similar manner, as will be demonstrated below.

3.3.1. Monitoring Industrial Heat Sterilization Processes

The programs’ output for an ineffective heating cycle is shown in Fig. 3.13. 
The insufficient process can be “corrected” by elevating the temperature and/or 
extending the heating stage, as shown in Fig. 3.14, both very easy to arrange by 
adjusting the heat profile parameters. Such simulations can be used to study how 
changes in the process conditions will affect its theoretical lethality. 
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Fig. 3.12. Demonstration of the predictive ability of the non isothermal growth model 
based on Eq. (3.15) as the primary model. The solid circles are the experimental growth 
ratios and the solid lines – the growth curves calculated from isothermal data. The original 
data are from Fujikawa et al. (2004), Koutsoumanis et al. (2001) and Amezquita et al. 
(2005), respectively
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Fig. 3.14. The insufficient process can be “corrected” by elevating the temperature and/or 
extending the heating stage
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Another hypothetical scenario is the case of steam interruption shown in 
Fig. 3.15 (left). Again the temperature drop can be remedied by increasing the 
target temperature and/or prolonging the heating stage as also shown in the figure 
(right). At least in principle, such corrections can be made in real time by an oper-
ator or through programming an automatic controller. The quality implications of 
the “remedy” can be assessed by running the new profiles with the degradation 
parameters of a key vitamin or pigment.

3.3.2.  Following and Predicting Changes 
During Storage and Transportation

The program can be used to simulate or estimate, in real, time microbial growth 
in a stored or transported food when its temperature fluctuates. An example of 
simulated growth of Pseudomonas in refrigerated fish subjected to oscillating 
temperatures is shown in Fig. 3.16. Such simulations can be used to either determine 
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the product’s shelf life under existing conditions or to identify conditions that will 
result in extended shelf life. Similar analysis can be performed on a product that 
contains a dissipating chemical agent, such as in an active package, after all the 
agent has been released. An example of such a hypothetical scenario is shown in 
Fig. 3.17. [It is not meant to account for any specific organism and bacteria, only 
to demonstrate that the methodology to do such calculation already exists].

3.4. Future Applications

3.4.1. Risk Assessment

The programs available as freeware (see 3.3) have a variety of potential uses. 
They can be expanded to simulate not only a single inactivation or growth curve, 
but several simultaneously, and in response to randomly varying conditions 
within a specified range.

Fig. 3.15. A hypothetical scenario case of steam interruption (left) and how it can be 
corrected by prolonging the heating stage (right)
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Examples are shown in Figs. 3.18 and 3.19. If one can have a solid estimate of 
the temperature range and the inactivation or growth parameters of the organism 
in question, then one can have a quantitative assessment of the number of units or 
packages that will have an insufficient treatment or an undesirable level of growth 
after a specified time.

The curves shown in the two figures were all created with Mathematica® 
(Wolfram Research, Champaign, IL USA.) and are not yet available as freeware 
on the web.

3.4.2.  Estimation of the Number of Residual Living Cells 
or Viable Spores in a Given Volume

Heat transfer theories are well developed, and so is their implementation in ther-
mal processing of food. It is therefore possible to use heat conductivity models to 

Fig. 3.16. Example of simulated growth of Pseudomonas in refrigerated fish subjected to 
oscillating temperatures
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calculate the thermal history of any and all the points in a given body, not only in 
the coldest, hottest or any other specific location. Thus, heat transfer and mortal-
ity or growth kinetics models can be combined, in order, to estimate the number 
of cells or spores in a given volume at any time.

Recent examples can be found in the work of Amézquita et al. (2005), except 
that they used a traditional inactivation model and Halder et al. (2007) who used 
both the traditional and the Weibullian models for comparison. Since microbial 
inactivation and other changes that a food undergoes during a heat process do 
not have the same rate, one can conceive situations where the distribution of 
surviving cells or spores, if any, will be very different from those of the residual 
vitamins, lost pigments and other quality attributes.
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Fig. 3.18. Simulated randomly varied temperature profiles (top), corresponding survival 
curves (middle) and the distribution of the survival ratios after 8 minutes (bottom)
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Fig. 3.19. Realistic temperature histories of a refrigerated food from the retailer to con-
sumption (top), corresponding growth curve (middle) and the distribution of the growth 
ratios after 84 hours
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Fig. 3.20. Schematic view of the onset of heat inactivation after a period of growth at 
moderate temperatures

The development of combined programs to estimate the changes in several 
properties simultaneously would enable determination of the overall nutritional 
and organoleptic quality of processed foods, not only their safety.

Moreover, in principle at least, the method can be used to evaluate the con-
sequences of scenarios where inactivation is followed by growth or vice versa 
(Corradini and Peleg, 2006). An example of the former is resumed growth after 
incomplete inactivation (e.g., Amézquita et al., 2005) or inactivation after a 
growth stage, as in certain slow cooking processes.

A schematic view of these two kinds of situations is shown in Figs. 3.20 
and 3.21. Although the application of such methods is well in the future, the 

0 2 4 6 8 10
−6

−4

−2

0

2

4

6

0 2 4 6 8 10
10

20

30

40

50

TEMPERATURE PROFILE 

GROWTH/INACTIVATION 

TIME (arbitrary units) 

T
E

M
P

E
R

A
T

U
R

E
 (

�C
) 

LO
G

 S
(t

) 



3. Nonlinear Kinetics: Principles and Potential Food Applications    69

mathematical tools to formulate and solve the models’ equations are already 
available and so is the software to perform the calculation.
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Fig. 3.21. Schematic view of the onset of growth during the cooling of an incompletely 
pasteurized food
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4
Consequences of Matrix Structural 
Changes on Functional Stability of 
Enzymes as Affected by Electrolytes

M.F. Mazzobre, P.R. Santagapita, N. Gutiérrez, 
and M. del P. Buera

4.1. Introduction

The conservation of labile biomolecules in fields such us biology, pharmaceuticals, 
and food science is generally performed in dehydrated or frozen media. An equi-
librium state does not exist in these systems, but they can reach several states of 
metastability. The conservation of desirable properties in foods and ingredients 
is then governed by conditions of metastability, often based on the maintenance 
of amorphous metastable properties of the systems (Suzuki et al., 1997; Sun and 
Leopold, 1997; Mazzobre and Buera, 1999). While biomolecules are not under 
a thermodynamically stable condition, they are kinetically stabilized. The action 
of cryo- and dehydro-protectants can be ascribed to both kinetic and specific 
effects. At the kinetic level, the protectants promote the formation of amorphous, 
glassy systems and influence the kinetics of reactions responsible for deterioration 
during storage. At the specific level, they are believed to interact with biological 
structures and to stabilize them during freezing or drying, although by different 
mechanisms (Carpenter et al., 1986). During freezing of aqueous solutions or 
biological material, ice formation leads to a freeze-concentrated unfrozen phase 
with properties (such as pH, ionic strength, and viscosity) significantly different 
from those of the original system (Pikal, 1999).

The representation of the conditions of the system in a temperature-composition 
state diagram is a very useful tool to analyze the stability of simple systems. 
In these supplemented diagrams, the curves corresponding to equilibrium conditions 
and the glass transition temperature (Tg) of the system are plotted as a function of 
water content. The Tg curve, corresponding to non-equilibrium conditions, allows 
establishment of some notion of the time in which a certain event will take place or 
what changes will be kinetically delayed/inhibited under certain conditions. Viscosity 
plays an important role in restricting the freedom of reordering of polymers and 
sugars, inhibiting its recrystallization (Parker and Ring, 1995; Chinachotti, 1997). 
In agreement with the relations obtained for synthetic polymers, and applicable to 
biopolymers, the viscosity of the systems is determined by the difference between 
the temperature of the system and its glass transition temperature (Levine and 
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Slade, 1988; Slade and Levine, 1993; Arvanitoyannis and Blanshard, 1994). Some 
of our previous work has demonstrated that the thermal transitions and phase 
changes affect the kinetics of chemical reactions or protein stability (Parker and 
Ring, 1995; Mazzobre et al., 1999; Burin et al., 2004; Buera et al., 2005; Acevedo 
et al., 2006). Nevertheless, the recrystallization of water or solutes in the systems 
may be kinetically modified by selecting adequate excipients (Roos and Karel, 
1991a; Gabarra and Hartel, 1998).

Evidence exists on the modification of the thermophysical properties of con-
centrated aqueous trehalose solutions by the presence of various chlorides or 
sodium tetraborate (Miller et al., 1997; Longinotti et al., 2001). Several physical 
methods have also provided evidence for the existence of sugar-metal complexes 
in solution, and many complexes of sugars and sugar derivatives with inorganic 
salts have been isolated in solid and often in crystalline form (Angyal, 1973; 
Morel-Desrosier et al., 1991). The objective of the present work was to explore 
the effect of salts on the physical properties of freeze-dried or dehydrated sugar 
systems and their relationship to enzyme stabilization. These relationships were 
analyzed on the basis of state diagrams, considering structural changes and inter-
molecular interactions.

4.2. Materials and Methods

Honey (of multifloral origin, from Chaco, Argentina), soy extract (obtained from 
soybeans by a modification of the Natelson method (Natelson et al., 1951)), malt 
extract (obtained from Cervecería Quilmes (2000), Argentina) and β-galactosidase 
(EC 3.2.1.23) from Aspergillus oryzae (Sigma Chemical Co., St. Louis, MO) 
were employed as enzyme sources. Adequate dilutions of honey were employed 
to measure amylase activity; soy extract was used as source of the enzymes amylase, 
urease and aspartate amino transferase (ASP/GOT), and malt extract was used as 
the source of amylase and urease.

4.2.1. Preparation of the Model Systems

For the cryo-concentrated systems, solutions containing the corresponding enzyme 
extract in the presence of 20% (w/v) of trehalose or sugar-salt mixtures (NaCl, 
CaCl2, NaCl, KCl, MgCl2.6H2O, Na3C6H5O7.2H2O (NaCit), Mg(C2H3O2)2 
(MgAc2) or KC2H3O2 (KAc), all Merck, Darmstadt, Germany, p.a. grade) in a 5:1 
molar ratio were prepared and stored at −26° C up to 60 days.

Amorphous dehydrated systems were obtained by freeze-drying solutions con-
taining the selected enzyme extract in the presence of 20% (w/v) of trehalose (T) 
(Hayashibara Co, Ltd., Shimoishii, Okayama, Japan/ Cargill Inc., Minneapolis, MN) 
or sugar-salt mixtures (the same salts and proportions used for cryo-concentrated 
systems). Aliquots of 1 mL of each model solution were placed in 3 mL vials, 
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frozen for 24 h at −26°C and immersed in liquid air (temperature −200°C) before 
freeze-drying in a Heto Holten A/S, cooling trap model CT 110 freeze-dryer 
(Heto Lab equipment, Denmark) which operated at a condenser plate temperature 
of −110°C and at a chamber pressure of 4*10−4 mbar. In order to obtain samples 
with mass fraction of water (W) from 0.05 to 0.15, the freeze-dried samples were 
transferred into vacuum desiccators and exposed over saturated salt solutions 
from 11 to 43 % relative vapor pressure at 25°C.

4.2.3. Storage Conditions

The solutions for the cryo-concentration studies were stored at −26°C for up to 
60 days. After setting the dehydrated systems to the desired moisture content, 
the vials were hermetically sealed, and the stability of the enzyme preparations 
was tested by stressing at 55°C. At suitable intervals, two samples were removed 
from the freezer or oven, respectively, maintained for 15 min at 25°C, and the 
remaining activity was determined as described below; average values of two 
measurements were reported.

4.2.4. Enzyme Activity

After storage, enzyme activity was measured by incubating the samples in excess 
of the corresponding substrate in order to obtain the maximum catalytic activity. 
I2 in HCl 0.02M was employed to determine the degree of starch (500 mg/L) 
hydrolysis as a measure of α-amylase activity (Tietz, 1999) (all reactants were 
provided by Wienerlab, Rosario, Argentina). To determine urease activity, urea 
was used as a substrate and (in the presence of 2-oxoglutarate, NADH and 
glutarate dehydrogenase at pH 7), NADH consumption was measured by absorb-
ance at 340 nm (all reactantants provided by Wienerlab, Rosario, Argentina), as 
described by Faulkner and King (1970). For the aspartate amino transferase 
activity, aspartate was used as a substrate, which reacted with 2-oxoglutarate, and, 
in the presence of malate dehydrogenase and lactate dehydrogenase at pH 7.8, 
L-malate was formed and NADH consumption was measured, as described by 
Amador and Wacker (1962). β-galactosidase activity was spectrofotometrically 
measured at 420 nm through the amount of o-nitrophenol produced in the 
presence of the substrate o-nitrophenyl-β-D-galactopyranoside (ONPG) at pH 
4.5, as previously reported (Park et al., 1979).

For each enzyme containing system, two independent runs were performed, in 
which two samples were taken at a selected time for each run, and two replicates of 
each sample were analyzed, reporting the average of eight measurements for each 
storage time. The relative error (at 95% confidence interval) was 5%, calculated 
from eight measurements of the same sample. The enzyme activity determined after 
a given treatment (A) was related to the activity measured in the initial conditions 
(A0), and the remaining activity (R.A.) was expressed as: R.A. = 100 A/A0.
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4.2.5. Thermophysical Properties

A differential scanning calorimeter (DSC) system (Mettler-Toledo equipment 
model 822, Mettler Toledo AG, Switzerland) and STARe Thermal Analysis 
System version 3.1 software (Mettler Toledo AG) were used for all measure-
ments. The instrument was calibrated with indium and zinc.

The dynamic method was used to determine glass transition temperature 
(Tg), crystallization temperatures of sugar (Tc) or water (Twc), heats of sugar 
crystallization (∆Hc) or melting (∆Hm) and heats of water crystallization (∆Hwc) 
or melting (∆Hwm) in the model systems. Each sample was heated at a rate of 
10°K/min. Glass transition temperatures were recorded as the onset of discon-
tinuity in the curves of heat-flow versus temperature. A statistical analysis with 
several replicates indicated that for the thermophysical properties determined in 
the sugar systems, a minimum of two replicates should be made to obtain values 
in the 95% confidence interval. Analysis in duplicate involved 40µL hermetically 
sealed aluminium pans (Mettler) containing samples (10–15 mg). An empty pan 
was used as a reference.

4.2.6. Degree of Sugar or Water Crystallization

The area of endothermal peaks obtained in the DSC scans for dehydrated samples 
was used to estimate the degree of trehalose dehydrate crystallization by comparing 
it to the calorimetric enthalphy of the melt of pure trehalose dihydrate, which was 
139 J/g measured under the same conditions.

In the frozen samples, the amount of ice formed after storage under isothermal 
conditions at −26°C was calculated by comparing the endothermal peaks obtained 
in the DSC scans to the calorimetric enthalphy of melting for pure water (330 J/g), 
and the amount of ice formed during the dynamic heating was calculated from the 
area of the exothermic peak in relation to pure water enthalphy.

4.3. Results

Figure 4.1 shows the temperature/composition regions of a phase/state diagram 
for trehalose-water systems, on which the dehydrated and frozen samples were 
studied. This kind of diagram can help to predict whether the systems are under 
thermodynamic or kinetic control for given composition–temperature conditions, 
provided that the thermal history of the samples is known.

Starting from an amorphous-vitreous state where the system is considered to be 
“stable,” it may be driven to the supercooled state, both by increasing temperature 
(points segments 2–3 and 4–5 in Fig. 4.1) and/or by increasing the water content 
(segment 4–6 in Fig. 4.1). In the supercooled states, recrystallization of sugars or 
water can occur, leading to loss of the protective effect of the amorphous matrices and 
consequent deterioration of biomolecules and biological structures (Suzuki 
et al., 1997; Sun and Leopold, 1997; Mazzobre and Buera, 1999).
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The point at which the equilibrium liquids curve intercepts the non-equilibrium 
Tg curve defines the point (Tg’; wg’) that represents the particular temperature/solute 
concentration at which water crystallization is kinetically inhibited. wg’ repre-
sents the lowest mass fraction of water associated with the amorphous matrix that 
can be obtained by solute concentration due to ice crystallization, and Tg’ is the 
glass transition temperature of the maximally freeze-concentrated solution.

Both variables (Tg’ and wg’) are of paramount importance when analyzing the 
stability of frozen systems (Slade and Levine, 1991; Simatos and Blond, 1991; Kerr 
and Reid, 1994). In the present work, the thermal stability of several enzymes from 
different sources (malt extract, soy extract and honey) was analyzed in supercooled 
systems (marked as SC in Fig. 4.1) in relation to the sugar or water crystallization.

Figure 4.2 shows the remaining activity of the enzymes amylase, urease, and 
ASP in dilute solutions (w ∼ 0.8–0.9) stored at −26°C (a, b), represented by point 
1 in Fig. 4.1 and in freeze-dried systems of w ∼ 0.05–0.15 containing trehalose at 
55°C (c, d), in the SC region between points 5 and 6, respectively, in Fig. 4.1.

At the storage conditions, all systems were in the SC region during storage, and 
significant reduction of enzyme activity was verified during the storage time in all 
cases. Both in the frozen systems stored at −26°C or in the dehydrated systems 
treated at 55°C, the stability of amylase and urease from malt extract was higher 
than the stability of the enzymes from soy extract or honey.

ASP was the most labile of the studied enzymes in dehydrated and in frozen 
conditions. In consequence, amylase from honey and ASP were selected as model 
systems for the stability studies.
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The effect of cryo-concentration on the stability of the enzymes was studied 
in sugar and sugar-salt containing systems in relation to ice formation conditions 
and Tg.

In frozen systems, the amount of ice formed in each case, the amount of water 
associated with the amorphous phase, and mobility factors, represented by T-Tg 
are the factors responsible for maintaining enzyme functionality.

Figure 4.3 shows the remaining activity of amylase from honey or honey-trehalose 
(in 2:1 solids ratio) systems after 60 days of storage at −26°C as a function of 
solid concentration in the initial solution. The remaining enzymatic activity 
decreased with dilution of the initial solution. It is interesting to note that the glass 
transition temperature of the maximally concentrated phase (Tg’) does not vary 
for each particular system. The Tg’ values reported are −46°C for honey (Rubin 
et al., 1990; Zoltan et al., 1999) and −44°C for trehalose systems (Mazzobre 
et al., 2001). However, the amount of ice formed, which was higher in the more 
diluted systems, may have affected protein stability. It is well known that not 
only do mobility factors, accounted for by (T- Tg’) affect protein stability (Slade 
and Levine, 1991; Kerr et al., 1993), but, for a given formulation, the presence 
of surfaces or interfaces also have a deleterious effect (Privalov, 1990; Arakawa et al., 
1993). Also, the points corresponding to honey-trehalose (at 2:1 solids ratio) 
systems, as seen in Fig. 4.3, reflect the same trend as those without trehalose, 
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indicating that in these frozen honey systems, no special effect of trehalose, other 
than an increase of solids content, was observed.

When salts such as NaCit and NaCl were added to the enzymatic extracts 
in the absence of trehalose, both amylase and ASP stabilities were enhanced, 
compared to the enzyme extracts without salts. The recovered amylase and ASP 
activities were about 50 to 70% higher for NaCl and NaCit systems, respectively, 
compared to the activity recovered without salts. CaCl2 had a lower effect, and 
MgCl2 impaired the stability of both enzymes. Lecker and Arshad (1998) studied 
the effect of salts on amylase in liquid media, and they attributed deactivating 
effects to cations (Na and K) and stabilizing effects to anions (chlorides and 
citrates), as a result of the function of the salt concentration. On the other hand, 
when trehalose was present, the addition of salts had a negative effect on the 
stability of both enzymes at −26°C, compared to the trehalose-containing systems 
without salts (Fig. 4.4).

Figure 4.4 shows the results obtained for the remaining activity of ASP as a 
function of time of storage at −26°C in soy aqueous extract containing trehalose 
(20% w/w) or trehalose/salts (R = 5). The selected conditions of temperature 
(−26°C) and concentration chosen for the isothermal storage of the samples cor-
respond to a region in the phase diagram where ice is expected to form readily, 
above Tg’, and close to the zone of maximal ice formation (Roos and Karel, 
1991b) (Fig. 4.1.).

Dynamic DSC thermograms were made to analyze the effect of salts on Tg and 
water crystallization/melting (Fig. 4.5). The systems were stored at −26°C for 60 
days before the measurement (represented by point 1 in Fig. 4.1). These systems 
were cooled rapidly from −26°C to −160°C (point 2 in Fig. 4.1), and then scanned 
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Fig. 4.3. Remaining activity of amylase from honey or honey-trehalose systems after 60 
days of storage at −26°C as a function of solid concentration in the initial solution
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over the supercooled region to analyze their ice-forming and melting properties 
up to room temperature (point 3 in Fig. 4.1). The endothermal baseline shifts 
depicted in Fig. 4.5 represent the glass transition temperatures and the exothermal 
or endothermal peaks that correspond to crystallization or melting of water, 
respectively. For all systems, a small exotherm was observed in the thermogram 
during the dynamic run (inset in Fig. 4.5), indicating that not all of the water had 
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salts (R= 5). Salts: Na3C6H5O7 (NaCit), NaCl, CaCl2 and MgCl2

−60 −50 −40 −30 −20 −10 0 10 20 30

2 W/g

NaCit

MgCl2

CaCl2
NaCl

w/s

Temp. (°C)

E
xo

 >

−60 −55 −50 −45 −40 −35 −30 −25 −20

0.2 W/g

NaCit

MgCl
2

w/s

NaCl

CaCl
2

Temp. (°C)

Fig. 4.5. Dynamic DSC thermograms for soy aqueous extract containing trehalose (W= 0.8) 
or trehalose in the presence of salts (R= 5). Salts: Na3C6H5O7 (NaCit), NaCl, CaCl2 and 
MgCl2. The systems were stored at −26°C for 60 days before measurement
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crystallized with the time/temperature conditions employed at the storage conditions. 
The values obtained for the glass transition temperature (Tg), heats of crystalliza-
tion (∆Hic) and heats of melting (∆Him) of water are shown in Table 4.1.

The ∆Him values, which were lower for the trehalose/salt systems compared to 
those without salts, indicated that a lower amount of ice formed both during the 
previous storage at −26°C and during the dynamic run, which caused a higher 
amount of water present in the amorphous phase (or unfrozen water, WNF) and 
concomitant lower Tg values.

After storage, in the systems under conditions of temperature, time and con-
centration that are favorable for water crystallization, the Tg values of the systems 
are close to those for Tg’ predicted on the basis of phase/state diagrams (−44°C 
for trehalose, and −52.5°C for trehalose in the presence of MgCl2; Mazzobre et al., 
2001). It can be seen that the amount of non-frozen water also depends on the 
salt added.

A higher amount of water in the maximum concentrated amorphous phase 
may lead to increased molecular mobility in the trehalose-salt system, which is 
probably related to the negative effect of salts observed on enzyme stability to 
freezing (Fig. 4.4).

In freeze-dried enzymatic systems, different degrees of trehalose crystallization 
were attained after humidification of samples at mass fractions of water between 
0.05 and 0.15. As discussed in previous papers (Mazzobre et al., 2001; Longinotti 
et al., 2002; Santagapita and Buera, 2007), the degree of sugar crystallization was 
different according to the presence and/or type of salt employed, and some salts 
(KCit, KAc, MgCl2, CaCl2) exerted an inhibitory effect on sugar crystallization. 
Some of them also provided enhanced protection of the enzyme, as compared to 
trehalose systems without salts.

Remaining enzymic activity was related to sugar crystallinity, as shown in Fig. 4.6 
for the enzymes ASP and β-gal, and in Fig. 4.7 for amylases of different fonts.

It is to be noted that, for a given system, as the sugar crystallinity increased, 
the remaining enzymic activity decreased, but in the samples without salt, the 
enzymes were less sensitive to the degree of crystallinity, with the exception of 
honey amylase (Figs. 4.6 and 4.7).

The remaining amorphous phase, in partially crystalline systems without salts, 
could exert a protective action. However, as shown in Fig. 4.6, the protective 

Table 4.1. Glass transition temperature (Tg), temperature of ice crystallization (∆Hic) 
and melting (∆Him), and the fraction of non-frozen water (WNF) obtained by dynamic 
DSC for soy aqueous extract containing trehalose (W= 0.8) in the presence of different 
salts (R= 5) after storage at −26°C. Salts: Na3C6H5 O7 (NaCit), NaCl, CaCl2 and MgCl2

Matrix system Tg (°C, onset) ∆Hic (J/g) ∆Him (J/g) WNF (% of total water)

T −47.7 ± 0.5 1.7 ± 0.5 250.0 ± 0.5 23 ± 2
T/MgCl2 −56.1 ± 0.5 2.2 ± 0.5 239.5 ± 0.5 27 ± 2
T/NaCit −52.2 ± 0.5 6.1 ± 0.5 221.5 ± 0.5 31 ± 2
T/NaCl −53.3 ± 0.5 1.9 ± 0.5 225.8 ± 0.5 31 ± 2
T/CaCl2 −56.4 ± 0.5 1.9 ± 0.5 240.0 ± 0.5 27 ± 2
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synergistic effect observed for some salts (MgCl2 and NaCl for ASP; KCit and 
KAc for β-gal) at very low crystallinity degrees, is lost when about 30% of the 
sugar had crystallized. In Fig. 4.7, amylase activity was lower in MgCl2 containing 
systems, but this effect was enhanced at 40% crystallinity degree. Upon sugar 
crystallization, the salts present are concentrated in the amorphous phase, nega-
tively affecting enzyme stability, possibly by changes in pH and/or ionic strength. 
Negative effects of salts were also observed independently of their action on 
sugar crystallization: While CaCl2 and MgCl2 inhibited trehalose crystallization, 
they had a negative effect on ASP and β-gal stability, respectively, attributable 
to their interactions with the enzyme. On the other hand, NaCit was the only salt 

Fig. 4.6. Remaining enzymic activity as a function of the degree of trehalose crystalliza-
tion. a) ASP, 20 days at 55°C; b) β-galactosidase, 48 h at 70°C. Mass fraction of water 
between 0.05 and 0.15
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system that allowed retention of enzyme (ASP) activity at an 80% crystallinity 
degree. Although it would be concentrated in the amorphous phase, citrate may 
have a protective effect on ASP. On the other hand, when trehalose was present 
(Figs. 4.6 and 4.7), the addition of salts had a negative effect on the stability of 
both enzymes in the frozen systems. In this case, the salts were concentrated 
in the remaining amorphous phase, leading to negative effects on the enzyme. 
Lecker and Arshad (1998) reported that the citrate effect on amylase activity in 
liquid media may be beneficial or not, depending on the salt concentration.

4.4. Conclusions

In frozen systems, for a given composition, the water associated with the amor-
phous phase was constant, but the amount of ice formed in the diluted enzymatic 
extracts was higher than in more concentrated ones, which negatively influenced 
enzyme stability. Thus, the solid concentration of the extracts defined the kinetics 
of frozen enzyme inactivation. The amount of water associated with the amor-
phous frozen matrix increased when salts were present. Thus, enzyme stability 
was impaired due to the increased molecular mobility, and to the high concentra-
tion of salt in the unfrozen matrix.

Malt
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Honey
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100
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20
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Fig. 4.7. Remaining amylase activity at 55°C for malt, soy and honey extracts in freeze-
dried trehalose-containing systems with or without MgCl2. The degree of trehalose crystal-
lization is indicated. ▪without MgCl2 ▫with MgCl2
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In dehydrated systems, even when some salts improved the efficiency of trehalose 
as an enzyme protectant by delaying its crystallization, when about 30–50% 
trehalose crystallized, the protective effect of the sugar was lost, and the enzyme 
quickly became inactivated in almost all salt containing systems.

In order to optimize the efficiency of cryo- and dehydro-protectant agents of bio-
molecules, the construction of state diagrams are a good starting-point for the analysis 
of the dynamic of quality changes, but they must be complemented by the knowledge 
of intermolecular interactions that may take place. In the present work, electrolytes 
commonly present in biological media or food and pharmaceutical formulations-
modified metastable systems affected the kinetics of water and sugar crystallization 
and enzyme inactivation, both by molecular and supramolecular interactions.

The effect of salts, regarding kinetics of ice and sugar crystallization and enzyme 
inactivation, seems to be connected with the magnitude of the effect of sugar on 
disrupting the tetrahedral hydrogen bond network of water and the reduction of 
freezable water. The distortion of water structure by the addition of sugars or salts 
to an aqueous solution is well known. It is generally accepted that a hydration 
sphere of water molecules surrounds the solvated ions, with the oxygen atoms 
oriented toward the cations, or the hydrogen atoms oriented to the anions. In this 
way, the self-association of the water molecules directly adjacent to the ion is inter-
rupted because they are oriented in the electric field of the ion. This orientation 
induces different kinds of structuring in local water that depends on the size of the 
ions and on the extent of hydration. Ions that impose more local ordering to the 
surrounding water molecules and which strengthen the hydrogen bonds between 
them are known as structure making or kosmotropic, while structure breaking, or 
chaotropic ions increase disorder and weaken the hydrogen bonds between adjacent 
water molecules, increasing protein solubility and inducing protein denaturation. 
It is to be noted that the most important properties to define the effect of a given 
ion are charge, size and polarizability (Leontidis, 2002). Water structure makers 
(citrate > acetate; Mg+2), are large, have large polarizability, enhance the tetrahedral 
coordinated hydrogen bond structure of water, and they are expected to have strong 
dispersion interactions with interfaces and to stabilize proteins. On the other hand, 
water structure breakers (K+) disrupt the tetrahedral coordination of water, reduc-
ing the amount of freezable water, and increase protein denaturation. Some ions, 
such as Na+ or Cl− are considered neutral (Calligaris and Nicoli, 2006). Proteins 
are generally stabilized by strong kosmotropic anions and destabilized by strong 
kosmotropic cations. Thus, optimal stabilization is achieved through the use of salts 
containing kosmotropic anions and chaotropic cations (Zhao et al., 2006), which 
play also a role in determining the amount of freezable water. Trehalose acts as a 
structure breaker, but it provides enzyme stabilization by strong hydrogen bonding 
interactions (Patist and Zoerb, 2005). In restricted water environments, such as 
in the frozen or dehydrated systems analyzed in the present work, the amount of 
water determines the kinetics of phase changes and of enzyme inactivation. Thus, 
the type of water-ion interactions are manifested in those dynamic changes, and the 
so called Hofmeister series (Calligaris and Nicoli, 2006) offers a wide possibility 
to aid in their description.
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5
Air Impingement Cooling 
of Cylindrical Objects Using Slot Jets

S.K. Singh and R. Paul Singh

5.1. Introduction

Impingement cooling is well known for its application in obtaining high rates of 
heat transfer, when temperature of the impinging fluid is different than that of 
the impingement surface. It involves a high velocity air jet (10–100 m/s) striking 
against an object to be cooled or heated. Applications of air jet impingement have 
been reported by many researchers (Li and Walker, 1996; Ovadia and Walker, 1998; 
Wählby et al., 2000; Nitin et al., 2001; Sarkar et al., 2004; Scott and Bradley, 2005). 
When food products are treated with air impingement, the stagnant boundary layer 
surrounding a food product is disrupted, resulting in increased surface heat transfer 
coefficient. Surface heat transfer coefficient during impingement can even reach 
as high as that for food being fried in oil (Ovadia and Walker, 1998). It is used 
extensively in industrial cooling of electronics components, textiles, paper pulp and 
food applications. In the food industry, impingement is used to accelerate freezing, 
baking, drying (Bórquez et al., 1999), cooling and thawing. With strict legislations 
for food processing temperatures in many countries becoming increasingly popular, 
the heat transfer rate has become an important part of food processing and handling. 
Raw or processed food must be stored at low temperature (normally 0–5°C). A longer 
processing time may result in potential microbial growth or weight loss due to mass 
transfer. Air impingement offers the potential to reduce the risk of microbial growth 
and increased processing rate.

5.2. Applications in the Food Industry

Smith (1975) developed a rapid food cooking technology based upon high velocity 
air jets striking the food product from above and below. Air jet impingement is 
currently used for heating, baking, browning, roasting and freezing in the food 
industry. Lujan et al. (1997) reported that increasing drying air temperature 
increased the drying rate significantly for air impingement dehydration of tortilla 
chips. Bórquez et al. (1999) studied the drying process of pressed fish cakes under 
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various conditions (mixing intensity, size of particle, and wall and air temperature) 
and reported that air temperature and particle diameter influenced the drying rate. 
Potato chips dried using superheated steam impingement had less color deteriora-
tion and fewer nutritional losses (Moreira, 2001).

In many non-food applications, the surface under impingement heating or cooling 
is flat. In food applications, often the object being cooled is not necessarily a flat 
surface. Most of the time it is either circular, elliptical or some other irregular 
shape. To compute heat transfer from impinging air to these types of objects, we 
must have a good understanding of the surrounding flow field. Our research is 
aimed at studying the effect of curvature of cylindrical products, jet exit-to-object 
distance, and cooling air stream velocity and turbulence on external flow field and 
surface Nusselt number.

5.3. Flow Under Air Jet Impingement

A high velocity jet of fluid flowing in a stagnant fluid medium can be categorized 
as a free jet or an impinging jet; when there is no target surface, it is called a free 
jet. Otherwise, it is called an impinging jet. Impinging jet flow can be divided 
into three basic components (Narayanan et al., 2004; Polat et al., 1989): free jet, 
stagnation flow and wall jet regions.

The flow immediately following the jet exit is similar to free jet flow; hence it 
is termed the free jet region (Ashforth et al., 1997). The free jet region consists of 
a potential core region, transition zone and a fully developed region, depending on 
the jet exit to surface spacing. In the potential core region, the jet maintains its exit 
velocity at the centerline. Typically, the length of the potential core varies from 5 to 6 
times the slot width. The end of core is commonly assumed as the point where the 
jet velocity drops to 95% of the velocity at the jet exit (U= 0.95Ue). A potential 
core length of 6 nozzle diameters for a circular nozzle exit is suggested by Gauntner 
et al. (1970). In the transition region the constant core velocity starts dissipating. 
Velocity of the jet decreases and pressure increases as the flow approaches the 
surface. The velocity of air is zero in the region where the jet hits the surface 
orthogonally. This region is called the stagnation region (Fig. 5.1). The high pres-
sure differences between the stagnation region and the surrounding air forces the 
air to accelerate in the radial direction.

Assuming no-slip condition, the air velocity is zero at the product surface, 
forming a boundary layer. This boundary layer resists the surface heat transfer. 
Boundary layer thickness increases from the stagnation point in a radial direction. 
For flows on the surface with concave curvature, the centripetal force due to 
curvature makes the flow unstable, and the so-called Taylor-Gortler type vortex 
is generated (Gau and Chung, 1991). It has its axis parallel to the flow direction 
and is known to enhance the momentum and energy transfer and thereby the 
surface heat transfer.
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5.4.  Modeling Flow and Heat Transfer 
in Air Jet Impingement

Fluid flow and heat transfer can be described by three basic equations known 
as Navier-Stoke’s equations. Navier-Stoke’s equations describe conservation of 
mass, momentum and energy of a fluid flow. In turbulent flow, velocity mag-
nitude fluctuates with time. This fluctuation is known as turbulence. Velocity 
in turbulent flow can be divided in to average velocity (U) and the turbulent 
component (u').

u U ui i i= + ′

When turbulence is added to the velocity term, Navier Stoke’s equations can 
be expressed, as given by Tennekes and Lumley (1972):
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Fig. 5.1. Fluid flow under a slot jet impingement system over a cylindrical object (not 
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νf is the kinematic viscosity of the fluid (air, in the present case), rf is 
the density of the fluid (kg/m3), T is the temperature of the fluid (°C), T’ is the 
fluctuating temperature of the fluid (°C), kf is the thermal conductivity of the 
fluid (W/m°C), and cp and cv are the specific heat capacities of the fluid at 
constant pressure and volume, respectively. Equations (5.1)–(5.3) are known as 
Reynolds equations. The additional terms ū¢i ū¢j in Reynolds equations make the 
number of unknowns greater than the number of equations. This is known as the 
closure problem. There are special turbulence models (k-e, k-w and Reynolds 
stress model) to handle this closure problem, as explained by Versteeg and 
Malalasekera (1995).

5.4.1. Turbulence Modeling

There are three popular turbulence models, k-e, k-w and Reynolds stress model, 
used to solve turbulence problems. Olsson et al. (2004) compared k-e, k-w and 
shear stress transport (SST) models with experimental data available in the 
literature. The k-w and SST models were found to be good in predicting the 
heat transfer in the upper part of the cylinder with a low Reynolds number. They 
found that the SST model was best suited to describe the flow around an object. 
Hofmann et al. (2004) recommended k-e with an RNG turbulence model for heat 
transfer predictions in impinging jet situations and concluded that none of available 
turbulence models could predict a Nusselt number near the stagnation point. They 
found that heat transfer near the stagnation point increased with increasing turbu-
lence at the exit of the nozzle, and the effect of turbulence was negligible at some 
distance away from the stagnation point. Sarkar et al. (2004) and Singh (2005) 
used k-e with RNG turbulence models to solve the external flow for an imping-
ing jet on a flat plate, and then used the external flow data to solve for boundary 
layer and heat transfer. The turbulence model used in this case is the k-e model. 
The k-e model contains two model equations for turbulence kinetic energy (k) 
and turbulence dissipation energy (e).
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Equations for k and e contain five adjustable constants: Cm = 0.09, sκ = 1.00, 
se = 1.30, C1e = 1.44 and C2e = 1.92. Values of these constants are determined 
by comprehensive data fitting for a wide range of turbulent flow, as presented by 
Versteeg and Malalasekera (1995).

5.4.2. Boundary Conditions

A computational fluid dynamics (CFD) solver requires well-defined boundary 
conditions of the grid, in order to simulate the flow and heat transfer. Boundary 
conditions for this case are shown in Fig. 5.2. Air velocity at the inlet was defined 
as 25 m/s with 10% turbulence. No-slip condition was adopted at the wall boundary 
of the cylinder. For unsteady state heat transfer, initial temperature of the cylinder 
was set to 70°C. For steady state heat transfer solutions, the cylinder surface was 
assumed to be isothermal at 70°C. Jet centerline and centerline between two noz-
zles were defined as symmetry. The outlet was declared as a pressure outlet. Heat 
transfer due to radiation from the cylindrical surface was neglected. Wall bounda-
ries other than the cylindrical surface were assigned as zero heat flux boundaries. 
The wall boundary of the cylindrical surface was coupled with the external flow.

outlet

Symmetry

Wall

Wall

Symmetry

Velocity inlet

Nylon
cylinder

Fig. 5.2. Boundary conditions used in FLUENT simulation
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5.5. Flow Measurements in Air Jet Impingement

Surface heat transfer depends upon the flow field around the object. Hence, it 
is important to measure the flow field characteristics of the impingement 
system. Bouchez and Goldstein (1975) performed flow visualization of a circular 
impingement jet using fog generated by dropping dry ice pellets into hot water in 
a pressurized vessel, and took pictures of the flow. Gau and Chung (1991) studied 
flow pattern using the entrained smoke particle method. The effect of curvature 
was difficult to determine because of poor resolution of the images. Cornaro 
et al. (1999) used smoke-wire flow visualization to study the effect of round jet 
impinging on convex and concave surfaces. The visualization of the jet showed 
initiation and growth of ring vortices in the jet shear layer and their interaction 
with the cylindrical surfaces. Marcroft and Karwe (1999) used two-dimensional 
laser doppler anemometry for velocity measurement. They used sublimed CO2 
(dry ice fog) to seed the flow. We have used particle image velocimetry technique 
in our research to measure the flow field.

5.5.1. Particle Image Velocimetry (PIV)

Particle image velocimetry (PIV) is a flow-field visualization technique providing 
instantaneous velocity vector measurements in a 2-dimensional cross-section of a 
flow field. The flow field is seeded with fine tracer particles flowing along with 
the fluid. The flow field is illuminated by a pair of pulsed laser sheets with certain 
time gap (∆t). Velocity vectors (Ux) are obtained by measuring the displacement 
of particles (∆x) between the two laser pulses (U x = ∆x/∆t).

PIV measures the velocity of seeding particles to determine actual fluid flow 
characteristics. Therefore, these seeding particles should be of a suitable size and 
density to follow the fluid flow closely and respond quickly to any change in veloc-
ity magnitude or direction. A lighter and smaller particle can follow the flow better 
for any abrupt change in magnitude or direction of flow. In our experiments, we 
used incense smoke as seeding particles. The target area in seeded flow is illumi-
nated with two short duration laser flashes, and images of the flow field are captured 
by a charge-coupled device (CCD) digital camera. The CCD camera can capture 
each light pulse in separate image frames. The PIV setup is shown in Fig. 5.3.

These images are then divided into small subsections, called Interrogation 
Areas (IA). Interrogation areas can be rectangular or square. Typical sizes of 
these IAs are 16×16 or 32×32 pixels ranging from 8×8 to 256×256 pixels. The 
corresponding interrogation areas of frame A and B are cross-correlated with 
each other, pixel by pixel.  The mathematical correlation analysis on cluster of 
particles results in a signal peak. Location of the highest peak and the correlation 
plane corresponds to the most likely average particle displacement in the inter-
rogation area. This displacement can be divided by the time delay between two 
frames to get instantaneous velocity vector of particles in the interrogation area.

It would have been preferable to compare the flow along the surface of the cyl-
inder. However, poor data immediately close to the surface due to reflection could 
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not be used for flow validation. Instead, velocity profiles along three arbitrary lines 
in the flow field, close to the surface of the cylinder, were obtained. One along the 
jet centerline and two lines CD and ED, 2.5mm from the surface of the cylin-
der were selected, as shown in Fig. 5.4. The velocity profiles along these 
three lines measured by PIV were compared with the model predicted data (Fig. 5.5). 
The agreement was reasonably good within the experimental limits (15% of the 
simulated velocity). Velocity contours obtained from the CFD simulations were 
also compared with that obtained from PIV measurements (Fig. 5.6).

2.5 mm

2.5 mm

Line-2

Line-1 Jet centerline

Cylinder

A

B

CD

E

Fig. 5.4. Vector image from PIV (H/D=6, d=32mm)

Synchronizer

Laser source

Camera

PC Computer

Slot jet

Fig. 5.3. PIV setup for flow measurement during impingement on cylindrical object
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Fig. 5.5. Velocity profile along (a) jet centerline, (b) line-1 and (c) line-2

5.6. Heat Transfer Measurements in Air Jet Impingement

There is a considerable variation of heat transfer coefficients at various locations 
under impinging jets that may be studied experimentally. Various researchers have 
studied the spatial variations of heat transfer characteristics of circular and slot 
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Experimental Simulated

Fig. 5.6. Flow field comparison between experimental and simulated data. Left half of 
the image is obtained from PIV measurements and right half from FLUENT simulation. 
(H/D=6, d=25 mm and U=25 m/s)

jets impinging on flat and curved surfaces (Gardon and Akfirat, 1966; Polat et al., 
1989; Jambunathan et al., 1992; Chan et al., 2002). In these studies, experimental 
techniques have been developed to study the spatial variation of convective heat 
transfer, and attempts have been made to develop conditions such that this 
variation is minimized, while maximizing the average heat transfer coefficients. 
More recently, researchers have extended the research on heat transfer measure-
ments to food processing (Nitin and Karwe, 2001; Sarkar et al., 2004).

Traditionally, the lumped capacitance technique has been used to determine aver-
age convective heat transfer coefficients for food processing applications at high 
Reynolds number. In this technique, a transducer made of high thermal conductivity 
material is used to represent the product shape, and a temperature sensor is placed 
at its geometric center to determine the change in temperature. This method is 
simple to use and is good as an average estimate, but use of this technique for air 
impingement applications will not provide details of the spatial variations of heat 
transfer coefficients. Hence, there is a need to study the effect of spatial variation 
of heat transfer and its effects. For heat transfer studies, a material with well-
known thermal properties was required. Nylon (6/6) has a low thermal conductivity 
(0.246 W/m K) and specific heat (1675 J/kg.K), and therefore slower heat transfer. 
Slower heat transfer helps in better spatial resolution of temperature. These proper-
ties made nylon (6/6) an ideal material for this work. Solid nylon cylinders of two 
diameters, 25 mm and 32 mm, were used. It was desired to compare the tempera-
tures at locations close to the surface, between experimental and predicted values 
from the model. A T-type thermocouple (Omega Engineering Inc., part number 
TT-T-30SLE, Stamford, CT) was placed at a location 2 mm below the surface of 
the cylinder. A preheated cylinder was kept at different angular positions every 
time and cooled under an impinging jet. Time-temperature data at various locations 
along the circumference of the cylinder were recorded using a DASYLAB data 
acquisition system (IOtech, Inc., Cleveland, OH). The nylon cylinder was preheated 
inside a hot air oven. Temperature readings were scaled based upon the initial tem-
perature of the cylinder (Ti) and cooling air temperature (Tair)
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 T T T T Tscaled air i air= − −  (5.6)

where T is temperature reading at any time t. Scaled temperature profiles 
obtained from experiments were compared with the temperature profile obtained 
from unsteady state heat transfer simulation as shown in Fig. 5.7.

5.7. Effect of Various Impingement Parameters

Effective Nusselt number, a dimensionless representation of transient convective 
conductance, was used to study the effect of various flow parameters on heat 
transfer rate. The effective Nusselt number was calculated based on the hydraulic 
diameter of the slot and mean temperature of the air near the surface [(Tair+Ts)/2]

 
Nu

D

T

dT

dy
=

∆  
(5.7)

where DT is the temperature difference between the air jet and the surface of the 
cylinder (Tair – Ts). A high heat transfer coefficient is observed at the stagnation 
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Fig. 5.7. Comparison between experimental and predicted temperature profiles at 2 mm 
below the surface, at different angular positions, under air impingement cooling of a nylon 
cylinder. d=25mm, Re=8000, H/D=6, turbulence intensity (I) = 5%
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point, but the maximum Nusselt number occurred at some distance away from 
the stagnation point (angular position of around 10° from the stagnation point), 
as shown in Fig. 5.8. The Nusselt number profile along the curvilinear axis of 
the cylinder showed three maxima after the stagnation point. The first peak is 
the point of highest Nusselt number, and its location coincided with the region 
of flow-acceleration. Gardon and Akfirat (1965) suggested flow transition from 
laminar to turbulent as a reason for this peak just near the stagnation point for 
jet impinging on a flat plate. After the first peak, the surface Nusselt number 
decreased sharply until the position of the second peak. The position of this second 
peak coincides with the flow separation region (at an angular position of 60° to 
90° away from the stagnation point). The region between the stagnation point 
and the second peak falls in the wall jet flow region, as shown in Fig. 5.8. Flow 
recirculation below the separation point results in the third peak.

5.7.1. Effect of H/D

Distance of the target surface from the jet exit plays an important role in deciding 
the flow characteristics around the object. Within the potential core region, the 
flow is laminar in nature. The jet becomes completely turbulent at the end of the 
potential core and turbulence increases further downstream. Heat transfer through 
a surface is higher in turbulent flow when compared to laminar flow. Placing an 
object in the potential core region gives a lower Nusselt number due to the laminar 
nature of the flow. The magnitude of jet velocity decreases with increasing H/D. 
Loss of kinetic energy of the jet due to shearing with surrounding stagnant fluid is 
the reason for this. Loss of kinetic energy of the jet means a decreased heat transfer. 
But at the same time, turbulence intensity of the flow increases with increasing H/D. 
Therefore, the effect of decreasing jet velocity and increasing turbulence 
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tries to counterbalance, and at a specific H/D the heat transfer on the product 
surface is maximum. Downs and James (1987) suggested that the stagnation point 
Nusselt number is maximum at H/D of 4–7. Some authors have suggested H/D 
= 5–8 for maximum heat transfer rate (Lee et al., 1999; McDaniel , 2000; Chan 
et al., 2002; Gori and Bossi, 2003). Short jet exit-to-object distance results in a 
drop in heat transfer at a short distance from the stagnation point (Sarkar, 2004). 
Albertson et al. (1950) and Gardon and Akfirat (1965) reported that the potential 
core length is approximately five times the slot width for slot jet impingement. 
After potential core, the centerline velocity decreased with ��1/H, less rapid 
than for circular jets, for which centerline velocity decreased with (1/H) after the 
potential core region. For Re=8000-16000, optimum H/D where stagnation point 
Nusselt number (Nustag) is highest, is near 3. In our work, the stagnation point 
Nusselt number was found to be maximum at H/D=3, as shown in Fig. 5.9.

5.7.2. Effect of Reynolds Number (Re)

The Reynolds number (Re) for slot jet impingement can be defined based on 
hydraulic diameter of the jet exit (Yang et al., 1999)

 
Re = U B2

u
 (5.8)

where U is velocity magnitude of the fluid (m/s), B is the width of the slot nozzle 
(m), and υ is the kinematic viscosity of the fluid (m2/s).

Heat transfer characteristics of the impinging jet can be described by velocity 
alone for a very low Reynolds number, but at higher Reynolds number, turbulence 
generated by the jet plays an important role in heat transfer rate and distribution 
(Gardon and Akfirat, 1965). Heat transfer rate increases with increasing Reynolds 
number, but the increase is asymptotic. Sarkar (2004) observed that change in 
heat transfer coefficient is mainly at the stagnation point, and the effect remains 
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for a very short distance from the stagnation point for impingement on a flat plate. 
The effect of curvature increased with increasing Reynolds number (Cornaro 
et al., 2001). For Re = 6,000 the effect of curvature diminishes, i.e. there is no 
difference in heat transfer profile around the objects of different curvatures.

In this work, Reynolds number of the flow was calculated based on the hydraulic 
diameter of the slot jet nozzle (D). Velocity profiles along the jet centerline were 
compared for the Reynolds number, varying from 3,200 to 16,000. It was observed 
that velocity magnitude decayed faster for low Reynolds number (Fig. 5.10.a). 
Potential core is the region where velocity remains greater than 95% of the velocity 
at the jet exit. The potential core was longer for higher Reynolds numbers. Nusselt 
number distribution over the surface of the cylinder shows an increasing trend with 
the Reynolds number (Fig. 5.10.b).
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5.7.3. Effect of Surface Curvature (d/D)

Surface curvature in this work is defined as the inverse of the cylinder diameter 
(d). Curvature was made dimensionless with hydraulic diameter of the slot jet 
(D). Gau and Chung (1991), Lee et al. (1997) and Cornaro et al. (2001) reported 
that Nusselt number increases at the stagnation point, with increase in curvature 
of the surface under impingement. Kornblum and Goldstein (1997) used high 
Reynolds number with small relative curvature (D/d = 0.019–0.038). Chan et al. 
(2002) observed that the decay in average circumferential Nusselt number around 
a convex surface was higher than that on a flat plate. This fast decay is due to 
decrease in energy and momentum transport due to centrifugal force along the 
circular surface (Schlichting, 1979).

As shown in Fig. 5.11.a, the value of maximum velocity increases with 
decreasing diameter (d) or increasing curvature of the cylinder (D/d). Surface 
heat transfer coefficient at any location depends upon the boundary layer char-
acteristics (thickness and turbulence). Boundary layer characteristics are deter-
mined by local free stream velocity (velocity at the surface of the product at 
that location). Hence, it can be expected that higher surface curvature (smaller 
diameter) will have a higher overall surface heat transfer coefficient, as shown 
in Fig. 5.11.b.

The position of the first and second velocity peaks are displaced away from the 
stagnation point with increasing curvature (Fig. 5.11.a). At the stagnation point, 
velocity magnitude was zero, following acceleration in the air stream along the 
curvature until 20° to 30° from the stagnation point. Location of a separation 
point depends upon the surface curvature. For larger diameter cylinders with 
lower curvature, flow separation occurred earlier than that for smaller diameter 
cylinders.
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New Technologies to Preserve Quality 
of Fresh-Cut Produce

G.A. González-Aguilar, S. Ruiz-Cruz, R. Cruz-Valenzuela, 
J.F. Ayala-Zavala, L.A. de la Rosa, and E. Alvarez-Parrilla

6.1. Introduction

Food preservation is critical for keeping the global food supply safe and avail-
able for consumers. Food scientists study production and processing to develop 
new technologies that improve the quality and quantity of healthy food products. 
The main goal is to safely increase yields with effective quality control and to 
preserve the environment and fulfill consumer expectations.

Both consumers and food producers require more research about fresh-cut 
produce. Producers demand inexpensive and effective technologies to safely 
preserve the quality of the products. In the same manner, consumers want quality 
low priced fresh-cut produce. Food scientists attempt to solve problems in fresh-
cut processing and quality preservation.

In the past two decades, rapid advances in scientific knowledge on fresh-cut 
produce preservation have been developed. The present paper reviews technolo-
gies such as ultraviolet irradiation (UV-C), edible coatings, active packaging and 
volatiles, noting the areas in which information is still lacking and commenting 
on future trends.

6.2. UV-C Irradiation

Ultraviolet light (UV) is a type of non-ionizing radiation with wavelengths from 
100 to 400 nm, which is usually classified in three types: UV-A (315–400 nm), 
UV-B (280–315 nm) and UV-C (100–280 nm). UV-C irradiation has its maximum 
at 254 nm and is, of the three, the one with the highest germicidal action, and 
therefore, the most studied (Bintis et al., 2000). Radiation has been used both to 
delay ripening associated processes and to reduce microorganism growth (Vicente 
et al., 2005a). Several studies have been published, and recently, UV-C has been 
used as an alternative treatment to preserve the quality of different fruits and 
vegetables (González-Aguilar et al., 2004a; Pan et al., 2004; Yaun et al., 2004). 
Pre-storage applications of UV-C reduced chilling injury in pepper (Vicente et al., 
2005b), delayed senescence yellowing, chlorophyll degradation, and pheophytin 
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accumulation in broccoli (Costa et al., 2006), controlled storage rot in strawberry 
(Marquenie et al., 2002; Marquenie et al., 2003), reduced pathogen growth and 
induced disease resistance in the fruit tissue (Mercier et al., 2001).The mecha-
nism by which UV-C radiation preserves fruit and vegetable quality has also been 
studied (Wright et al., 2000). UV-C treatments induced a stress that simulates 
the production of phenylalanine ammonia-lyase (PAL), an enzyme that plays 
a key role in the synthesis of phytoalexins, phenolic compounds that improve 
the resistance of fruits and vegetables to microorganisms (Guerrero-Beltrán and 
Barbosa-Cánovas, 2004). The UV-C treatment-induced phytoalexins have been 
identified in fresh-cut cantaloupe (Lamikanra et al., 2002) and fresh-cut pineap-
ple (Lamikanra and Richard, 2004).

Exposure to UV-C delays fruit softening, one of the main factors determining 
fruit postharvest life. Barka et al. (2000) found that UV-C decreased the activity 
of enzymes involved in tomato cell wall degradation and delayed fruit soften-
ing. Reduction of strawberry fruit decay by UV-C application has also been 
reported (Vicente et al., 2004). Chilling injury symptoms and deterioration of 
“Tommy Atkins” mangoes was reduced by UV-C irradiation during storage at 
5°C (González-Aguilar et al., 2001a).

In addition, UV-C irradiation reduced ethylene of apple slices and had minimal 
effect on the respiratory physiology of tissues (Gunes et al., 2000). Allende and 
Artés (2003) studied the effect of short UV-C doses (0.4 – 8.14 kJ/m2) on the 
shelf-life of the fresh processed lettuce. They found that the use of these short 
doses is effective in delaying senescence and deterioration in fresh-processed let-
tuce and thereby maintaining the quality of the product.

6.3. Edible Coating

Edible coating has been used in a wide range of food products. It may be applied 
directly on the food surface by dipping, spraying or brushing, in addition to, or 
as a replacement for natural protective waxy coatings, to prevent water loss and 
gas exchange and to provide a micro-modified atmosphere around products that 
retards food deterioration (McHugh and Senesi, 2000). Edible Coatings also 
enhance food safety due to their natural biocide activity or as a consequence 
of the incorporation of antimicrobial compounds (Cha and Chinnan, 2004). It 
can be considered as a physical method to improve quality and extend shelf-life 
of fresh-cut fruits and vegetables (Salcini and Massantini, 2005). Its use has 
been discussed in several reports. McHugh and Senesi (2000) studied various 
edible coatings made from apple puree with different concentration of fatty 
acids, fatty alcohols, beeswax and vegetables. They found that edible coatings 
control browning of fresh-cut apple for 3 days at 5°C. In other studies, sensory 
evaluation confirmed that chitosan-coated longan fruit (Jiang and Li, 2001), 
and peaches (Li and Yu, 2000) had better quality compared to controls. These 
authors also observed a direct correlation between coating concentration and 
fruit quality.
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Different compounds have been used as edible coating to prevent deterioration 
and extend shelf-life on cherries (Yaman and Bayindirh, 2002; Alonso and Alique, 
2004), plum (Pérez-Gago et al., 2003), strawberries (Mali and Grossmann, 2003; 
Del-Valle et al., 2005), apple (Lee et al., 2003; Moldao-Martins et al., 2003) and 
avocado (Maftoonazad and Ramaswamy, 2005).

Chitosan, yam starch and Aloe vera gel were used for controlling microbial 
growth in carrot (Durango et al., 2006), grapes (Valverde at al., 2005) and rasp-
berries (Han et al., 2004). Dong et al. (2004) studied the effect of chitosan based 
edible coatings at different concentrations on the shelf-life of peeled litchi fruits. 
They found that chitosan based edible coatings were used successfully to main-
tain quality attributes and extend shelf-life.

6.4. Active Packaging

Active packaging is an innovative concept in which the package, the product, and 
the environment interact to prolong shelf-life or enhance safety or sensory prop-
erties, while maintaining the quality of the product. This is particularly important 
in the area of fresh and extended shelf-life foods (Vermeiren et al., 2002). Active 
packaging (AP) can be divided in two groups. In the first group, the packaging 
material is modified in order to protect the product against microbial spoilage 
and enhance food quality, by adding oxygen scavengers, ethylene and water 
vapor absorbers, carbon dioxide and ethanol emitters, odor removers, aroma 
emitters, and system-to-release active compounds such as antimicrobials and 
antioxidants (Fernández, 2000). Special attention has been focused on antimi-
crobial (Appendini and Hotchkiss, 2002; Suppakul et al., 2003) and antioxidant 
packaging (Wessling et al., 2000). The second group is intelligent packaging (IP). 
Yam et al. (2005) defined IP as conservation method that can monitor the quality/
safety condition of food products and provide early warning to food manufacturers. 
They believe that IP is a provider of enhanced communication and AP is a pro-
vider of enhanced protection; unfortunately, clear and unequivocal definitions 
are not yet available. In a typical IP system, multiple smart package devices are 
employed at several strategic locations throughout the supply chain; these include 
barcodes, radio frequency identification tags, time-temperature indicators, gas 
indicators and biosensors (Yam et al., 2005).

Two basic forms of making the active components available exist. They can be 
found in the interior of the active package (in small bags or envelopes) or may form 
part of the packing material. In this context, edible coating could be considered the 
best active packaging used to improve food safety by inhibition or delay of the growth 
of microorganisms in fruits and vegetables (Appendini and Hotchkiss, 2002).

6.4.1. Cyclodextrin

Cyclodextrins are naturally occurring cyclic carbohydrates extensively used 
in the food industry due to their ability to form stable complexes with organic 
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molecules. As a consequence of their complexation ability, cyclodextrins are 
used in the fresh-cut industry as release control materials of volatile compounds. 
An example of this release control ability is the complexation of 1-methylcy-
clopropene (1-MCP) by α-cyclodextrin derivatives. 1-MCP is encapsulated in 
a α-cyclodextrin polymer, without any degradation or loss due to evaporation. 
However, when dissolved in water, it is released from the complex into the 
air, over a period of 2 h (Blankenship and Dole, 2003). β-cyclodextrin has been 
described as a potent PPO inhibitor (Álvarez-Parrilla et al., 2005). This enzyme 
inhibition is explained in terms reduction of free substrate due to the complexa-
tion process between the CD and the PPO substrate. Hicks et al. (1996) observed a 
synergic effect on the browning prevention of apple juice for as long as 2–3 weeks 
at 4°C. However, they reported that CD was not effective in the prevention of 
fresh-cut apple browning, due to the small diffusion rate of CD inside apple tissue. 
Further studies have to be made in order to study the combined effect of cyclodex-
trin with other PPO inhibitors in the prevention of browning of fresh-cut fruits.

6.4.2. Volatiles

Volatiles are low molecular weight organic compounds (less 250 g/mol) with high 
vapor pressure at room temperature (Wills et al., 1998). Plants produce a wide 
range of volatile compounds, some of which are important flavor quality factors in 
fruits, vegetables, spices and herbs (Kays, 1991). A number of volatile compounds 
inhibit the growth of microorganisms (Fries, 1973; Azzouz and Bullerman, 1982; 
Linton and Wright, 1993). The presence of volatile compounds has also been 
hypothesized to play an important role in the defense systems of fresh produce 
against decay microorganisms (Fenwick et al., 1990; Ben-Yehoshua et al., 1998).

Over recent decades there has been increasing public pressure to reduce the use 
of synthetic food preservatives and fungicides in agriculture products and their 
presence in the environment. Moreover, concern has been raised about the health 
risk involved in the use of synthetic food preservatives and fungicides on fruits 
and vegetables shortly before consumption. Therefore, considerable research 
has been recently directed toward the development of effective alternative food 
preservatives. The European Commission has been actively promoting the 
development and commercial implementation of these new compounds, known 
as “Green Chemicals” (Gorris and Smid, 1995). The ability of plant volatiles to 
inhibit microorganism growth is one of the reasons why there is an increased 
interest in using them to control postharvest and postprocessing decay of fruits 
and vegetables (Wilson and Winiewski, 1989). An important factor is that plant 
volatiles have been widely used as food flavoring agents, and many are generally 
recognized as safe (GRAS).

6.4.3. Methyl Jasmonate

Methyl jasmonate (MJ) is a natural compound widely distributed in plants. It was 
first detected as a fragrant compound in Jasminum essential oil and other plant 
species (González-Aguilar et al., 2006). MJ is known to regulate plant development 
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and response to environmental stress (Sembder and Parthier, 1993; Creelman and 
Muller, 1995; González-Aguilar et al., 2006). MJ affects many biochemical and 
physiological reactions in intact and fresh-cut fruits and vegetables. Several lines 
of evidence suggest that jasmonates play a role as a signal molecule in climateric 
fruits by inducing defense responses and increasing resistance during storage of 
whole and fresh-cut fruits. MJ treatments have been shown to extend shelf-life of 
whole tomatoes, oranges, grapes, mangoes and guavas (D’Hallewin et al., 1999; 
Cantos et al., 2001; González-Aguilar et al., 2001b), reduce microbial contamina-
tion in fresh-cut celery and peppers, and alleviate symptoms of chilling injury in 
mangoes and guava (Meir et al., 1998; Buta and Moline, 1998; González-Aguilar 
et al., 2001b; 2004b). The use of MJ in conjunction with modified atmosphere 
packaging significantly reduced chilling injury symptoms and decay of “Sunrise” 
papaya during cold storage (González-Aguilar et al., 2003). In this study, the 
resistance induced by MJ treatment was positively correlated with higher levels 
of polyamines presented in the fruit tissue.

6.4.4. 1-methylcyclopropene (1-MCP)

1-methylcyclopropene (1-MCP) has been considered one of the best options for 
extending quality and shelf-life of fresh-cut fruits and vegetables (Blankenship 
and Dole, 2003). 1-MCP exerts its action by tightly binding ethylene receptors, 
preventing ethylene binding, and consequently, inhibiting its action (Sisler and 
Serek, 1997). Treatment can be applied to either whole or sliced fruit (Laurie, 
2005) and therefore it has a potential use in modified atmosphere packaging sys-
tems. Recently some studies have focused on the effects of 1-MCP treatment of 
whole fruits on the quality and shelf-life of fresh-cut produce. In some fruits, like 
banana and persimmon, whole fruit showed better results than fresh-cut, in terms 
of texture preservation (Vilas-Boas and Kader, 2001). Several reports showed 
excellent results in fresh-cut apples (Jiang and Joyce, 2002; Bai et al., 2004; 
Calderón-López et al., 2005). Weight loss of 1-MCP-treated apple slices was less 
than 2% after 21 days, with improved firmness preservation (Calderón-López 
et al., 2005). Furthermore, the firmness of sliced tomatoes was improved and 
water soaking reduced by treating with 1-MCP (Jeong et al., 2004).

6.4.5. Ethanol

Ethanol, a GRAS compound, has shown to be effective for controlling decay of 
whole fruits and vegetables, inhibiting microbial growth (Feliciano et al., 1992; 
Lichter et al., 2002; Karabulut et al., 2004). However, there are few reports of 
treatment of fresh-cut fruits with ethanol vapors. The mode of action of ethanol is 
by interaction with the membrane of microorganisms. Several devices have been 
designed to control ethanol release in the headspace of packed fruit (Kalathenos 
and Russel, 2003), which could be applied in fresh-cut produce. Ethanol vapors 
applied to grapes decreased fungal development. Ayala-Zavala et al. (2005) 
reported that ethanol treatment in conjunction with MJ increased antioxidant 
capacity, volatile compounds and postharvest life of tomato fruits. Previous work 
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reported that acetaldehyde and ethanol treatment delayed color development 
and ripening, increasing carbon dioxide production of tomatoes (Beaulieu and 
Saltveit, 1997). Plotto et al. (2006) concluded that ethanol vapor applied for 20 h, 
prior to processing whole mangoes, did not delay ripening; however, shorter time 
of exposure (10 h) suppressed fruit ripening.

6.4.6. Acetic Acid

Acetic acid is one of the most common and inexpensive organic acids. Acetic 
acid and its derivates are known as GRAS by the regulatory agencies. These com-
pounds have shown to be effective in controlling fungal development in whole 
apples, peaches, apricots and cherries (Sholberg and Gaunce, 1995). However, 
acetic acid was not as effective as essential oils treatment in preventing decay of 
fresh-cut kiwi (Wang and Buta, 2003).

6.4.7. Essential Oils

Essential oils (EOs) represent the most important aromatic fraction of plant and 
plant produce, constituted by a complex mixture of terpenes, alcohols, cetones, 
aldehydes and esters. Their antibacterial mode of action has been related to their 
individual active compounds. Plant EOs have shown a wide antimicrobial range 
of action against several bacteria and molds. Therefore, EOs present a huge 
potential as food preservatives, especially because most of them are classified 
as GRAS. However, EO’s treatments can affect aroma and sensory properties of 
fresh-cut product. Citrus EO preserved the quality of fresh-cut fruit salads without 
affecting consumer acceptance of the product (Lanciotti et al., 2004). Mandarin, 
cider and lime EOs increased shelf-life of fresh-cut fruit salads delaying micro-
bial growth and maintaining sensorial attributes (Lanciotti et al., 2004).

6.5. Future Research

Food science trends indicated that new technologies are useful tools for improv-
ing shelf-life, quality and safety of fresh-cut produce. However, more research 
is needed to identify the optimal operational conditions in which combinations 
among technologies are tested with different products. Every new technology 
must be focused in maintaining or improving sensorial, nutritional and microbio-
logical quality of fresh-cut produce.
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7
Advanced Food Products & Process 
Engineering (SAFES) I: Concepts 
& Methodology

P. Fito, M. Le Maguer, N. Betoret, and P.J. Fito

“In a complete theory there is an element corresponding 
to each element of reality.”

(Einstein, 1935)

Nomenclature

Latin symbols

ai Activity of i-component (dimensionless)
E Internal Energy (J)
Ei Molar Internal Energy (J/mol of i)
G Gibbs’ Free Energy (J)
  ̄Gi Molar Gibbs’ Free Energy for i component (J/mol of i)
  ̄Gi,j Molar Gibbs’ Free Energy for component (J/mol of i)  
 i in the j phase
H Enthalpy (J)
hi Molar Enthalpy (J/mol of i)
Ji Mass Flux of i-component (Mol of i/ s m2)
Li Phenomenological Coefficient (Mol of i/s m2 ∆µi)
 for i-component flux
Mn, n Descriptive matrix of product flowing out of the stage of change n
 considering the overall mass in the system equal to mn/mn =1
Mn, n−1 Descriptive matrix of product flowing out of the stage of change n 
 referred to the strain n−1 (considering the overall mass in the system 
 equal to mn/mn−1 ≠1)
MCn−1,n Matrix of changes produced when the strain mn−1 passes through the 
 stage of change n
MPN Descriptive matrix of one process with N stages of change
mn Mass flux corresponding to strain n (kg/s)
∆mn Mass gain in the Stage of Change n (kg/s)
n Number of moles (dimensionless)
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ni Number of moles of i-component (dimensionless)
P Pressure (Pascal; N/m2)
pi Partial pressure of i-component in a gas (Pascal; N/m2)
R Universal gases constant (N m/mol K)
P˚i Vapour pressure of i-component (Pascal; N/m2)
S Entropy (J/K)
si Molar Entropy (J/ K mol of i)
T Temperature (K)
t Time (s)
V Volume (m3)
vi Partial Molar Volume of i-component (m3/mol of i)
Xi Molar fraction of component i (mol of i / total mol)
xi Mass fraction of component I (kg of i/ total kg)

Greek symbols

µi Chemical potential of i-component (J/mol of i)
µi

ext Extended Chemical potential of i-component (J/mol of i)
µi

ext,0 Extended Chemical potential of i-component (J/mol of i) 
 at reference conditions
ϕi= pi / P˚i  (relative concentration of component i in 
 a gas mixture referred to saturation; 0 ≤ ϕi ≤1) (dimensionless)
γi Activity coefficient of component i (dimensionless)
σ Surface tension (N/m)
ρ Density (kg/m3)

Subscripts

i some property referred to i-component
w some property referred to water
s some property referred to solutes

Superscripts

o refer to some condition where the value of the function is supposed 
 arbitrarily equal to zero

7.1. Introduction

Food quality and safety are the main concerns of consumers and the principal 
target of Food Industry processes. The concept of “food process engineering 
for product quality” has arisen in recent years with the aim of designing and 
controlling processes to produce food products with very specific properties 
of quality and safety, previously defined on the basis of market opportunities 
analysis (ETP, 2006).

The final properties of food products are the result of the changes produced 
in raw materials as a consequence of process treatments (Aguilera and Stanley, 
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1999). These changes may be observed as differences in quality factors, such 
as food composition, nutritional facts, taste and flavor, aspect, shape and size, 
colour, texture, etc. (Aguilera et al., 2003a, b). In the case of colloidal or cellular 
foods, these changes in food properties may be explained as the result of physical 
and chemical phenomena produced in line with the process progression such 
as structure deformations and relaxations (shrinking and swelling), chemical or 
enzymatic reactions, phase transitions, mass and energy transport phenomena, 
etc. (Aguilera and Baffico, 1997; Barat et al., 2001).

The models currently used in food process engineering usually oversimplify 
both the food system description and the mechanisms and rate equations of 
changes. Typically, the food system is supposed to be isotropous, homogeneous 
and continuous, with only two or three components, distributed in one or two 
phases (Crank, 1985). In this approach, thermodynamic and kinetic equations 
deduced for ideal gas or liquids in conditions close to equilibrium are applied 
to model food with colloidal or cellular structures and, of course, in conditions 
far away from the equilibrium (Bird et al., 2002). The typical approach used to 
model food drying operations is a good example of this methodology. Frequently, 
the models obtained in this way cannot accurately predict the changes in the 
food properties through the industrial processes when the range of values for the 
industrial process variables is different from those used in the experiments. In 
this sense, it is remarkable how scattered reported values in the literature for the 
experimental effective diffusivities are (Martínez et al., 1998).

Based on this remark, it is necessary to develop advanced concepts and meth-
odologies in food process engineering (Marcotte and Le Maguer, 1991; Zhiming 
and Le Maguer, 1996). The new models for food and processes development must 
incorporate enough information about all of these aspects (thermodynamic, struc-
tural, chemical and biochemical, and even mechanics). Only in this way would they 
be able to calculate and predict the real changes in the quality of food product in line 
with the process pro-gression. The SAFES methodology (Systematic Approach to 
Food Engineering Systems) recognizes the complexity of the food system and allows 
coordination of information about food structure (Aguilera, 2006), composition, ther-
modynamics, etc., with adequate tools to develop real food and processes.

7.2.  Food Product Engineering: Modelling of Food 
and Biological Systems

7.2.1.  Structure of Food System: 
The Structure-Properties Ensemble

The food system is described as a volume of a universe full of matter and energy. 
The structure reflects the way in which matter and energy organize themselves 
inside the system volume. Some levels of complexity in matter condensation inside 
the system may be observed in Table 7.1 (in order of increasing complexity).
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These levels of complexity in the structure of condensed soft matter are the 
results of the universe evolution. Each new level of complexity incorporates 
an improved level of functionality and results from the rearrangement of the 
previous, less complex structures. In this way, more complexity implies new 
and more powerful functionality. In the same way, the system functionality is 
appreciated by an observer as the system properties (ETP, 2006). As a conse-
quence, complexity refers to level of structure as well as functionality refers 
to the system properties. Therefore, the concept of complexity-functionality is 
equivalent to those of structure-properties. The structure-properties ensemble 
refers to the knowledge of structure and properties in a system, as well as the 
understanding of the relationships existing between the two concepts and, of 
course, the capability to predict the changes in food properties produced when 
any change in food structure occurs (Aguilera et al., 2003a).

7.2.2.  The SAFES Simplified Space of the Structured 
Phases and Components: Components, Structured 
Phases and Aggregation States.

In the food system observed in Fig. 7.1, a foam structure with a phase of gas 
bubbles dispersed in an emulsion (oil-water) containing fat granules and an aqueous 
solution as continuous phase may be observed. The description of such a complex 
product, as well as the analysis of its properties and changes throughout any 
process, implies the recognition of the phases that play some role in the product 
behavior. As a first approach, it would be convenient to include the following 
simplified “structured phases”: gas, insoluble dispersed solids, liquid fat, solid 
fat and aqueous solution. The aggregation states, depending on temperature 
and concentration, may be solid, adsorbed, vitreous, rubbery, liquid and gas. 
Additionally, some characteristic dimensions of the different structural features 
must be included, e.g., the average diameter (or even diameter distribution) of 
gas bubbles and fat globules. Table 7.2 summarizes the elements included in the 
3-dimension space.

Table 7.1. Some levels of complexity in matter condensation
Level of complexity Name of the structure Structural features Branch of science

Sub-atomic Elemental particles Subatomic particles Physics
Atomic Atomic structure Nucleus and Electrons Physics
Molecular Molecular structure Covalent or ionic bonds;  Chemistry
   ions
Polymeric Macromolecular  Tertiary and quaternary  Science of polymers; 
  structure  structures Proteomics; Genomics
Colloidal Colloidal structure Colloids (suspensions,  Colloids science
   emulsions, foams, gels)
Cellular Cellular structure Cells Cellular biology
Multi-cellular  Live plants & animals Tissues, organs, individuals Biology
 plants and animals
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B. - Figure 7.2 shows a magnification of parenchyma of apple Granny Smith 
observed by Cryo-SEM (Fito et al., 2001). Several cells may be observed (diameter 
ranging from 200 to 300 µm) showing their cell wall, cell membrane and medium 
lamella. All of these elements are insoluble in water and may be simplified as a 
food insoluble matrix. Inside the broken cells, a simplified internal liquid phase 
may be observed. Also, several intercellular spaces are filled both with some 
extracellular liquid phase and/or with a gas phase. In some cases (if the product 
will be air dried), a solid solutes phase may appear when the liquid phases in 
the food became saturated. Table 7.3 shows the different elements included in 

Industrial whipped cream
(seroprotein, caseinate,
sugar, lecithin, modified

starch, carragenate andxan-
tan gum)

(Bar = 10 mm)       

Gas phase 

Liquid continuous phase
(Water solution)   

Milk Proteins 
Fat granules 

Fig. 7.1. Sample of an industrial whipped cream observed by Cryo-SEM (Right) and TEM 
(Left)

Table 7.2. Elements included in the 3-dimension (i, j, k) simplified 
space describing an industrial whipped cream
Components (i) Structured Phases (j) Aggregation State (k)

Water Gas Solid
Fat Insoluble dispersed solids Adsorbed
Air Liquid fat Vitreous
Seroprotein Solid fat Rubbery
Caseinate Aqueous liquid solution Liquid
Sucrose  Gas
Lecithin  
Modified Starch  
Carragenate  
Xantan gum  



122    P. Fito et al.

the 3-dimensional simplified space of the structured phases and components. 
Additionally, the cell membrane is semi-permeable, allowing only water transport 
by osmotic mechanisms (Barat et al., 2001). Structural features may include the 
average diameters of cells and intercellular spaces, cell wall thickness, etc.

C. - Figure 7.3 shows a magnification of a typical salted dried meat, which 
is called “tasajo” in some countries of Latin-America. Sodium chloride crystals 
produced because the internal liquid phase in the salted meat became saturated 
(aw= 0.75 and 0,245 kg salt/kg solution) throughout the drying operation may be 
observed. From this point onward, any additional loss of water produces more 
NaCl crystallization. In Table 7.4, the different components, structured phases 
and aggregation states included in the simplified space of phases and components 
may be observed.

Extra cellular liquid and/or gas

Intracellular liquid

Insoluble solid matrix

Fig. 7.2. Parenchyma tissue of apple “Granny Smith” observed by Cryo-SEM

Table 7.3. Elements included in the 3-dimensional simplified 
space (i,j,k) describing the parenchyma of apple Granny Smith
Components (i) Structured Phases (j) Aggregation State (k)

Water Gas Solid
Native solutes Solid matrix Adsorbed
Solid matrix Intracellular liquid Vitreous
Added solutes Extracellular liquid Rubbery
Gas Solid solutes Liquid
  Gas
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D.- Figure 7.4 shows a Cryo-SEM observation of a cell of dried cassava. 
A typical feature in this product is the large amount of starch granules that may 
be observed inside the cell membrane. In such a product, an interesting question 
is the knowledge of the shared-out water between the starch granules and the liquid 
phase inside the cell. Different ways of sharing-out may result in different aw 
values for the same water content due to the different isotherms for the liquid 
phase and for the solid matrix.

Table 7.4. Elements included in the 3-dimensional simplified 
space (i,j,k) describing a typical salted dried meat
Components (i) Structured Phases (j) Aggregation State (k)

Water Gas Solid
Native solutes Solid matrix Adsorbed
Solid matrix Intracellular liquid Vitreous
NaCl Extracellular liquid Rubbery
Gas Solid solutes (crystals) Liquid
   Gas

Fig. 7.3. Cryo-SEM observation of dried salted meat tasajo
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7.2.3.  The Descriptive Matrix: A Mathematical Tool 
to Describe the Food System. The State Variables: 
The Share-Out of Matter Among Components 
and Structured Phases

After defining the 3-dimensional space of phases and components (i, j, k), it is possible 
to include information about the state variables of the system in an ordered way. 
The state variables are P, T, V and the mass of any component in any phase and in 
any aggregation state. Usually, the chemical complexity of real food systems leads 
to the use of mass content (m) or mass fractions (x) instead number of moles (n). 
Then, the needed state variable information may be integrated as follows:

● The share-out of matter among phases, components and aggregation states (the 
composition matrix: Xk

i,j)
● The share-out of the system volume among phases (the volume vector: Vj)
● The value of P and T in the phases (the Pressure and Temperature vectors: 

Pj and Tj)

Then, the Descriptive Matrix of the product will be, provisionally:

 M (x ;V ;P ;T )i,j
k

j j j  (7.1)

The composition matrix Xk
i,j may be represented as shown in Fig. 7.5. The 

components, phases and aggregation states are located on the three axes (i, j, k), 

Insoluble solid matrix

Intracellular Insoluble solids
(Starch granules)   

Intracellular liquid 

Fig. 7.4. Starch in cassava cells
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respectively. In this arrangement, the dotted arrows show the possible changes in 
local values of Xk

ij produced by mass transport, phase transitions and /or chemical 
reactions inside the system.

Additionally, it is also possible to show the 3-dimensional data in a plane. In this 
way, the values of aggregation states (k) of each component are included in the plane 
(i,j), as described in Fig. 7.6. Now it is possible to show together both the composition 
matrix and the PVT vectors in a unified matrix: the Descriptive Matrix.

Some properties of the Descriptive Matrix are:

● The value ∑ ∑ ∑ =
i j k

i,j
kx m where m is the overall mass of the system:

When m=1; values in Xk
i,j are mass fractions (concentrations)

 When m≠1; values in Xk
i,j are just the value of the mass of component i in 

phase j and in an aggregation state k.

Fig. 7.5. Composition Matrix of Food System

Table 7.5. Elements included in the 3-dimensional simplified 
space (i,j,k) describing a typical salted dried meat
Components (i) Structured Phases (j) Aggregation State (k)

Water Gas Solid
Solutes Solid matrix Adsorbed
Solid matrix Intracellular liquid Vitreous
Starch Extracellular liquid Rubbery
Gas Starch granules Liquid
   Gas
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● The ratio V

x
j

i,j
k

ki
∑∑

 is the specific volume of phase j.

● The ratio 
x

V

i,j
k

j

kji

j

∑∑∑
∑

= ρ is the food system average density.

● Vj
j

∑  is the volume of food system when m≠1

● Vj
j

∑  is the average specific volume of food system when m=1.

7.2.4. Mass and Volume Balances Inside the Product
● Mass Balance for each component: Vector of mass shared-out for each compo-

nent among the phases. For the component 1:

 x xi 1 1j
k

jk
= = ∑∑  (7.2)

Mass Balance for each phase: Vector of overall mass shared-out among phases 
(last row of the concentration matrix). For phase 1:

 x xj 1 i
k

ik
= = ∑∑ 1

 (7.3)

● Overall mass balance

 
x x 1ij

k

kji

= =∑∑∑  (7.4)

● Overall volume balance

 
V Vj

j

= ∑  (7.5)

7.2.5. Energy Inside the System: Gibbs Free Energy

The thermodynamic analysis of the energy, the equilibrium and fluxes analysis 
in food systems is usually made in terms of Gibbs free energy (Nicolis and 
Prigogine, 1977a,b).

For a closed system:

 G = H TS = E +PV TS− −  (7.6)

and so:
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 dG = dH TdS SdT = VdP SdT− − −  (7.7)

In the food system the state variables have been included in the Descriptive 
Matrix as follows:

 M(x ,V ,P ,T )i,j
k

j j j  (7.8)

But, we may change the units to describe the mass share-out in the system 
using moles instead kg, and then Eq. (7.8) becomes:

 M(n ,V ,P ,T )i,j
k

j j j  (7.9)

Functions 7.8 and 7.9 are completely equivalent, depending only on the units 
used to define the mass in the system. Then, in any phase j of the system, it may 
be assumed that:

 G G T ,P ,nj j j j i,j
k= ( ) (7.10)

It is supposed that the function Gj represents the total free energy in phase j, 
including those corresponding to the interactions of phase j with its interphases 
with its neighbor’s phases. The function 7.10 allows the possibility that the values 
of G in the same phase would be different for one i-component at the different 
aggregation states k.

That means that there is a possibility of a non-equilibrium situation inside 
the same phase. This is possible only because we are working with simplified 
structured phases where sometimes we have included two or more real phases in 
the same simplified one. Anyway, if internal equilibrium in the phase is assumed, 
Eq. (7.10) simplifies as:

 G G T ,P ,nj j j j i,j= ( ) (7.11)

Consequently, any differential change of G in the j-phase may be calculated 
by the equations:
From 7.10:
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dT

G
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dP
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P n

j
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(7.12)

From 7. 11:
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(7.13)

Obviously, for the whole food system, the change in the Gibbs free energy may 
be calculated by:
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dG dGj

j

= ∑  (7.14)

Thus obtaining Eqs. (7.15) and (7.16), depending on the equilibrium situation 
inside the phases:
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Remembering the values of the first derivatives of the function G:
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The Eqs. (7.12) and (7.13) became, respectively:

 dG S dT V dP dnj j j j

_

j
k

ki

k

i,j i,j
= + + ∑∑ µ  (7.20)

 dG S dT V dP dnj j j j

_

j
i

i,ji,j
= + + ∑µ  (7.21)

We may use either Eq. (7.12) or (7.13) to calculate the Gibbs free energy in 
any j-phase, depending on the situation of internal equilibrium inside the phase. 
Both equations are different forms of representing the well known Gibbs-Duhem 
equation. In the same way, for the whole system, the two equations became, 
respectively:

 dG dG SdT VdP dnj
j

j
j

_

j
j

k

kj

k

i
i,j i,j

= = + +∑ ∑ ∑ ∑∑∑ µ  (7.22)

 dG dG SdT V dP dnj
j

j
j

j

_

j
j j

i,j
i

i,j
= = + +∑ ∑ ∑ ∑∑ µ  (7.23)
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Where the physical sense of µi,j (the chemical potential of i-component in 
j-phase) is the change in Gj produced by the loss (−) or gain (+) of one mol of one 
specific component i (J/mol) in conditions of Pj, Tj and nj≠ni,j constants. In con-
clusion, the value of G in the system is the sum of the values of G in every phase. 
It is very important to realize whether the phases are in internal equilibrium, and 
also if there are equilibrium among them. Obviously, a non-equilibrium situation, 
inside the phases or among them, implies the spontaneous appearance of internal 
transport of energy and/or mass.

7.2.5.1 Equilibrium and Driving Forces

The Gibbs energy defines the equilibrium and the events in the system.
Gradients of the intensive variables (T, P and µk

ij) represent driving forces 
responsible for fluxes of energy and/or matter (Fito and Pastor, 1994). Gradients 
of T usually result in heat transfer, while gradients of P result in deformations 
or/and bulk fluxes, depending on the viscoelastic properties of the system (Fito, 
1994; Fito et al., 1996), whereas gradients of chemical potential produce mass 
transfer phenomena (Barat et al., 1998). Any change in the system that occurs at 
constant temperature (isothermal) and constant pressure (isobar) must result in a 
decrease in G if the process occurs naturally, or no change in G if the process is 
reversible. Taking into account Eqs. (7.20) and (7.21), we have the conditions for 
the equilibrium:

 dG = 0; dT = 0; dP = 0 and dµk
ij = 0 (7.24)

7.2.5.2 Transport Mechanisms and Rate equations.

The structure features in food may produce coupling of some of these transport 
phenomena (Gras et al., 2003). For instance, in cellular structures, the loss or gain 
of water by any individual cell is always coupled with deformations and relaxa-
tion phenomena in the insoluble matrix (cellular wall and membrane), promoting 
the use of an extended definition of chemical potential (Seguí et al., 2006):

 µ µi
ext

i
ext,0

i i 0RTlna V P -P )− = + (  (7.25)

In these cases, it is possible to calculate the changes of G due to couplings 
of pressure and activities gradients, as well as the contribution of the different 
gradients (pressure or activities) to the global change of energy (Martínez-Monzó 
et al., 1998). These situations are usual in drying (both air drying and osmotic 
dehydration) of colloidal or cellular foods. In drying, for instance, the water flux 
between two points (1 and 2) inside the food system may be calculated by the 
Eq. (7.19) (Wesseling and Krishna, 1990):

 Jw = – Lw (µw1– µw2) = –RT (Inaw1 – Inaw2) (7.26)
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In this equation, the driving force is (lnaw1 − lnaw2) and may be simplified as:

 (1naw1 – 1naw2) ≅ xw1–xw2 (7.27)

only if and when the requirements below can be accepted as true:

● The activity coefficient (γw) for water is close to one:

 aw = γw xw ≈ xw (7.28)

● The values of aw1 and aw2 are very close (the system is close to equilibrium):

 aw1 ≈ aw2 (7.29)

Only in this way does Eq. (7.26) become similar to the well known Fick equa-
tion, and the two conditions mentioned above determine the conditions for its use 
in a rigorous way.

When applying Eq. (7.26) to a system where the points 1 and 2 are separated 
by a membrane (which allows water to flow across it, but not to the solutes), it is 
necessary to use the extended definition of chemical potential (Eq. 7.25). In this 
case, Eq. (7.26) becomes:

 J L ( )  RT lna lna P Pw w
ext ext

w1 w2 w 1 2w1 w2
= − − = − −( ) − −( )µ µ V  (7.30)

The two terms on the right side of Eq. (7.30) allow us to understand how the 
mass transport may be driven by mechanical energy, even against the activities 
gradients (as is in the case of inverse osmosis) or, in other cases, chemical poten-
tials gradients produce simultaneously mass transfer and mechanical deforma-
tions (as in cellular systems drying).

The definition of Descriptive Matrix may be defined as:

 
M (x ;V ;P ;T ; )i,j

k
j j j

k

i,j
µ  (7.31)

If it is assumed that there are not gradients of P, T, µι inside any phase of the 
system, the Eq. (7.24) becomes:

 M (x ;V ;P ;T ; )i,j
k

j j j i,jµ  (7.32)

The equilibrium condition arises when grad P = 0; grad T=0; grad µi,j=0, in 
any phase of the system.

Finally, the corresponding vectors µi,j applied to the components affected by 
mass transport phenomena may be included in the descriptive matrix (Gekas 
et  al., 1998). In a situation with only water and solutes moving throughout the 
system, a complete Descriptive Matrix will result as follows:

 M (x ;V ;P ;T ; ; )i,j
k

j j j w,j s,jµ µ  (7.33)
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Where µw,j and µs,j are the chemical potential of water and solutes in all the 
phases of the system (where they may exist), respectively. In the case of air-drying 
or hydration, the simplification that only water may move inside the system may 
be considered. In this case, the Descriptive Matrix may be organized as:

 M (x ;V ;P ;T ; a , )i,j
k

j j j w,j w,jµ  (7.34)

The two last lines in Fig. 7.6 have been occupied by the vectors aw,j and µw,j.

7.3.  Food Process Engineering: Modelling of Food 
Operations and Processes

We have introduced above the Descriptive Matrices (M) as a useful tool, both to 
describe food products by recognizing their structural features (physicochemical, 
thermodynamical and biological), and for explaining and understating their prop-
erties. In food processes, the food products suffer controlled changes that affect 
their structure and properties. The comparison between two Descriptive Matrices 
corresponding to products in two different points of a process permits one to iden-
tify when and where a change appears, as well as to analyze the mechanism(s) 
responsible for this change. This use of the properties of M in the analysis of food 
processes will be discussed in the following points.

7.3.1. Definition of Unit Operation and Stage of Change

The concept of Unit Operation came from the Chemical Engineering Processes 
Theory and some stages in a process where the product suffers one change in 
one physical or chemical property. Several unit operations constitute a process 
where the raw material becomes the desired final product throughout the succes-
sive changes. Very often in a real process, every unit operation is performed in a 
specific type of equipment (e.g., drying operation is performed in a drier). In this 
way, both concepts are frequently used (unit operation and the related equipment) 
as similar or even equivalents.

In Food Processes, the complexity of the food systems usually results in some 
different changes suffered by the food in the same equipment. Sometimes the 
major macroscopic change identified in the product (e.g., loss of water in drying) 
results from several important changes in the system (in the state variables, in 
the structure, etc.). Sometimes these changes occur, but in other cases, they are 
consecutive in time. Then it is convenient to introduce a new concept, Stage of 
Change, defined as one stage of the process where the product suffers a signifi-
cant change only in its properties. According to this definition, one unit operation 
may refer to one or more Stages of Change, and the same applies to the specific 
equipment used to perform this operation. Some examples of phenomena that 
demand defining a Stage of Change may be:
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● When a phase of the system disappears or a new one arises, as, for instance, when 
in drying operations, the loss of water by the product causes the disappearance of 
the food liquid phase, and only adsorbed water remains in the solid

● When a phase transition occurs because the physical and transport properties of 
the food changes, sometimes dramatically

● When the pattern of the mass and energy transport phenomena changes, e.g., 
change of the mechanisms responsible for these phenomena

● When the pattern of the chemical or microbiological reactions changes because 
of changes in temperature, pH, activation or inactivation of enzymes, etc.

In conclusion, one process will be represented as a series of stages of change 
in order to analyze the changes undergone by the product after any one of those 
changes.

7.3.2.  Mass Balances and Transformed Matrices: 
Matrix of Changes

Considering one process with N Stages of Change and N+1 different products 
flowing in the N+1strains (being m0 the raw material and mN the final product), 
it must be considered:

 N Stages: {1,2,3,......,n-1, n, n+1, ........,N}

 N+1 Strains {m0, m1, ..., mn-1, mn, mn+1, ..., mN}

In Fig. 7.7 three Steps of Change of this process may be observed (n−1, n, n+1).
The subscripts of any matrix (vs. Ma,b) indicates: The first one (a) is the subscript 

of the corresponding strain, and the second one (b) indicates the strain of reference. 
Therefore, the value of the overall mass of the system is always fixed as:

 x x
b

aa i,j
k

kji a

=
⎡

⎣
⎢

⎤

⎦
⎥ =∑∑∑  (7.35)

mn+1n-1 n n+1

Dmn-1 Dmn Dmn+1

mn-1

mn-2 mn

Mn-1,n-1
(base mn-1/mn-1)

Mn,n
(base mn/mn)

Mn-1,n
(base mn/mn-1)

Fig. 7.7. Different Stages of Change
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The overall mass balance for the n stage will be:

 m m mn n 1 n− =− ∆  (7.36)

If the value of ∆mn is negative, it means a loss of matter by the system. As a 
consequence, the values of the ratio [b/a] would be 1 for any descriptive matrix, 
but to compare with any other, it is necessary to calculate one transformed matrix 
with different values for a and b.

As an example, for the Stage n may be defined:
The descriptive matrix for strain mn−1 Mn−1, n−1
The descriptive matrix for strain mn Mn, n
The transformed matrix of strain mn referred to the strain mn−1 MCn,n−1

The Descriptive Matrices of products corresponding to these strains will be as 
follow:

 
x x

m

mn,n ij
k

kji n,n

n

n

=
⎡

⎣
⎢

⎤

⎦
⎥ = =∑∑∑ 1 (7.37)

 x x
m

mn-1,n-1 ij
k

kji n.1,n 1

n-1

n-1

=
⎡

⎣
⎢

⎤

⎦
⎥ = =∑∑∑

−

1 (7.38)

where the overall mass distributed in the system has been arbitrarily considered 
as 1 kg. In this way, the physical meaning of xn−1 and xn,n would be the mass frac-
tion of total mass corresponding to any component I in any phase j and in any 
aggregation state k. In order to compare the two mass distribution matrices in a 
balance Eq. (7.36) the values of xn,n must be transformed by multiplying by the 
ratio mn−1/mn≠1, defining:

 x x
m

mn, n-1 ij
k

kji n,n 1

n-1

n

=
⎡

⎣
⎢

⎤

⎦
⎥ = ≠∑∑∑

−

1 (7.39)

We obtain the Transformed Mass Share-out matrix of strain mn referred to 
those of the strain mn−1:

 
x

m

m
xi,j

k

 n,n 1

n-1

n
i,j
k

 n, n
⎡⎣ ⎤⎦ =

⎛
⎝⎜

⎞
⎠⎟

⎡⎣ ⎤⎦−
 (7.40)

Therefore, the Descriptive Matrix and the Transformed Descriptive Matrix of 
the product flowing throughout the n stage of change of the process will be:

 M (x ;V ;P ;T ; )n,n i,j
k

j j j i,jµ  (7.41)

 M (m /m )x ;V ;P ;T ; )n-1,n n-1 n i,j
k

j j j i,jµ⎡⎣ ⎤⎦  (7.42)
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And also the matrix of changes:

 MC M Mn,n 1 n 1,n n 1,n 1− − − −= −  (7.43)

 
MC  x ; P ; T ; Vn, n-1 i,j

k
j j j∆ ∆ ∆ ∆( ) (7.44)

7.3.3. The Process Matrix

In Fig. 7.8 we may observe the flow diagram of a process with nine stages of 
change. There are 10 strains of matter (m0, m1,….m8 ,m9).

The description of the product of each strain may be represented by the cor-
responding Descriptive Matrices (M0,0, M1,1, ……., M9,9).

The Matrix of Process (MP) is represented in Fig. 7.8. The cells in the diagonal 
of this MP are occupied by the ten descriptive matrices corresponding to the ten 
process strains. The cells corresponding to the right-up side of the diagonal would 
be occupied by the Transformed Matrices and the left-down side of the diagonal 
by the Matrices of Change. The matrix MC9,0 would be the result of the accumu-
lated changes suffered by the strain (m0) after passing through the nine stages of 
change of the process, and has been calculated as:

 MC M M9 0 0 9 0 0, , ,= −  (7.45)

In other words, the differences between the final product (m9) and the raw 
material (m0) would be represented by this matrix of changes. Obviously, these 

M 0,0 M 0,1 M 0,2 M 0,3 M 0,4 M 0,5 M 0,6 M 0,7 M 0,8 M 0,9 

MC 1,0 M 1,2 

MC 2,1 M 2,3 

MC 3,2 M 3,4 

MC 4,3 M 4,4 M 4,5 

MC 5,4 M 5,5 M 5,6 

MC 6,5 M 6,6 M 6,7 

MC 7,6 M 7,7 M 7,8 

MC8,7 M 8,8 M 8,9 

MC 9,0 MC 9,8 M 9,9 

Matrices of changes
MC i,j 

- Mn-1, n-1
(base(mn-1/mn-1))

Descriptive  Matrices
M i,j 

mn+1n-1 n n+1
mn-1mn-2 mn

Mn-1,n-1
(base mn-1/mn-1)

Mn,n
(base mn/mn)

Mn-1,n
(base mn/mn-1)

Mn-1, n
(base(mn/mn-1)) 

MCn, n-1
(base(mn-mn-1/mn-1))

    =

M 1,1 

M 2,2 

M 3,3 

Fig. 7.8. The Matrix of Process (MP)
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“overall” values of change have lost much significant information about what 
has really happened in each one of the stages. For this reason, the analysis of 
the changes in every stage is of great interest in order to know what elements 
do change in the food descriptive matrix, after passing through the stage, and to 
quantify the level of change, as well as to identify the mechanisms responsible for 
these changes. In conclusion, the Matrix of one Process with N Stages of Change 
would be made up from (N+1)2 matrices distributed as follow:

● N+1 Descriptive Matrices
● 0,5[(N+1)2 − (N+1)] Transformed Matrices
● 0,5[(N+1)2 − (N+1)] Matrices of Change

7.4. Conclusions

Nowadays, food quality and safety (food properties) are major concerns of con-
sumers and the food industry, and targets for product and process design.

Structured foods are dissipative structures (Nicolis and Prigogine, 1977b) with 
a high level of complexity. Therefore, the mathematical models of food behavior 
through operations and processes must include all of the information about food 
characteristics, as well as that regarding the different phenomena occurring dur-
ing the processes: transport phenomena, chemical reactions, phase transitions, 
structure changes, etc.

To simplify foods as continuous (monophasic) and homogeneous systems will 
only result in the loss of much relevant information about their properties con-
cerning their quality and security factors.

The SAFES methodology provides tools to describe, to calculate and to 
develop food products and processes with enough information to predict their 
food quality and safety.
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8
Phase Transitions and Hygroscopicity 
in Chewing Gum Manufacture

J. Welti-Chanes, F. Vergara-Balderas, E. Pérez, D. Bermúdez, 
A. Valdez-Fragoso, and H. Mújica-Paz

8.1. Introduction

Confectionery products constitute a very important branch in the food industry. 
There are several confectionery products: chewing gum, candy, and chocolate 
among others. Beside chocolate, chewing gum is one of the most consumed products 
in the world. Chewing gum is a product made with natural or man-made gums, 
polymers, and copolymers, added with other ingredients and food additives.

Traditionally, chewing gum was made of natural gums, although for reasons 
of economy and quality, many modern chewing gums use synthetic gums. These 
have proven beneficial in providing high consistency of chewing quality. To obtain 
acceptable products, gum properties must be maintained during manufacture of 
chewing gum. Most chewing gums are manufactured according to the following 
steps: The gum base is melted; other ingredients are added and mixed. The blended 
gum passes onto cooling belts and is bathed in currents of cool air to reduce its 
temperature; after this, the gum is extruded and flattened into thinner and thinner 
sheets. The gum passes into the scoring machine. The scored sheets are conditioned 
(“set” in an air-conditioned room) and then, candy-coated. Finally, the chewing 
gum is wrapped.

In order to assure product quality, specifications for the final product must be met. 
If the product is out of specifications, losses are generated. During chewing gum 
manufacture, several alterations can be presented. Among these are elasticity 
loss, unsuitable porosity, texture changes, etc. These alterations lead to difficult 
handling during manufacture, provoking undesirable characteristics of candy-coated 
pellet gum (deformed or ruptured pellets, inadequate coating, grainy surface, etc.). 
These defects are related to poor coating due to texture problems of pellets before 
coating.

During chewing gum manufacture, several moisture and temperature conditions 
are handled; these conditions can provoke changes in the gum base, passing from a 
solid state into a “rubber” state. During this transition, the moisture of the gum can 
be changed and the texture modified, causing an inadequate coating. According to 
this, preparation of uncoated pellets is a critical step in chewing gum manufacture.
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This contribution presents some general information about water sorption 
properties, textural and thermo-physical characteristics of the “gum base” and its 
relation to process conditions and quality of candy-coated chewing gum.

8.2. Description of Chewing Gum Manufacture Process

According to Mexican regulations, chewing gum is defined as a gum base (chew-
able synthetic polymer) subjected to several changes to obtain a product with a 
rubbery structure and a pleasant taste. The gum base or synthetic polymer in a 
solid state suffers several changes during chewing gum manufacture.

In Fig. 8.1., a flow diagram for chewing gum manufacture is presented. The 
following steps can be identified: melting of the gum base, adding and  mixing 
of other ingredients to form the chewing gum, sheet formation, scoring to obtain 
pellets of specified dimensions, and coating with sugar syrups; finally, the  product is 
packaged and traded.

Fig. 8.1. Flow diagram for chewing gum manufacture
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8.2.1. The Steps of Chewing Gum Manufacture

Following is a brief review of the main steps of chewing gum manufacture, 
emphasizing uncoated pellet formation due to its importance on the product final 
quality.

8.2.1.1. Melting

The gum base or synthetic polymer in solid state is melted, usually in large, hot 
water- or steam-jacketed kettles where the gum achieves the consistency of thick 
fluid. It is important to reach the fusion temperature to obtain a fluid with suit-
able viscoelastic characteristics. This fluid must be around the softening point 
(temperature to maintain polymer in a “rubbery” state) to mix the gum base with 
other ingredients to yield the chewing gum.

8.2.1.2. Mixing

The melted gum is mixed with other ingredients: sugar, glucose (or corn syrup), 
natural or artificial flavoring, and other products, including reprocessed material 
(candy-coated gum and pellets). To obtain a homogenous mix, time, temperature 
and other parameters must be met. The temperature must be around the softening 
point (temperature between the glass transition temperature and the fusion point).

8.2.1.3. Sheet Formation

The blended gum is handled to make it much smoother and finer in texture. It 
passes to a series of rollers, and the gum is flattened into thinner and thinner 
sheets. The final dimensions and weight of the sheet are determined by the type 
of gum it is to be. Sheet formation uses cooling belts with currents of cool air 
to reduce gum temperature as well as extruders, rollers, and cutting and scoring 
machines.

8.2.2. Extruders

Extruders are machines to mold and transport the blended gum into a cooling 
system. The temperature must be controlled during this operation, and it can be 
done by means of hot and cold water. In this step, gum texture and elasticity are 
modified.

8.2.3. Cooling System

Gum temperature must be lowered so scoring can be done. In addition, a lower 
temperature helps to control pellet dimensions and weight, and it has an impor-
tant effect on hardness, consistency and firmness of gum. Heat must be removed 
from gum sheets for an adequate pellet coating.



142    J. Welti-Chanes et al.

8.2.4. Scoring

The gum destined for candy-coating is scored into small square or oblong pellets. 
Stick gum, ball gum, and other forms are scored in a different way. For sheet 
formation, a mix of sugar and starch is added to the gum. In addition, to prevent 
problems during pellet formation, the temperature must be controlled.

8.2.5. Sheet Conditioning

The scored gum sheets are set aside in an air-conditioned room (with temperature 
and moisture control) and after a 24-to-48 h storage period, the sheets must reach an 
appropriate hardness value so the pellet can be coated. Hardness is a typical mechani-
cal property of polymers and other materials, related to plastic deformation resistance 
when a material is subjected to a penetration force. Also, the term hardness is used to 
describe material resistance to abrasion, scratching, cutting, and folding.

A hardness measurement is a simple way of obtaining a measure of the elastic 
modulus of a rubber by determining its resistance to a rigid indentor to which a 
force is applied. Indentation involves deformation in tension, shear and compression. 
Hardness is a very important parameter for establishing whether the pellet is 
ready to be coated; During coating, pellets are subjected to drastic conditions of 
moisture and temperature, as well as strokes inside the coating pan. In addition, 
an adequate hardness helps the coating adhere more firmly. If a gum sheet does 
not remain long enough inside the conditioning room, it will not achieve adequate 
hardness, and defects will appear.

Pellets are ready for coating when hardness values are around 16–20 °Shore. 
Pellets are coated with sugar syrup which is prepared in a jacketed kettle. Pellets 
are put inside coating pan and syrup is added to coat them. During coating, pellets are 
air-dried at specified relative humidity and temperature. Finally, the coated gum is 
whirled with a wax product. This process provides candy-coated chewing gum 
with its characteristic sheen. Then the gum is packaged.

8.3. Chewing Gum Ingredients and Their Function

8.3.1.1. Gum Base

As mentioned earlier, the gum base is a chewable synthetic polymer. There are 
two groups of base gums: chewing gum and bubble gum. The difference between 
them is the capacity to form bubbles according to the content of natural latex or 
high molecular weight polymers. A higher proportion of these polymers provokes 
a higher elasticity and hence the capacity to form bubbles.

The chewable gum base has no taste, and it imparts flexibility and malle-
ability to the gum mix. It must be even and soft, with the capacity to retain aroma 
and malleability after processing, so that a mouth pleasant sensation is achieved. 
Polymer malleability and flexibility is achieved adding another type of polymers, 
the elastomers.
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Table 8.1 shows components of a typical gum base and their function.
The gum base is made with a thermoplastic polymer that can be melted and 

solidified. These thermoplastic polymers are made of large interlinked chains; 
at low temperatures they are rigid, but when heat is applied, they soften and 
are malleable when they reach the glass transition temperature (Tg). Below this 
temperature, the polymer is brittle (a glassy solid state), but if the temperature is 
above Tg, the product is flexible and malleable (a rubbery state). This is a desir-
able characteristic of chewing gum.

One of the polymers used in chewing gum is polyvinyl acetate (PVA); its glass 
transition temperature is slightly higher than ambient temperature (28–30°C) 
(Rodríguez, 1984). This causes a hard and stable material at ambient temperature, 
but it becomes fluid and sticky when the temperature is increased. This low molecular 
weight polymer behaves as a rubber when it is chewed; moisture content affects 
some physical properties, for instance, stickiness and resistance. Most available 
PVA emulsions have been prepared by polymerization (Billmayer, 1978).

Several studies have emphasized the miscibility of this amorphous polymer, 
reporting Tg values around 35 °C, but depending on mix components, this value 
can change (Liu and Mathr, 2003).

It is possible to modify the polymer behavior used in the gum base by means 
of one type of additives: the plasticizers. A plasticizer is a small molecule that 
 promotes a more flexible polymer. They are added to the polymer, which changes 
the polymer Tg and hence, transforms a glassy, hard and brittle material into a 
soft and flexible product. To be useful, a plasticizer must be compatible and mis-
cible with the polymer (Billmayer, 1978).

Waxes are used as softeners in the gum base. They must be hard, with a high 
fusion temperature. In gum formulation it is common practice to use both natural 
and synthetic microcrystalline waxes.

In addition, the gum base contains antioxidants, for instance, butylated-
hydroxytoluene (BHT), butylated -hydroyanisole (BHA), or tocoferol used to 
protect gum base components. If necessary, gums can be produced without anti-
oxidants, but it can shorten gum shelf-life (Billmayer, 1978).

8.3.1.2. Glucose

The glucose used in chewing gum formulation usually comes in the form of clear 
syrup (corn syrup) and has several functions:

● It keeps the gum moist and pleasant to chew and helps the sugar (sucrose) to 
combine easily with the gum base

Table 8.1. Composition of a typical gum base
Component Function

Elastomers and polyvinyl acetate Chewable synthetic material
Resins Plasticizing agent
Waxes and fats Softening/emulsifying agent
BHT Antioxidant
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● It prevents growing of sugar crystals, avoiding a grainy texture
● It maintains flexibility and moistness of the gum

Glucose is subjected to phase transitions, from a viscous fluid (syrup) into a 
glassy solid at temperatures around 20–35 °C; if it is subjected to high tempera-
tures, it collapses and turns sticky because of moisture gain.

8.3.1.3. Sucrose

Sucrose is a sweetener and, in combination with starch, it is used to bathe the 
gum sheet, modifying the gum’s hygroscopicity. It is necessary to use sugar that 
is free of impurities; its moisture content must be low, and it must have a low level 
of inverted sugar. Sucrose must be powdered because particle size has a definite 
effect on the brittleness or flexibility of the final product.

8.3.1.4. Starch

Starch acts as humectant for the polymer. Usually, a modified starch is used, and 
it is applied on the surface of scored gum sheets. The starch, with a sugar mix, 
helps to absorb moisture in the gum, modifying its hardness. In addition, starch helps 
to incorporate added components during the final coating of pellets.

8.3.1.5. Flavorings

Either natural or artificial flavoring, whichever is desired and to whatever taste, 
is added to the gum base. In addition, flavorings act as gum softeners, affecting 
chewing gum texture. Flavorings contain essential oils; they are the best gum base 
plasticizers. However, they are not enough to soften the gum, so other plasticizers 
must be added to obtain a good chewing quality.

8.4. Final Quality of Pellets

In order to be coated, pellets must meet some requirements:

● Sheet specifications: There are predetermined values for sheet length, width 
and weight. Sheets out of specifications lead to difficult slipping when they are 
piled up; in addition, deformation and other defects may be present.

● Pellet specifications: There are predetermined values for pellet dimensions and 
weight before and after conditioning; besides, a predetermined hardness value 
must be met.

● Final chewing gum pellet specifications: There are predetermined values for 
 pellet dimensions, coating thickness, and hardness.

If gum sheet conditioning is deficient or the coating process is inadequate, 
defective gum pellets are generated. Some of these defective products are shown 
in Fig. 8.2.
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8.5. Process Variables

Control of process variables is essential for chewing gum manufacture. Important 
variables are temperature, moisture, and air velocity during gum conditioning. 
Temperature is a very important process factor because high temperatures are 
required to melt the gum base; on the other hand, low temperatures are required to 
form sheets and coat gum. These drastic temperature changes must be controlled 
to avoid damage in texture, consistency and elasticity due to transitions in gums 
and other components (Fried, 1995).

Ambient relative humidity provokes changes in gum that must be controlled 
to avoid viscosity modifications leading to a sticky gum, making for difficult 
handling during processing. In addition, final gum texture may be affected by 
these changes.

Air velocity and distribution are important factors during gum cooling. Several 
desirable gum characteristics are developed in this stage, in a way similar to the 
cooling of chocolate to improve firmness and scoring.

Air temperature and relative humidity affect gum moisture and water activity. 
Water activity of gum has a very low value, around 0.2, and moisture content is 
lower than 1%; during chewing gum manufacture, these values increase due to 
the ingredients added and the moisture gained. The changes in moisture and water 
activity values must be controlled to assure the final quality of gum pellets.

Fig. 8.2. Typical defective chewing gum pellets
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8.6. Moisture, Water Activity and Texture of Chewing Gum

According to the preceding concepts, it is clear that knowledge about chewing 
gum moisture variations to evaluate gum hygroscopicity (by means of moisture 
sorption isotherms) is necessary in order to establish relationships among texture 
changes and moisture content (or water activity) during the process of manufac-
turing chewing gum. Table 8.2 shows representative information about values of 
temperature, moisture and water activity of the gum base during several stages of 
gum conditioning, previous to gum coating. It can be noticed that the initial gum 
base or synthetic polymer, with low moisture content and water activity, is mixed 
with several ingredients and transformed into gum sheets, modifying product 
moisture content and thus provoking changes in hardness and malleability. In 
addition, temperature changes are necessary to obtain the final coated pellet.

A way to describe the relationship between moisture content of a system (gum) 
and physical state of water in the system is by means of a moisture sorption 
isotherm. A moisture sorption isotherm relates moisture against water activity in 
a system, and it defines solvent availability for several purposes, including one 
related to phase transitions and texture (hardness) in the system. Figures 8.3 and 
8.4 show moisture sorption isotherms at 25, 35 and 45°C of an extruded gum 
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Fig. 8.3. Moisture sorption isotherms at 25, 35, and 45 °C of extruded gum

Table 8.2. Average characteristics of gum base during conditioning stages
  Moisture
Type of gum Temperature (°C) (g H2O/100 g d.s) aw

Gum base 69 0.20 0.213
Melted gum 74 0.40 0.280
Gum after mixing 48 2.20 0.520
Extruded gum 48 2.20 0.520
Gum after cooling 46 2.50 0.563
Scored sheets  41.6 1.30 0.401
(with starch/sugar mix)
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and gum sheets bathed with a starch/sugar mix, respectively. In the case of the 
extruded gum (Fig. 8.3), it can be seen that for aw levels up to 0.75 there is no clear 
effect of temperature on gum moisture sorption ability; also, in this aw range, the 
gum has a poor ability to retain water in its structure, maintaining moisture levels 
lower than 20 g H2O/100 g d.s. When aw is higher, moisture that can be incor-
porated by the gum increases dramatically; also, if the temperature increases, it 
generates higher moisture levels for systems with the same aw. This behavior is 
“abnormal” in biological systems, as in the case of foods. This behavior can be 
explained because the gum base (polymer) has a rigid and compact structure at 
low temperatures; however, when the temperature is increased, polymer changes 
from a rigid structure into a rubbery one where water can penetrate and mix with 
the gum, creating higher moisture contents. When the starch/sugar mix is added 
(Fig. 8.4), the moisture isotherm has a different form. In this figure, temperature effect 
is noticeable in the whole aw range. At higher temperatures, the gum capacity to 
retain water is higher at the same aw level, generating a softer product, because of 
the combined action of temperature and water inside the gum.

In addition, it is clear in Fig. 8.4 that when the temperature is 25 °C (and probably 
at lower temperatures), there is a minimum moisture gain in the aw range 0.0–0.5, 
which indicates that in this range, moisture plays a less important role as a solvent 
and plasticizer, and temperature is more important in gum texture changes during 
conditioning.

Figure 8.5 shows aw values as a function of conditioning time in a cooling room 
for gum pellets bathed with a sugar/starch mix. The conditioning process is used to 
generate adequate pellet texture for coating. As can be seen in Fig.8.5, gum pellets 
enter the cooling room with an aw value around 0.41, and after 48 hours the value 
is around 0.45; equilibrium is not reached between the gum and the surrounding 
air, which has a relative humidity of 50 %. With these data and referring to Fig. 8.4, 
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it can be concluded that during this time moisture changes in gum pellets are small 
and hence, gum thermal and textural properties are only slightly affected due to 
its water content.

On the other hand, the temperature decrease of the gum pellet in the conditioning 
room seems to be the main factor related to texture (hardness) changes, as can be 
seen in Fig. 8.6. Gum pellets enter the cooling room almost at 40 °C, and a low 
hardness value (it is not possible to measure the hardness value with the systems 
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normally used in the confectionery industry); however, after 6 hours in the cooling 
room, a temperature of 20°C is reached and pellet hardness is 10 °Shore; after 16 
hours, a temperature of 16–18°C is reached, with a hardness value of 16 °Shore 
(this value is in the desirable range for gum hardness).

After this time, temperature and hardness changes are very small, and after 48 
hours in the cooling room, hardness increases to 22 °Shore; at this value, pellet 
coating can be applied without problems. However, if pellet hardness reaches values 
above 22 °Shore, the pellets are fragile and difficult to coat. In order to know 
if hardness changes due to temperature effects are related to glass transitions 
of chewing gum, studies must be conducted. Differential scanning calorimetry 
(DSC) is a tool that can be used to carry out these studies.

8.7. Phase Transitions of Chewing Gum

Phase transitions studies in foods are relatively new; however, their importance in 
controlling processes and products has been demonstrated (Roos, 1995). Physical 
structure of a chemical or biological system, as in the case of chewing gum, is 
important from a functional and a sensorial point of view. Usually, this structure is 
modified by changes in aw because moisture is gained or lost. For example, caking 
of powders is due to sugar and oligosaccharides transition into an amorphous-
crystalline state; this happens when aw increases to values above those corresponding to 
glass transition at ambient temperature (aw around 0.3–0.4) (Saltmarch and Labuza, 
1980). There are several examples where application of knowledge about phase 
transitions in foods generates improvements in process techniques; for instance, 
the control of molten properties of comestible fats (cocoa), control of caking of 
powders, control of texture (related to ice crystal formation) in ice cream, control 
of stickiness in chewing gum, evaluation of the mechanism of marshmallow hard-
ening, etc. (Chiralt et al., 1998; Lim, et al., 2006).

8.7.1.1. Glass Transition

Most food products with low moisture content are not in a crystalline state. Their 
state depends on whether the temperature of observation is below or above their 
glass transition temperature (Tg) (Simatos et al., 1995). Each substance has a 
characteristic Tg; at temperatures below Tg the substance is an amorphous, glassy 
solid of extremely high viscosity; on the other hand, at temperatures higher than 
Tg a transition into a rubbery state is produced. The most important consequence 
of glass transition is an increment in molecular mobility and free volume above 
Tg (Zaritzky, 1997).

The relevance of Tg and of the plasticizing effect of water in foods may be 
shown in state diagrams based on curves of Tg as a function of water content. For 
instance, crispy products, such as breakfast cereals or extruded flat bread, are in 
the glass domain; they lose their crispness (they change into rubber) if their water 
content increases (Simatos et al., 1995).
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8.7.1.2. Polymer Transitions

The physical state of polymer molecules can be partially crystalline (adequate 
structure) or completely unordered; it can be a melted material with viscos-
ity characteristics of a liquid, or with elasticity associated with a rubbery solid 
(Rodríguez, 1984).

Polymers can exist in several states, depending on rotation and conformation 
of chains forming their molecules that are trying to reach a thermodynamic 
 equilibrium condition, for instance, the solid crossing from an equilibrium state to 
a non-equilibrium state when heat is applied (Chiralt et al., 1998). When a poly-
mer is melted, molecular motion increases as a result of temperature increments; 
on the other hand, if the temperature is low enough, rotation around a single 
bond is impossible due to energy barriers, and polymer molecules are trapped in 
a chaotic, unordered and entangled state, generating a glass. If the temperature 
is lower, intermolecular barriers for rotation are bigger and the crystal is more 
stable (Rodríguez, 1984).

8.7.1.3. DSC Thermograms of Gum Base or Synthetic Polymers

The gum base is a polymer mix; the most abundant polymer in the mix is poly-
vinyl acetate (PVA) which is responsible for most gum characteristics. Figure 8.7 
shows the DSC thermogram of a gum base sample with a heating rate of 10 °C/min, 
and then cooled at the same rate. The region of possible phase transitions (glassy 
to rubbery) and the fusion peak (endothermic peak) can be seen, as well as the 
change in heat capacity (Cp). According to thermograms for similar materials 
(Liu and Mathr, 2003), a crystallization peak is not detected because PVA 
and elastomers in the mix are amorphous polymers with more molecular 
mobility, where crystallization is not noticeable. First Tg is observed around 
5.65 ± 0.21 °C. The onset point of this transition is around 1.15 °C ± 0.21 °C and 
the end is around 10.15 ± 0.636 °C. The Cp change during this transition is 2.16 
± 0.74 J/g °K. The second Tg (Tg2) is observed around 17.5 ± 1.56 °C with an 
onset point of 14.10 ± 1.98 °C and the end at 20.90 ± 1.31 °C, with a Cp change 
of 0.33 ± 0.14 J/g °K. This temperature range is of interest during chewing gum 
conditioning in order to reach adequate hardness for coating.

Melting of the gum base is shown in thermograms as a peak with maximum 
heat absorption (endothermic peak) at temperature (Tm) around 50.5 ± 0.2 °C; 
the onset point for this transition is around 37.95 ± 0.1 °C, and the end is around 
59.55 ± 0.55 °C, and the fusion enthalpy is 22.81 ± 0.61 J/g.

On the other hand, Liu and Mathr (2003) evaluated miscibility and morphology 
of a similar polymer in a mix with a semi-crystalline polymer and reported that 
PVA alone is amorphous and that peak positions are slightly displaced when 
another polymer is added; the polymer fusion temperature is around 40–60°C, 
which is in agreement with information reported here, indicating that this peak 
possibly represents PVA. Also, Fig. 8.7 shows that the point where the viscosity 
of the gum base falls is in the range 60–80°C; in the chewing gum industry this 
point is called the “drop softening point.”
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Fig. 8.7. DSC thermogram of chewing gum base

Fig. 8.8. DSC thermograms of chewing gum base mixed with other ingredients at several 
aw values

When all other ingredients are added to the gum base (including the sugar/
starch mix), and the obtained mix is adjusted to several aw values, thermograms 
like the one in Fig. 8.8 are obtained. It can be observed that there is a different form 
for each thermogram with a tendency to lose the polymer fusion peak due 
to displacement of fusion temperature that is reduced when aw is increased; 
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 however, the phase transition zone is not affected when other ingredients are 
added or aw is changed in this range (0.35–0.68); it is still present at around 
14–21 °C. These results show the importance of polymer type and tempera-
tures applied to gum before coating to generate the adequate hardness for 
subsequent handling of the gum.

8.8. Final Remarks

The chewing gum industry has many similarities with processes and conditions 
applied in the food industry, and in this sense many of the scientific developments 
could be considered for their applications and to improve old processes currently 
used in that industry. This contribution shows some basic information about the 
interaction of water, polymers and other ingredients and their relation with textural 
and phase changes during different steps of chewing gum manufacture.

Knowledge of hygroscopicity and phase transitions of chewing gum and its 
ingredients is essential to understand the manufacturing process. This knowledge 
can be an important tool to improve processes and products in this industry, not 
only from a quality point of view; also, it can have an important role from the 
economics point of view.

Additionally, light and lower-calorie products represent an important sector of 
the confectionary industry. Processing of these products follows the same principles 
used to process “regular” products. However, ingredients to prepare these products 
are different; there is a necessity to understand the behavior of these ingredients so 
that high quality products can be obtained.
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9
Exploring The Linear Viscoelastic 
Properties Structure Relationship 
in Processed Fruit Tissues

S.M. Alzamora, P.E. Viollaz, V.Y. Martínez, A.B. Nieto, 
and D. Salvatori

9.1. Introduction

Texture is a quality attribute that is critical in determining the acceptability of 
raw and processed fruits, so it is of primary concern in product development 
and/or preservation techniques design. Texture is a sensory attribute that can only 
be sensed by people. Perceived texture results from an array of sensory inputs, 
arising before and during consumption (Jack et al., 1995). As a rule, one texture 
property is based on various physical properties. However, product texture is 
closely related with product rheology, and this is one of the most obvious reasons 
for studying fruit rheology.

Mechanical properties of biologic tissues depend on contributions from the 
different levels of structure: the molecular level (i.e., the chemicals and interactions 
between the constituting polymers), the cellular level (i.e., the architecture of the 
tissue cells and their interaction) and the organ level (i.e., the arrangement of cells 
into tissues and their chemical and physical interactions) (Ilker and Szczesniak, 
1990; Waldron et al., 1997; Jackman and Stanley, 1995a; Alzamora et al., 2000). 
Fruits are composite materials and consist of various structural elements with 
 different mechanical properties. The edible portion of most plant foods is pre-
dominantly composed of parenchymatous tissue. The parenchyma cells, approxi-
mately 50–500 µm across and polyhedral or spherical in shape, show, from out 
to inner, the middle lamella that glue adjacent cells; the primary cell wall with 
the  plasmodesmata; the plasma membrane; a thin layer of parietal cytoplasm 
containing different organelles (mitochondrias, spherosomes, plastids, chloro-
plasts, endoplasmic reticulum, nucleus and so on); and, bound by the tonoplast 
membrane, one or more vacuoles that contain a watery solution of organic acids, 
salts,  pigments, and flavors that are responsible for the osmotic potential of the 
cell. Cells and intercellular spaces are arranged into tissues, and these last into the 
final organ (Brett and Waldron, 1996).

The three major structural aspects that contribute to textural properties of plant-
based foods are turgor, the force exerted on the cell membrane by intracellular 
fluid, cell wall rigidity, and cell-cell adhesion, determined by the integrity of the 
middle lamella and the plasmodesmata. In addition, the relative percentage of 
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the different tissues, size and shape of the cells, ratio of cytoplasm to vacuoles, 
volume of intercellular spaces (which may contain either fluids or interstitial air), 
type of solutes present, and presence of starch and its state are also important 
(Ilker and Szczesniak , 1990; Alzamora et al., 2000). The plant cell wall is a 
strong fibrillar network that gives each cell its stable shape. Various alternative 
models of cell wall structure have been proposed based on indirect evidence and 
biochemical hunches (Cosgrove, 1997; 1998). In general, the models postulate 
that three intertwined networks, stuck together perhaps by various non-covalent 
adhesions and entanglements, are responsible for bearing tensile stresses within 
the wall: 1) a stretch resistant, load-bearing cellulose/hemicelluloses network, 
where the hemicelluloses are thought to form a hydrogen-bonded surface coat 
over the microfibrils and may bridge between microfibrils; 2) a compression-
resistant pectic polysaccharide network, where the junction zones are originated by 
calcium cross-linking and by ester linkages with dihydroxy-cinnamic acids; and 
3) a third network consisting of structural proteins covalently linked by oxidative 
phenolic cross-bridges and other linkages (Carpita and Gibeaut, 1993). The cellu-
lose microfibrils (with crystalline and amorphous regions) are remarkably stable 
and usually undergo negligible breakdown under stress, playing a major role in 
determining the strength and structural bias of the cell wall; the disposition of 
microfibrils in space also determines many of the mechanical properties of the 
wall. Pectins make up a hydrophilic phase with gel-like properties situated in the 
space between microfibrils, preventing aggregation and collapse of the cellulose 
network and allowing for easy slippage between the celluloses and hemicellu-
loses. The wall matrix is approximately 75% water by mass, resembling a very 
dense aqueous gel.

The macro-, micro- and ultrastructure of tissues are affected by processing, with 
several modifications that influence the mechanical behavior and the  perceived 
texture. Thus, establishing and understanding a relation between texture and 
instrumental mechanical parameters also requires determining what the most 
essential structural elements are, and to which fundamental rheologic parameters 
they are primarily linked. Knowledge resulting from investigations on plant cell 
structure during processing and its influence on viscoelastic behavior (determined 
by small deformation tests) and failure properties (determined by large deforma-
tions methods) can be utilized for the development of tailor-made technologies 
or the optimization of existing techniques for the production of processed fruits 
with specific mechanical properties (Kunzek et al., 1999).

At the macroscopic level, fruits are viscoelastic systems that exhibit a combi-
nation of elastic and viscous behavior under mechanical loading, which means 
that force, distance and time, in the form of rate, extent and duration of load, 
determine the value of measurements (Pitt, 1992). Determining the structural 
characteristics of polymers has long been the main focus of linear viscoelastic 
tests (Ferry, 1980). It is assumed that these techniques are very sensitive means 
of studying microstructure. However, the use of linear viscoelastic data for char-
acterizing food materials has just begun in the last fifteen years, and research 



9. Exploring The Linear Viscoelastic Properties Structure Relationship    157

efforts today are focused on correlating transient or dynamic methods to sensory 
characteristics and structure of foods (mainly dairy products and gels). Until 
now, these tests have not been very much used to elucidate the structure-function 
 correlation in vegetable tissues.

This chapter is part of a comprehensive study on the relationship between 
structure, rheology and texture of raw and minimally processed fruit. With this 
aim, this chapter is intended to explore the correlation between the linear viscoe-
lastic (oscillatory shear and creep) properties and the microstructure/ultrastruc-
ture of selected fruits (melon, apple), as affected by osmotic dehydration and/or 
calcium incorporation.

9.2. Linear Viscoelastic Behavior and Modelling

Dynamic oscillatory shear, relaxation and creep/recovery tests are usually used to 
determine material properties in the linear viscoelastic regimen (Ferry, 1980).

In dynamic tests, the strain (or the stress) is varied periodically, usually with 
a sinusoidal alternation at a frequency ω, and the response can be subdivided 
vectorially in two components, one in phase with the stimulus (the shear storage 
modulus G′(ω) ), and the other 90° out of phase (the shear loss modulus G″(ω) ). 
G′ is directly proportional to the energy storage in a deformation cycle and pro-
vides information about the elastic nature of the material. G″ is proportional to 
the dissipation of energy as heat in a cycle of deformation, and characterizes the 
viscous nature of the material. Dynamic measurement provides data on viscosity and 
elasticity, which is especially valuable for small values of time, and the dynamic 
mechanical spectrum (i.e., a plot of G′ and G″ moduli as a function of frequency) 
appears to represent a signature of the static microstructure of the material. 
Dynamic rheology allows characterization of microstructures without disrupting 
them in the process (Khan et al., 1997).

On the other hand, creep tests (in which a shear stress is instantaneously 
applied to the specimen and then maintained constant) allow elastic, viscoelastic 
and viscous flow characteristics to be predicted separately (Sherman, 1970; Ferry, 
1980). Deformation and compliance (i.e., the ratio of the strain to the constant 
shear stress) increase as a function of time. In the initial states of shear, the mate-
rial behaves as a solid, and subsequently exhibits fluid behavior.

The viscoelastic characterization of fruits presented in this chapter involved 
oscillatory shear and creep recovery tests. Dynamic oscillatory tests were per-
formed in the controlled strain mode at 20°C in a Paar Physica CR 300 rheometer 
(Anton Paar GmbH, Graz, Austria) with 30 mm diameter parallel plate geometry. 
Prior to a frequency sweep, a strain sweep was carried out at an angular frequency 
of 10 s−1 to determine the linear viscoelastic range. The conditions for linear 
viscoelasticity are that the stress be linearly proportional to the imposed strain 
and that the torque response involves only the first harmonic. Thereafter, storage 
(G′) and loss (G″) moduli and loss tangent (tan δ = G″/ G′) were recorded in the 
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frequency range 0.1 to 100 s−1 using a strain amplitude value of 0.05% (within the 
limits of linearity previously established).

Creep recovery tests were conducted at 20 °C by applying a constant shear 
stress of 15 Pa (melon) or 35 Pa (apple) for 60 sec. After this time, the shear stress 
was switched off and the sample recovery was registered for an additional period 
of 120 sec. Prior to the creep recovery assay, the samples were exposed to various 
loading and unloading cycles to remove any surface irregularities in the specimen 
and to provide consistent results in identical tests (Mittal and Mohsenin, 1987).

The theory of viscoelasticity is well developed for small stresses and deforma-
tions. Different approaches to the analytical modeling of the rheological behavior 
of a linear viscoelastic system are available in the literature, such as standard 
mechanical models, fractional derivate models and power-law models (Tshoegl, 
1989; Park, 2001). The classical approach uses mechanical models comprised of 
two (or their combinations) primary elements: the elastic element (referred as the 
Hookean or spring element), and the viscous element (referred as the Newtonian 
or dashpot element) (Ferry, 1980).

The mechanical models, characterized by a discrete number of time constants, 
have long been used to express the material functions of linear viscoelastic media, 
and the related topics, including fitting and interconversion, are well known. In par-
ticular, the mechanical model analogs have been shown to accurately describe the 
broad-band rheological behavior of agricultural products by a number of authors 
(Chappel and Hamann, 1968; De Baerdemaeker and Segerlind, 1976; Datta and 
Morrow, 1983; Jackman et al., 1992).

In this chapter, compliance data from creep experiments were fitted by a 
mechanical model consisting of a spring connected in a series with two Voigt 
elements (each Voigt element has a spring and a dashpot in parallel) and a dash-
pot element (Fig. 9.1.), described by the equation (Sherman, 1970; Jackman and 
Stanley, 1995b):

 J t J J e t
c o i

t, ( ) ( ) /σ η
λ( ) = + −( ) +

=

−∑
i N

i

1

2

1  (9.1)

where J (t, σc) is the creep compliance (= γ (t) / σc, with γ (t) being the strain at 
time t, and σc the constant stress applied); Jo is the instantaneous compliance at 
t=0; Ji are the retarded compliances; λi (= ηi × Ji ) are the retardation times, and 
ηi are the coefficients of viscosity associated with the Voigt elements; ηN is the 
coefficient of viscosity associated with Newtonian flow, and its inverse is the 
steady-state fluidity of the material.

The model allows viscoelastic material functions to be readily determined 
from the experimental data. Jo is related to those bonds of structural units that are 
stretched elastically when stress is applied and show instantaneous and complete 
recovery when the stress is removed. Ji parameters are related to bonds that break 
and reform at different rates; the weaker bonds break at smaller values of time 
than do the stronger ones. They show retarded elastic recovery.

The linear region of Newtonian compliance t/ηN is related to those bonds that 
are ruptured during the shear creep step, and the time required for them to reform 
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is longer than the creep recovery period; the released units will flow, and part of 
the structure will not be recovered.

One difficulty encountered in measuring and characterizing the physical prop-
erties of fresh or minimally processed plant tissues is that they are usually alive 
and respiring, and also they can be dehydrated during measurement, changing 
very rapidly and requiring tissue extension to be observed in short periods of 
time. Thus, the interpretation of creep behavior in this chapter ascribes consider-
able importance to the time scale over which creep occurs.

9.3.  Variability Associated with Linear 
Viscoelastic Functions

Fruit tissues are anisotropic, and there is differentiation between the flesh close to 
the skin and the flesh close to the core of the fruit. Thus, rheological parameters 
and microscopic observations vary within sampling regions and with regional 
sampling depths (Petrell et al., 1979). Even within fairly homogeneous tissues 
of a sampling region, cells exhibit different turgidity, osmotic pressure, elasticity, 
composition and wall structure, and we should consider a distribution of rheologic 
properties in this apparently homogeneous cell population. Physical and chemical 
differences also depend on fruit cultivar, agronomic practices and time of harvest 
in the field. Also, growing cell walls show distinctive rheological properties. At 
very early stages of development, structure and bio-chemistry of walls are varied 
and dynamic. For cells to develop their functional form and individuality, they 
must elongate and differentiate; this expansion and differentiation is achieved by 
modification of the structure of a developing wall. During acid growth, the wall is 
transformed from a viscoelastic solid to a viscoelastic liquid, and extends rapidly 
by a form of polymer creep, permitting cell enlargement. As plant cells begin to 
mature, their walls become inextensible and resistant to disassembly (Cosgrove, 
1997, 1998; Carpita and Gibeaut, 1993; Brownleader et al., 1999). In addition, 
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Fig. 9.1. Mechanical model for describing creep 
behavior of fruits
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differences between samples of a particular fruit or vegetal are normally larger 
that those between locations of the same sample.

This enormous variability within and between fruits is of particular concern in 
creep experiments, and a sufficient number of replicates is necessary to obtain an 
acceptable level of confidence in fundamental parameters determined by instru-
mental tests. Moreover, not only are the average mechanical properties a product 
characteristic, but also the variation between samples (van Vliet, 2002).

Data variability is exemplified in Fig. 9.2, where the creep recovery strain 
curves and the corresponding average creep compliance function (usually used 
in calculations instead of a distribution function as a matter of simplicity) are 
represented for samples of different raw apples of the same lot. As can be seen, 
departure from the assumption of homogeneity was in some cases quite large. Not 
only were strain magnitudes different, but also the creep strain patterns. In the 
time domain analyzed, some apple samples exhibited an equilibrium compliance 
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(i.e., a residual reverse strain still persisted at the end of the recovery phase), and 
a situation of steady-state flow was eventually attained, governed by a Newtonian 
viscosity ηN. On the other hand, other apple samples gradually returned toward 
their initial state after the load was removed. It is to be noted that this last behav-
ior (shear creep followed by complete creep recovery) was only shown by some 
samples of raw apples. All treated apple and melon samples, as well as raw melon 
tissues, showed a small residual strain at the end of the recovery stage. For this 
reason, and to facilitate the comparison between fresh and treated fruits, creep 
curves were analyzed using the mechanical model previously described, where a 
final dashpot takes into account the viscous contribution.

The relatively large standard deviations associated with creep data of plant 
 tissues are so not uncommon and, on the contrary, expected. From this information, 
it becomes apparent that, when examining the effect of treatment on structure and 
viscoelasticity of fruit tissues, the specific rheologic parameters have less impor-
tance than the comparison of parameters between treatments.

9.4.  Relation Between Structure and Viscoelastic 
Parameters

9.4.1.  General Viscoelastic Behavior of Melon 
and Apple Fruits

The different dynamic mechanical spectra of raw and treated melon and apple 
samples revealed a change in the microstructure of the materials due to processing. 
However, the pattern for all G′ and G″ - ω curves appeared to represent rather well 
the microstructure of a colloidal dispersion with strongly attractive inter-particle 
forces and high particle concentrations with significant flocculation of the system 
(that is, systems with a network-type microstructure) (Khan et al., 1997).

The elastic modulus greatly exceeded the viscous modulus (G″/G′ ≅ 0.10 – 0.30) 
for all the fruit samples assayed, but the loss modulus G″ and the storage modulus 
G′ were reduced due to processing. Both G′ and G″ moduli for fresh and treated 
tissues showed a weak dependence on the frequency of the oscillations. G' magni-
tudes slightly increased as the angular frequency increased, with greater slope of 
the G′ - ω lines for treated samples.

The lesser frequency dependence of raw fruits would indicate more elasticity 
in the fresh fruits than in the treated ones. The frequency dependence of G″ was 
more complex. The curves of G″ versus ω consisted of one shallow negative slope 
(nearly a plateau) at low frequencies and a positive slope at high frequencies (see 
Fig. 9.4 as an example of moduli behavior in melon).

Treatments also caused significant changes in both creep strain and residual 
strain after recovery. Comparing the compliance curves of fresh tissues with 
those of treated ones, one obvious difference between them was the increase in 
the overall compliance at the end of the creep phase.
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For all melon and apple samples, the relative magnitude of the retardation time 
λ1 was approximately ten times that of the retardation time λ2. As these param-
eters represent the time required for the strain on structural elements associated 
with viscoelastic behavior to reach 63% of their maximum strain, the shorter 
retardation time of the second Voigt unit reflected the viscoelastic behavior of 
tissues over relatively short times. Thus, for both raw and treated tissues, the 
structural elements associated with this second Voigt unit would reach equilib-
rium faster than those contributing to the first Voigt unit.

For all fruit tissues assayed, the magnitudes of the viscoelastic compliances 
J1 and J2 were almost alike, indicating a similar elasticity of the structural ele-
ments involved. Light microscopy (LM), transmission electronic microscopy 
(TEM) and environmental electronic microscopy (ESEM) observations of raw 
and treated fruit tissues revealed many structure changes. Some results intended 
to relate structure changes with measured linear viscoelastic properties are next 
presented.

9.4.2.  Melon: Effect of Osmotic Dehydration and Calcium 
Incorporation.

Some techniques for obtaining minimally processed high moisture fruit prod-
ucts with characteristics close to fresh ones are based on a combination of 
blanching, a slight reduction of water activity (aw), control of pH, and incorpo-
ration of  antimicrobial agents and other additives to improve color and texture 
(Alzamora et al., 1995). Water activity depression is usually performed by 
osmotic dehydration in concentrated sugar aqueous solutions with simulta-
neous incorporation of additives achieving final values after equilibration of 
aw = 0.94–0.98. Osmotic dehydration processes at atmospheric pressure (AOD), 
under vacuum conditions (VOD) or by a combination of vacuum impregna-
tion followed by large periods at atmospheric pressure, may be employed to 
reduce aw and simultaneously incorporate additives. During AOD, plant cellular 
structure acts as a semi- permeable membrane, and water and solutes fluxes are 
 usually considered as diffusion driven. When a porous fruit tissue is immersed 
in a solute concentrated solution under vacuum conditions, air is extracted from 
the pores and then, when atmospheric pressure is restored, the impregnation 
solution penetrates the intercellular spaces by capillary action and by pressure 
gradients (i.e., the hydrodynamic mechanism, HDM) that are imposed to the 
system, helping incorporation of solutes and  additives and moisture removal 
(Fito, 1994). The substitution of internal gases by a liquid phase of adjustable 
composition allows direct formulation of a food by expeditious  compositional 
modifications of the solid matrix, without exposing the food structure to the 
eventual stress due to long exposure to gradient solute  concentration, as in 
the atmospheric process (Fito and Chiralt, 1997).

Water significantly affects wall rheology. As a solvent and a lubricant, 
water reduces physical interactions between wall polymers, thus facilitating 
wall creep. The hydration properties of cell wall materials are also expected to 
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influence their rheological behavior, since suspensions of cell wall materials 
with a high water binding capacity form suspensions with a high yield stress, 
high apparent viscosity and high elastic shear modulus (Kunzek et al., 1999).

Next, we would like to comment briefly on the micro and ultrastructure changes 
of melon tissues as affected by osmotic dehydration and the influence of these 
changes on rheological characteristics.

9.4.2.1. Treatment

In this example, melon (Cucumis melo L., Honey Dew variety) was hand 
peeled, and cut in half longitudinally. After discarding the central part and the 
part near the hull, melon halves were cut longitudinally into plates (≅ 60 mm 
× 60 mm × ≥ 6 mm). For osmotic dehydration at atmospheric pressure (AOD), 
samples were immersed in a 20% w/w aqueous glucose solution at 25°C to 
reach equilibrium aw of 0.98. A large weight ratio of syrup/fruit (30:1) was 
used in the osmotic treatment to minimize the dilution effect on the glucose 
solution by water and glucose transport. In some experiments, calcium lactate 
(1000 ppm) was included in the osmotic medium.

For vacuum glucose impregnation (VOD), fruit samples were immersed in a 
55% w/w aqueous glucose solution (weight ratio of syrup /fruit ≈ 15:1) at 25°C. 
The pH of the solution was adjusted with citric acid to a value of 1.7 to attain 
an average pH of 3.5 in the system after treatment. In order to inhibit microbial 
growth, 2000 ppm potassium sorbate were incorporated in the solution. A pressure 
equal to 35 Pa was applied to the system for 10 min, and then atmospheric pressure 
was restored for 10 min (final equilibrium aw = 0.98) (Martínez et al, 2005). After 
osmotic treatment, melon samples were withdrawn from the osmotic medium, 
immersed in distilled water for 20 s, and put on blotting paper three times to elimi-
nate superficial syrup.

9.4.2.2. Structural Changes

Microscopic studies revealed that the effect of osmotic dehydration to reduce 
aw to 0.98 on melon tissue structure depended on the pressure and on the pres-
ence of calcium in the osmoticum (Mastrángelo et al., 2000; Martínez et al., 
2005). As seen in LM (micrographs not shown), fresh tissue was composed of 
isodiametric cells in transversal sections of two size groupings, with moderate 
intercellular spaces, densely stained cell walls and parietal cytoplasm.

Treatments resulted in compression and deformation of cells, sinuous cell 
walls and increased intercellular contact, particularly in atmospheric treated 
tissue without calcium addition. Treated cells appeared less turgid and more 
polyhedral, with broken membranes in atmospheric infused tissues and plas-
molysis of cytoplasm in vacuum treated samples.

Ultrastructural studies of the melon flesh in the fresh fruit demonstrated 
darkly stained cell walls with greater intensity toward the margin and in the 
central zone of the middle lamella, and a loose intermixed microfibrilar structure 
(Fig. 9.3A, B).
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The arrangement of cytoplasm was marginal, with numerous invaginations of 
the plasma membrane. Tonoplast and plasmalemma appeared intact. Atmospheric 
osmotic dehydration caused folding and rupture of cell walls (microphotographs 
not shown) and breakage of cellular membranes with formation of coarse granules 
that were assembled along cell walls (Fig. 9.3C). Cell walls appeared with very 
much reduced staining in the central zone (putting into evidence a severe loss 
of material except near the wall surface) with disorganized microfibrils. When 

Fig. 9.3. TEM micrographs of melon flesh as affected by osmotic dehydration in a 20% 
w/w glucose aqueous solution at 20°C. A,B: fresh control; C,D: atmospheric treatment; 
E,F: vacuum treatment. C,E: without calcium; D,F: with calcium. Scale: A,C,D,F: 500 nm; 
B,E: 100 nm (adapted from Alzamora et al., 2000; Martinez et al., 2005)
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atmospheric osmotic dehydration was performed in the presence of calcium, 
the cells showed walls with good electron density, a clear reticulate pattern, and 
 broken membranes with vesicle formation (Fig. 9.3D).

Vacuum treatment caused slight plasmolysis of cellular membranes, but cell 
walls appeared with good electron density, with dense longitudinal fibrous 
staining and a notorious middle lamella (Fig. 9.3E). Addition of calcium during 
vacuum provoked a very dense longitudinal staining fiber pattern (Fig. 9.3F).

9.4.2.3. Viscoelastic Behavior

At any frequency, the storage and loss moduli of treated melon samples were 
smaller than those of the raw fruit (Fig. 9.4). Osmotic dehydration (at atmospheric 
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pressure or under vacuum, and with or without calcium incorporation) caused an 
approximately 3-fold decrease in G’ of the tissue relative to the untreated melon. 
There were no significant differences (p<0.05) in the storage modulus of osmoti-
cally dehydrated tissues at atmospheric pressure or in vacuum. In the same way, 
calcium incorporation in the osmotic medium did not change the dynamic elastic 
modulus of tissues subjected to osmosis.

In general, the tan δ (G’’/G’) was not sensitive for distinguishing physical 
differences between raw or osmotically dehydrated melon tissues, or between 
osmotic treatments. At low frequency (0.1s−1), the tan δ was similar for all melon 
samples; at higher frequencies (1, 10 or 100 s−1), the small differences observed 
in tan δ values did not show any clear trend.

Creep compliance curves for melon exposed to the different treatments are 
presented in Fig. 9.5. Table 9.1 supplies the physico-mechanical parameters that 
defined the creep behavior of melon tissue obtained by applying Eq. (9.1) to the 
creep phase. The instantaneous elastic compliance J0 increased significantly in 
value for osmotically dehydrated tissues relative to untreated tissue, revealing a 
decrease in the instantaneous elastic modulus E0 (=1/ J0). J0 of melon subjected to 
osmotic dehydration at atmospheric pressure without calcium incorporation was 
greater (p < 0.05) than that of melon osmotically dehydrated under vacuum (with or 
without calcium) or at atmospheric pressure with calcium in the osmoticum.

The viscoelastic compliances J1 and J2 of the recoverable regions of the creep 
compliance curves significantly increased in value (p<0.05) after the osmotic 
treatments. However, although calcium presence did not change the behavior 
observed in the sample upon vacuum, there were significant differences between 
osmotic dehydration treatments at atmospheric pressure with or without calcium 
in the osmotic medium.
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Osmotic treatment at atmospheric pressure in the glucose solution without 
addition of calcium resulted in a melon tissue with higher J1 and J2 values, 
reflecting lower elasticity or stiffness associated with this process. A significant 
increase in the steady-state viscous compliance (1 / ηN) occurred in the samples 
exposed to the different osmotic treatments (the values of ηN were roughly 
1/3–1/5 of the value of raw melon). In general, the greatest changes in the contri-
bution of each type of compliance to overall softening process due to treatments 
were observed in the steady-state viscous properties and in the instantaneous 
elastic component; an increase in J0 participation occurred concomitant with a 
reduction in the fluidity contribution. Retardation time λ1 was not significantly 
affected by the different treatments, while retardation time λ2 slightly increased 
for osmotically dehydrated tissues.

All of the treatments provoked a loss of cell turgidity due mainly to plasmolysis 
of cytoplasm and /or disruption of cellular membranes, but a significant difference 
in wall staining was observed among tissues subjected to atmospheric osmosis 
without calcium and the other osmotic treatments. Paradoxically, the rheological 
characteristics measured via dynamic oscillatory shear tests did not reveal any 
difference in the ultrastructure of the samples with different osmotic dehydration 
treatments. The considerable degradation of cell wall of melon tissue exposed to 
atmospheric osmotic dehydration could not be detected through G’ and G’’ values. 
In contrast, the instantaneous compliance (J0) and the retarded compliances (J1 
and J2) were the most sensitive parameters for distinguishing cell wall structural 
differences among osmotic treatments, and seemed to be the most useful tool in 
understanding cell wall structure of melon.

The elastic response of plant tissues has been attributed to: 1) cellulose, the 
main component of the cell wall, which provides individual cells with rigidity 

Table 9.1. Viscoelastic creep parameters* and relative contribution** of each type of com-
pliance to overall compliance for fresh and osmotically dehydrated melon tissues
 J0 (1/Pa) J1 (1/Pa) J2 (1/Pa)   ηN(Pa.s)
Sample (× 105) (× 105) (× 105) λ1(s) λ2(s)  (× 10−6)

Fresh 0.7 ± 0.35 a 0.4 ± 0.15 a 0.3 ± 0.14 a 14 ± 3.3 a 1.1 ± 0.37 a 16 ± 7.6 a

 (40) (22) (17)   (21)
AOD 4 ± 1.6 d 1.6 ± 0.68 c 1.4 ± 0.61 d 15 ± 1.9 a 1.5 ± 0.17 b 5 ± 1.8 b

 (49) (19) (17)   (15)
AOD + Ca2+ 2.2 ± 0.56 c 1.0 ± 0.23 b 0.9 ± 0.24 c 14 ± 1.4 a 1.4 ± 0.09 b 8 ± 3.7 b

 (45) (20) (17)   (15)
VOD 1.9 ± 0.19 c 1.1 ± 0.46 b 0.8 ± 0.19 c 14 ± 1.6 a 1.4 ± 0.16 b 8 ± 0.4.5 b

 (42) (24) (18)   (16)
VOD + Ca2+ 1.8 ± 0.55 c 1.1 ± 0.52 b 0.9 ± 0.3 c 14 ± 3.3 a 1.4 ± 0.27 b 7 ± 3.8 b

 (39) (23) (19)   (18)

* Parameters derived by fitting Eq (1) to compliance curves from the creep phase
Means in the same column with the same superscripts were not significantly different (p < 0.05)
** Numbers in brackets express the relative contribution (%) of each type of compliance to the overall 
compliance at the end of the creep phase
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and resistance to rupture (John and Dey, 1986; Pitt, 1992); 2) the occluded air in 
the porous matrix; and 3) the turgor pressure (i.e., the outwardly directed pres-
sure exerted by the content of the cell on the wall), which leads to the rigidity of 
plant cells and tissues, and, together with the cell wall, provides the mechanical 
support for maintaining cell and tissue shape (Bourne, 1976; Alzamora et al., 
2000). A linear relation has been previously observed between turgor and the 
dynamic elastic modulus (G ) of tomato, kiwifruit, potato and apple (Lin and 
Pitt, 1986; Jackman et al., 1992; Rojas et al., 2001). In melon, the turgor pres-
sure and the air of intercellular spaces (induced elasticity of cells and tissues) 
could largely be responsible for G’ values. All osmotic treatments provoked loss 
of turgor and a decrease in intercellular spaces and occluded air, diminishing in 
a similar way G’ values. The loss of elasticity could partially be explained by 
the air-liquid exchange, because the air (elastic character) was substituted by an 
incompressible liquid during the osmotic process. The apparent modification 
in the disposition of microfibrils of cell wall by the treatments, mainly AOD, 
was not reflected in this parameter, and/or its effect was masked by the large 
standard deviation due to tissue variability. Various structural modifications 
may contribute to disassembly and loosening of primary cell walls and cell 
turgidity of fruits during processing, affecting creep response. The complexity 
of these changes has made it difficult to determine the significance of the indi-
vidual structural elements on creep parameters. Jackman and Stanley (1995b) 
proposed an interpretation of a similar 6-element creep model with respect to 
cell wall structure and biochemical changes in tomato pericarp tissue during 
ripening. This interpretation could be adapted for melon behavior as follows. 
Instantaneous elastic compliance J0 could be related to the combination of turgor 
and primary cell wall strength as dictated by cellulose. Viscoelastic compliances 
J1 and J2 could be attributed to time-dependent changes in pectins and hemicel-
luloses, respectively. Steady-state viscosity could be related to cell wall fluidity 
arising from exosmosis and/or solubilization and degradation of polymers and 
less water binding capacity due to treatments.

9.4.3. Apple: Effect of Osmotic Dehydration Time

Mass transfer during osmotic dehydration of fruit tissues takes place simulta-
neously with physical, microstructural and macrostructural modifications, and 
transport mechanisms are difficult to clarify because of the complex morphology 
of plant tissues.

Water plays a key role in determining perceived fruit texture. Much of the past 
work on osmotic dehydration has focused on the kinetics of solute/water exchange 
in and out of tissue. Although various data published in the literature reveal that 
osmotic dehydration strongly affects the mechanical properties of plant tissues, 
there is sparse information on the way the mechanical properties of plant tissues 
(especially at small deformations) change through osmotic treatment. Knowledge 
of these relations would provide an important tool in understanding the mechanical 
response of apple tissue to water stress and solute uptake.
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In this example, the evolution of linear viscoelastic properties and ultrastruc-
ture and macrostructure (porosity, solid-liquid and bulk densities) features of 
apple parenchymatous tissue undergoing osmotic process at atmospheric pressure 
was described (Nieto et al., 2004; Martinez, 2005).

9.4.3.1. Treatment

Fresh apples (Malus pumila, Granny Smith cultivar; 86 % w/w moisture content, 
wet basis; soluble solids content ≅ 12 °Brix) were hand peeled, cut parallel to the 
main axis using a lathe to obtain outer parenchyma slabs (≅ 60 mm × 60 mm × ≥ 
6 mm for rheological tests and approximately 60 mm × 60 mm × 4 mm for struc-
ture examinations) and subjected to osmotic process. Osmotic dehydration was 
performed by immersing the apple slabs of fresh fruit in a 25.0% w/w glucose 
aqueous solution with forced convection at atmospheric pressure and 20°C to 
reach equilibrium at aw of 0.97.

The agitation level was chosen in order to make the surface mass transfer 
resistance negligible. A large weight ratio of syrup/apple (60/1) was used in 
osmotic treatment to minimize the dilution effect on the glucose solution by water 
and glucose transport. Apple samples were taken out of the osmotic medium at 
selected time intervals up to 360 min, immersed in distilled water for 20 s, and put 
on blotting paper to eliminate superficial syrup.

9.4.3.2. Structural Features

The solid-liquid density of apple tissue (ρs) increased slowly but steadily 
throughout the osmotic process. However, during the early drying stages, the 
bulk density (ρb) increased up to a certain value until 50 min and then decreased 
with increasing time. Accordingly, a decrease in porosity (ε) was observed at 
approximately 50 min. After this period of time, a recovery in sample porosity 
was noted, although the values were lower than for fresh fruit.

The evolution of ρb and ε values could be clearly correlated with micro-
scopic observations and explained by considering the structural tissue 
alterations associated with the osmotic process (Nieto et al., 2004). Apple 
tissue structure depended on the time of osmotic dehydration. As seen in 
LM (micrographs not shown), cells and intercellular spaces in the fresh 
 tissue were loosely arranged in a net-like pattern that was inhomogeneous 
and  anisotropic. The cell wall and the middle lamella were observed as a 
unique markedly electron-dense region between cells. Turgor pressure forced 
the plasma membrane tightly against the cell wall. The large amount of cell 
volume was occupied by the central vacuole and the protoplasm, bounded 
by the plasmalemma and the tonoplast, was present as a thin layer lining the 
cell surface. After 50 min of osmotic dehydration in the glucose solution, cell 
structure appeared clearly affected by plasmolysis. There was shrinkage of the 
tissue and reduction of intercellular spaces, phenomena that would contribute 
to a decrease in porosity, and cell-to-cell contact increased. In some cells, 
rupture of cellular membranes was also noted.
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Folding of cell walls was observed, indicating some ultrastructural cell wall 
impact by the treatment. At 125 min immersion, cells seemed to partially recover 
their shape. Finally, at 200 min treatment, tissue arrangement was observed to be 
more similar to the control. The cells recovered their shape and looked even more 
rounded than in the control, and an increase in the size of intercellular spaces 
occurred. Plasmalemma was apparently intact in many cells, although plasmo-
lysis was maintained. Cell walls also appeared intact, but with lower density of 
staining. Bulk density exhibited a maximum at around 50 min of treatment (and 
in consequence, porosity value would present a minimum), when micrographs 
sustained significant cell collapse and reduced intercellular spaces.

Figure. 9.6 shows the ultrastructural modification of apple tissue at selected 
times of immersion in 25.0% (w/w) glucose aqueous solution monitored by 
ESEM and clearly illustrates some of these findings. Tissues of the fresh sample 
showed conspicuous intercellular spaces (Fig. 9.6A). Cells appeared turgid with 
an apparent consistent cell wall structure. In some areas, a well defined middle 
lamella between cells was also observed. Cells were more or less regular in shape, 
in general, isodiametric, arranged in a loose pattern and attached along extended 
contact areas.

Samples treated during 50 min showed a general collapse of tissues and fold-
ing of cells walls (Fig. 9.6B). An important reduction in intercellular spaces was 
also observed. At 200 min immersion, cells recovered their shape (some of them 
appeared more rounded than in the fresh sample), tissue arrangement was similar 
to the control, and the size of intercellular spaces increased (Fig. 9.6C).

This structure behavior was mainly explained by considering osmosis as a 
multicomponent diffusion process through porous media and due to the relaxa-
tion of the viscoelastic shrunken cell walls, since osmoregulation could not 
explain cell shape recovery except at the beginning of the osmotic process (Nieto 
et al., 2004).

9.4.3.3. Viscoelastic Behavior

Osmotic treatment significantly (p < 0.05) influenced the oscillatory strain prop-
erties of outer apple parenchyma tissue. Both dynamic moduli were reduced 
due to processing; the fruit softened and became less viscous and less elastic. 
Samples osmotically dehydrated during 40 min showed a 2-fold decrease in G′ as 
compared with the fresh tissue.

There were no significant differences (p < 0.05) in the storage modulus 
between samples treated during 40, 55 or 90 min at an angular frequency of 0.1 s−1 
and between samples treated during 40 and 55 min or 40 and 90 min at higher 
 frequencies (1, 10 and 100 s−1). However, G′ values of samples treated during 
55 min were significantly higher than those corresponding to 90 min treated 
apples at 1, 10 and 100 s−1.

Thereafter, G' values steadily decreased with osmosis treatment time until 
they reached a plateau (approximately 4 or 5-fold decrease) at nearly 180 min-
utes of osmosis. At the lower testing frequency, the phase angle appeared not to 
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Fig. 9.6. ESEM micrographs of parenchyma tissue of apple illustrating the effect of 
osmotic dehydration time in a 25% w/w glucose aqueous solution at 30°C. A: fresh; B: 
after 50 min; C: after 200 min. Scale: 400 nm
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be influenced by the osmotic treatment, excepting for 40 and 55 min processed 
apples, which exhibited a greater viscous effect on the complex modulus than 
the fresh fruit. In contrast, at angular frequency of 100, 10 and 1 s−1, the loss and 
storage moduli did not change proportionately to each other. It is to be noted that 
in the early stages of the process (approximately 40 min), a faster water loss and 
solids uptake were observed, followed by a gradual change in both parameters as 
osmosis proceeded. Up to 360 min of contact time, moisture and soluble solids 
content of apple slices continued changing (Martinez, 2005).

The creep compliance curves for apple samples exposed to different times 
of osmosis are shown in Fig. 9.7, and the physico-mechanical parameters that 
defined creep behavior are supplied in Table 9.2.

After 40 min treatment, the instantaneous and fully recoverable elastic compli-
ance, J0, and the discrete retarded elastic or viscoelastic compliances, J1 and J2, 
for osmotically dried apples showed a significant increase relative to untreated 
tissues. Afterwards, J0 and J2 parameters continued increasing until 360 min of 
osmosis, while J1 value showed a slight decrease at 90 min of osmosis as  compared 
with the one registered at 55 min of osmosis. On the other hand, the instantane-
ous compliance J0 was approximately two to three folds that of J1 and J2, so 
the retarded viscoelastic elements had a greater elasticity than the instantaneous 
element. There were no significant differences (p < 0.05) between steady-state 
viscous compliance (1/ηN) values of apples subjected to glucose impregnation 
for different times, but these values were significantly greater than that of fresh 
apple. However, when only apples subjected to osmotic treatment were compared, 
there were significant differences between the steady-state viscous compliance of 
apples treated 55 min and the rest (statistical data not shown).

In general, the greatest changes in the contribution of each type of compli-
ance to the overall softening process due to osmosis were observed in samples 
treated during 40, 55 and 90 min. For greater times of treatment, the relative 
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Fig. 9.7. Average creep compliance time curves for apple tissue as affected by glucose 
osmotic treatment ◊: fresh; osmotically dehydrated: *: 40 min; ○: 55 min; □: 90 min; −: 
120 min; : 180 min; —: 255 min; ×: 360 min. (Values represent mean of ≥ 12 determina-
tions)
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contribution of each type of compliance exhibited a similar pattern as in the 
fresh fruit. Degree of plasticity P (i.e., the ratio of unrecoverable or permanent 
deformation to the total deformation) is also shown in Table 9.2. All apple sam-
ples exhibited plastic strain, which remained unrecovered in the creep recovery 
test. Apple tissues subjected to 40 and 55 min osmosis underwent considerable 
plastic deformation. Thereafter, osmosis treatment provoked a gradual reduction 
of unrecovery deformation, with the plasticity of 360 min-treated apples being 
similar that of raw apple.

The overall compliance at the end of the creep phase in general showed an 
increase throughout osmotic drying, but at 40 and 120 min treatment, the values 
were slightly lower as compared with samples corresponding to 55 min osmosis.

As can be observed in Fig. 9.6, for short times of osmosis, there was a col-
lapse of the tissue immersed in glucose aqueous solution, and cells showed 
shrinkage and folding and deformation of walls. Toward the end of treatment, 
cells appeared more rounded, and the cell arrangement was more similar to 
the fresh sample, indicating a shape recovery, though plasmolysis increased 
steadily as moisture content decreased. These structural changes observed at 
short-term osmotic dehydration process were reflected in the rheological prop-
erties. Between 40 and 90 min of osmosis, many rheological parameters (G' at 
frequencies in the range 1–100 s−1; loss tangent at 0.1s−1, J1, relative contribution 

Table 9.2. Viscoelastic creep parameters*, plasticity (P) and relative contribution ** of 
each type of compliance to overall compliance of apple tissue as affected by osmotic 
dehydration time at atmospheric pressure
AOD J0 (1/Pa) J1 (1/Pa) J2 (1/Pa)   ηN (Pa s) P
(min) (×106) (×106) (×106) λ1 (s) λ2 (s) (×10−7) (%)

Fresh 1.7 ± 0.4a 0.6 ± 0.1a 0.6 ± 0.2a 13 ± 2.9a 1.2 ± 0.2a 11 ± 4a 15.9
 (49) (17) (17)   (16) 
40 4.6 ± 0.6b 2.7 ± 0.5b 2.0 ± 0.2b 14.3 ± 0.9abc 1.38 ± 0.07bc 1.5 ± 0.2b 30.2
 (35) (20) (15)   (30) 
55 5.4 ± 0.3bc 3.3 ± 0.3cd 2.20 ± 0.09bc 15.0 ± 0.9bc 1.5 ± 0.1c 0.98 ± 0.07b 36.1
 (32) (19) (13)   (36) 
90 6.3 ± 0.9cd 2.5 ± 0.3b 2.2 ± 0.2bc 14.4 ± 1.0abc 1.39 ± 0.08bc 1.9 ± 0.2b 22.4
 (45) (17) (16)   (22) 
120 7.6 ± 0.9d 2.9 ± 0.4bc 2.7 ± 0.3c 15 ± 1.4c 1.43 ± 0.04c 1.8 ± 0.3b 20.2
 (46) (17) (16)   (20) 
180 10 ± 1.6e 3.2 ± 0.4cd 3.8 ± 0.6d 13 ± 1.5ab 1.3 ± 0.2ab 1.6 ± 0.3b 18.1
 (48) (15) (18)   (18) 
255 11 ± 1.9f 3.5 ± 0.6d 4.1 ± 0.6d 15 ± 0.3abc 1.3 ± 1.1ab 1.5 ± 0.3b 17.7
 (49) (15) (18)   (18) 
360 14 ± 1.6g 4.2 ± 0.7e 5.2 ± 0.8e 12.7 ± 0.7a 1.3 ± 0.4ab 1.4 ± 0.2b 15.5
 (51) (15) (19)   (15) 

* Parameters derived by fitting Eq (1) to compliance curves from the creep phase
Means in the same column with the same superscripts were not significantly different (p < 0.05)
** Numbers in brackets express the relative contribution (%) of each type of compliance to the overall 
compliance at the end of the creep phase
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of each type of compliance, ηN, plasticity and overall compliance) showed a 
turning point, fluctuations or the greatest changes in the evolution along treat-
ment. The times at which this behavior was observed were slightly greater than 
those at which considerable contraction and posterior re-swelling of tissue were 
detected in microscopic experiments because of the greater thickness of apple 
slices used in rheological analysis.

Both employed tests, oscillatory and creep recovery, were sensitive for dis-
tinguishing cell wall structure changes during osmotic dehydration, but only 
the creep test was sensitive enough until the end of the osmosis, since G' values 
reached a plateau at aproximately 180 min, while compliance values continued 
varying as with moisture and soluble solids contents.

Many mechanisms (in series and/or in parallel, acting in different periods of 
osmosis), such as cell homeostasis, multicomponent diffusion and tissue relaxa-
tion, could be responsible for the shrinking and posterior re-swelling of the 
cells (Nieto et al., 2004). Assuming G' is related to turgor pressure, the slight 
fluctuations of the parameter observed at 40–90 min osmosis could be partially 
due to the turgidity recovery by living cells by basal permeability. The cell via-
bility of 0.6 cm thick apple slices was also monitored by LM observations with 
 fluorescein diacetate (Martinez, 2005). Fluorescence steadily decreased from 0 
to 55 min osmotic treatment, indicating a reduction in the fraction of viable cells. 
At 90 min of osmosis, fluorescence was no longer detected. After 90 min, as the 
air in the intercellular spaces continued decreasing and the turgor pressure was 
reduced due to cell death, G' decreased.

Increased cell wall fluidity at short times of osmosis could be the result of: a) 
the greater amount of apoplastic water due to plasmolysis or membrane break-
age, and b) the solubilization and depolymerization of pectins and hemicellu-
loses during immersion in the aqueous solution. It is well known that the degree 
of polymerization of any polymer is generally of importance on the viscosity 
(Ferry, 1980), and this property may decrease rapidly after degradation of only 
a few glycosidic linkages. The greater plasticity exhibited after 40 to 55 min 
would be related to the high amount of water lost to apoplast at the beginning 
of the process. Afterwards, as water re-entered into the shrunken cells, the 
unrecovered strain decreased.

9.4.4. Apple: Effect of Calcium Fortification

The promotion of foods enriched with minerals is increasing because of the high 
consumer interest in products that improve the capacity to resist disease and 
enhance health (Gibson and Williams, 2000). Adequate calcium intake has been 
associated with reduced risk of osteoporosis, hypertension, colon cancer, kidney 
stones and lead absorption (Goldberg, 1994). Because of their appreciated sensory, 
nutritional and functional properties, fruits and vegetables might be ideal matrices 
for calcium fortification. Some previous studies have demonstrated the feasibil-
ity of these matrices (apple, eggplant, mushroom, carrot, melon, etc.) to support 
vacuum and/or atmospheric impregnation techniques with bioactive compounds, 



9. Exploring The Linear Viscoelastic Properties Structure Relationship    175

providing novel functional product categories and new commercial opportunities 
(Betoret et al., 2001; Mújica-Paz et al., 2002; Alzamora et al., 2005; Ortiz et al., 
2003; Tapia et al., 2003; Gras et al., 2002, 2003; Anino et al., 2006). Calcium 
impregnation capability of parenchymatous apple tissue by different impregnation 
techniques and the effect of these treatments on mechanical properties at large 
deformations were studied by Anino et al. (2002, 2006). The effect of calcium 
fortification on the viscoelastic linear behavior of apple tissue using oscillatory 
shear and creep tests was next analyzed.

9.4.4.1. Treatment

Apples (Granny Smith var.; aw 0.98; 11.6 °Brix and pH 3.4) were peeled and cut 
into slabs (0.60 ± 0.03 cm thickness).

Calcium impregnation experiments were performed at room temperature 
and atmospheric pressure by immersing the fruit into agitated isotonic glu-
cose aqueous solutions containing 5.24% (w/w) Ca++ salts. A mixture of 
Ca++ lactate and Ca++ gluconate was chosen because of its relatively high 
solubility at room temperature and the neutral taste imparted to the food. 
Potassium sorbate (1500 ppm) was added to all of the systems and the pH 
was adjusted to 3.5 by the addition of citric acid to inhibit and/or retard 
microbial growth.

Calcium impregnation was conducted under conditions of internal control. 
Samples were withdrawn from the solutions at different times (0, 2, 6, 10 and 
22 h), put on blotting paper to eliminate superficial solution, cut into discs 
(3 cm in diameter) with a cork borer and analyzed for rheological and structural 
characteristics.

9.4.4.2. Structural Features

Calcium incorporation resulted in many structural changes. Some LM and TEM 
microphotographs of 2 h, 6 h and 22 h treated apples, as compared with fresh fruit, 
are shown in Fig. 9.8. In the fresh tissue, arrangement of cells and intercellular 
spaces was inhomogeneous and anisotropic (Fig. 9.8A). Cells showed central 
vacuoles, parietal cytoplasmic layers and darkly stained walls with a tight longi-
tudinal fiber pattern (Fig. 9.8C). Some cells exhibited a very neat middle lamella 
(micrographs not shown). After 2 h immersion in the calcium-containing isotonic 
solution, the wall looked reinforced in the region of the middle lamella, probably 
due to calcium-pectin interaction (Fig. 9.8D).

Crystals of calcium salts also appeared between the cell wall and the plasma-
lemma, detaching the cytoplasm and pushing it further into the cell. After 6 h 
immersion in calcium-containing solution, the cytoplasm appeared separated 
from the wall and in some cells membranes looked broken with vesicle formation 
(Fig. 9.8E).

Despite that calcium incorporation resulted in darkly stained cell walls 
with a middle lamella clearly reinforced in some regions, extensive folding 
of cell walls occurred. Crystals of calcium salt appeared located not only 
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between the cell wall and the plasmalemma, but also in the other side of the 
plasmalemma and into the cytoplasm, so that deposition of calcium could be 
seen in the intercellular spaces, along the walls and in the lumen of the cells 
of impregnated apples (micrographs not shown).

Fig. 9.8. LM and TEM microphotographs of apple tissue subjected to calcium fortification 
in an isotonic glucose solution at atmospheric pressure. A,B: LM; C-F: TEM. A,C: fresh 
apple; D: 2 h immersion; E: 6 h immersion; F: 22 h immersion. Scale: A,B: 100 µ; C,D,F: 
200 nm; E: 500 nm
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After 22 h immersion, cell walls appeared with a very high electronic density, 
although with loose intermixed network pattern, very different from the longitu-
dinal one of the fresh fruit (Fig. 9.8F). Membranes were completely disrupted and 
cells appeared deformed with folded and angular walls (Fig. 9.8B).

9.4.4.3. Viscoelastic Behavior

The elastic modulus G' diminished with impregnation time until 6 h treatment and 
then, as calcium impregnation proceeded, remained constant. The viscous modu-
lus G" also decreased along the process until 6 h immersion, but to a lesser extent 
than G' (data not shown). This fact would indicate that apple matrix became less 
elastic as treatment proceeded.

A similar trend with calcium impregnation time was shown by creep 
 compliance curves (Fig. 9.9). Fresh tissue exhibited lower values of compliances 
(instantaneous and viscoelastic) and fluidity than calcium-fortified samples 
(Table 9.3). An increase in J0, J1 and J2 values with process time was observed 
until 6 h treatment, with no significant differences between compliances of 
tissues impregnated for long periods of time (6 h to 22 h). Retardation times 
λ1 and λ2 did not change by the treatments. There were no significant differ-
ences (p < 0.05) between steady-state viscous compliance (1/ηN)  values of 
apples treated for different times, but these values were significantly greater 
than that of fresh apple.

The presence of calcium in the wall matrix helped to maintain middle lamella 
integrity, since it promoted cross-linking of pectic polymers, as demonstrated 
by LM and TEM photographs. In addition, calcium would make pectic mac-
romolecules of the cell wall less soluble through the formation of bridges 
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Fig. 9.9. Average creep compliance time curves for apple tissue as affected by calcium 
impregnation in an isotonic glucose solution. ♦: t = 0 (fresh); ∗: 2 h immersion; ○: 6 h 
immersion; ◊: 10 h immersion; : 22 h immersion. (Values represent mean of ≥ 12 deter-
minations)
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between them. This fact would also help to counteract the solubilization and 
 depolymerization of pectins and hemicelluloses of the wall occurring during 
immersion in the aqueous solution. The extension of these reactions increased 
with immersion time, contributing to wall loosening and disintegration. 
However, the penetration of calcium also provoked a severe internal disruption 
in the cell, and a considerable loss of tissue rigidity occurred. As calcium incor-
poration proceeded, the number of cells that lost turgidity due to breakage of 
membranes by calcium crystals increased. Accordingly, G’ values diminished 
with immersion time until 6 h treatment, when a generalized rupture of tono-
plast and plasmalemma was observed. Further exposure to calcium solution did 
not modify the value of the storage modulus.

Moreover, in spite of the clearly stained cell walls and of the high calcium 
concentration achieved in the matrix (approximately 1300 ppm, 1600 ppm and 
3100 ppm after 6, 10 and 22 h immersion, respectively) (Anino et al., 2006), the 
extensive folding of cell walls indicated that the wall network of treated tissues had 
a mechanical resistance very much reduced as compared with that of raw fruit. This 
change in wall characteristics will result in greater compliance values.

9.5. Conclusions

Understanding fruit rheology is of major concern, since the mechanical properties 
of fruits are linked to the perceived texture. The present chapter constitutes clear 
experimental evidence of the significance of tissue structure in linear viscoelastic 
properties of processed fruits.

Plant tissues are very complex, and establishing a causal relation between main 
fruit structure elements and viscoelastic parameters determined by instruments is 
a complicated work.

Mechanical models, due to their simplicity, sound physical basis and 
remarkable computational efficiency, could be a good alternative, not only in 

Table 9.3. Viscoelastic creep parameters* of apple tissue as affected by different exposure 
times to calcium
 J0 J1 J2   ηN

 (1/Pa) (1/Pa) (1/Pa)   (Pa s)
Treatment (× 106) (× 106) (× 106) λ1(s) λ2 (s) (× 10−7)

Raw tissue 4.1 (0.3)a 1.52 (0.12)a 1.70 (0.2)a 19 (3)a 1.31 (0.15)a 60 (34)a

2 h 11.8 (1.1)b 3.5 (0.3)b 3.8 (0.3)b 13.1 (0.5)a 1.4 (0.05) a 1.73 (0.13)b

6 h 16.3 (0.6)c 5.2 (0.3)d 6.1 (0.3)c 12.8 (0.6)a 1.27 (0.05)a 1.27 (0.09)b

10 h 15.2 (0.8)c 5.3 (0.2)d 6.2 (0.3)c 13.1 (0.5)a 1.30 (0.06)a 1.17 (0.06)b

22 h 15.6 (1.0)c 4.9 (0.3)d 5.8 (0.3)c 12.9 (0.4)a 1.33 (0.04) a 1.32 (0.06)b

* Parameters derived by fitting Eq. (1) to compliance curves from the creep phase
Means in the same column with the same superscripts were not significantly different (p < 0.05)
Numbers in brackets express the standard error
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the  characterization of viscoelastic fruit tissues, but in developing a structural 
model of cell rheological behavior.
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10
Bubbles in Foods: Creating Structure 
out of Thin Air!

K. Niranjan and S.F.J. Silva

10.1. Introduction

Bubbles are always perceived to represent the best in food and drink. Their pres-
ence and characteristics have dominated our perception of the quality of bread, 
champagne, ice creams, and let’s not forget the good olde beer! In recent years, 
there has been a constant flow of new bubble-containing snack foods into our 
supermarkets—whipped cream, chocolate, wafers, cakes, meringues, extruded snacks 
and sparkling drinks—all of which have very novel structures and are perceived to 
offer lighter alternatives in terms of calories. Figure 10.1 shows a selection of bub-
ble-containing food products currently available in supermarkets in the UK. Most 
products manage to gain a positive market image by highlighting bubbles, which 
is beneficial to manufacturers. From a consumer’s point of view, too, there are 
advantages. Bubble-included products are normally perceived to have a sophisti-
cated mouth-feel, and this is achieved by using gases which, although not formally 
recognized, represent a zero calorie ingredient. The high ratio of volume to the 
amount of material normally associated with such products can also be beneficial 
to consumers who are struggling to control their amount of food intake.

Despite widespread practice, bubble inclusion into foods has received relatively 
little research attention as a processing operation. This paper will aim to demon-
strate how food structure can be created by using gases. Using real but adequately 
characterized examples such as cake batter, whipped cream and chocolates, the 
paper will present experimental data on bubble hold-up and  bubble size distribu-
tions. The relationship between operating variables (such as pressure, temperature 
and level of mechanical power dissipation) and the dispersion properties will be 
modelled and explained in the context of the rheological and interfacial charac-
teristics of the continuous phase.

Bubble-included structures can be formed in any of the following ways:

● Agitation of a given amount of liquid or a continuous phase in an unlimited 
amount of gas (e.g., whipping of cream in a bowl);
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● Agitation of gas and continuous phases (e.g., ice cream) which is normally carried 
out by passing the two phases at specified rates through a mixing head;

● Gas generation within a continuous phase either by the desorption of a previ-
ously dissolved gas by releasing pressure (e.g., fizzy drinks) or by a chemical 
or biochemical reaction (e.g., fermentation or thermal breakdown of baking 
powders).

10.1.1. Methods of Forming Bubble-Included Structures

Campbell and Mougeot (1999) also suggest a similar classification of foaming 
processes. The first two processes are based on mechanical agitation, and this 
can be carried out either by using an impeller (e.g., a whisk; see Fig. 10.2) or by 
sparging steam into the continuous phase.

A number of foamed coffee products are produced by steam injection. In prac-
tice, however, processors tend to combine the above methods. The gas and the 
continuous phases are passed through a mixing head running under pressures up 
to 10 bar. The mechanical agitation breaks up the gas into fine bubbles which lose 
some of the gas into the continuous phase by dissolution. The bubble-containing 
dispersion that is formed when the pressure is released is a result of the expansion 
of bubbles present in the continuous phase as well as desorption of the dissolved 
gas. The relative contribution of each mechanism depends on the operating 

Fig. 10.1. A selection of bubble-containing food products
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conditions used and the solubility of the gas in the continuous phase. The latter 
mechanism tends to dominate when highly soluble gases are used. It is implic-
itly assumed here that bubble inclusion processes involve the use of a variety of 
gases, which, indeed, is the case. For example, fizzy drinks and sparkling wines 
use carbon dioxide, whereas low reactivity gases such as nitrogen, helium, argon, 
etc. are used particularly when the continuous phase is sensitive to oxidation and 
air cannot be used (e.g., bubble inclusion into fat-sugar mixtures used in cream 
biscuits; see Fig. 10.3).

It is implicitly assumed here that bubble inclusion processes involve the use of 
a variety of gases, which, indeed, is the case. For example, fizzy drinks and spar-
kling wines use carbon dioxide, whereas low reactivity gases such as nitrogen, 
helium, argon, etc., are used particularly when the continuous phase is sensitive 
to oxidation and air cannot be used (e.g., bubble inclusion into fat-sugar mixtures 
used in cream biscuits; see Fig. 10.3). The structures of the products as well as 
their mouth-feel are both critically influenced by the chemical nature of the gas 
used in the process of bubble inclusion. The temperature at which the dispersion 
is formed is also very critical. For example, carbon dioxide is dissolved into 
 syrups in the manufacture of fizzy drinks at relatively low temperatures, around 
5° C, in order to exploit high gas solubility at these temperatures. On the other 
hand, bubble inclusion into fat-sugar mixtures has to be carried out above the 

Fig. 10.2. A view of a commercial whisk
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melting point of the fat. In this case, it is very important to set the dispersion 
by cooling it as soon as possible, so that the escape of gas during setting can be 
minimized.

Regardless of the methods used to form dispersions, it is absolutely critical 
to understand bubble mechanics in food systems. There are a number of reasons 
to do so, which have already been discussed by Niranjan (1999). Since bubble 
mechanics determines the relationship between aerating conditions and disper-
sion characteristics, its study will enable us to optimize process design. It should 
therefore be possible for us to select the right type of equipment, to size it cor-
rectly, and to optimize its performance in order to produce the desired dispersion. 
Bubble mechanics also determines how long a given dispersion can remain stable. 
This information can be directly used to estimate the shelf-life of products. One 
of the most important, and perhaps the least understood, applications of bubble 
mechanics is in the area of texture and sensory analysis. The textural appearance 
and mouth-feel of “bubbly” products is a direct consequence of the complex 
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interactions between bubble mechanics and our senses. Our knowledge of the 
fundamental mechanisms governing the formation and stability of bubble-containing 
food dispersions is still patchy, although it is encouraging to note the increasing 
level of research interest in this area. The next section of this paper will consider 
the fundamental characteristics of bubble-containing food dispersions.

10.1.2.  Characterization of Bubble-Containing 
Food Dispersions

10.1.2.1. Gas Hold-Up:

Gas hold-up (ε) is a common measure of the level of bubble inclusion. It is nor-
mally defined as the volume fraction of gas based on the dispersion volume, and 
estimated from density measurements before and after aeration, as follows:
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Within a bubble-including device, the gas hold-up constantly changes with 
time. It is therefore necessary to consider the desired gas hold-up in a product as 
a design parameter, and accordingly adjust its residence time within the device. 
Figure 10.4 shows typical transient variations of gas hold-up observed in two dif-
ferent systems: whipping of cream and cake batter. It is clear that the gas hold-up 
increases initially, reaches a peak and then drops. In the case of cake batters, the 
hold-up attains a constant value after decreasing for some time. Massey (2002) 
proposed a mechanistic model for the time dependency of gas hold-up. This 
model successfully described experimental data for a range of whisk speeds and 
headspace pressures. The model accounts for air entrainment and disentrainment 
during whisking, considering two mechanisms of bubble formation: a primary 
mecha-nism, where entrapped bubbles are directly entrained from the headspace, 
and a second-dary mechanism involving the breakup of larger bubbles entrained 
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process, whereas the secondary mechanism is considered to be exponentially 
decaying with time (due to changes in the properties of the continuous phase). 
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with k1, k2, k3 and k4 as model parameters. Massey (2002) also observed that 
whisk speed only influenced the time taken by the batter to acquire a steady state 
gas hold-up, and not the hold-up itself.

Jakubczyk and Niranjan (2006) investigated the variation of gas hold-up with 
time when cream was whipped. Table 10.1 shows hold-up values after 3, 6, 9 
and 12 min. The hold-up increased initially, and the highest value was observed 
after 9 min. Between 3 and 6 min of whipping, the hold-up increased by about 
35%, whereas it only increased by 18% between 6 and 9 min. The cream whipped 
for 12 min had a significantly lower hold-up than the cream whipped for 9 min. 
Birkett (1985) noticed that maximum overrun corresponded with maximum 
 stability and stiffness of the foam, and all air bubbles at this point were encap-
sulated by coalesced fat droplets which adsorbed at the air/serum interface. The 
decline in hold-up after 9 min of whipping was probably caused by fat-globules 
aggregating, which caused the foam to collapse partially.
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Fig. 10.4. Effect of aeration time on the gas hold-up of entrapped bubbles in: a) cream 
whipped at atmospheric pressure and 380 rpm; b) cake batter aerated at 3 bar, 5 rps 
(Recipes described by Massey et al. (2000) and Jakubczyk and Niranjan (2006)
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During the process of generating bubbles in tempered chocolate by applying 
vacuum, Haedelt (2005) observed that the gas hold-up increased when higher 
vacuum levels were applied. This was explained by the mechanism of bubble 
formation under vacuum: gas solubility in the chocolate decreased proportion-
ally to the pressure, which in turn increased the volume of gas desorbed from the 
chocolate (Haedelt, 2005). The hold-up of bubbles trapped within the chocolate 
is a balance between the volume desorbed and the volume of gas escaped dur-
ing the setting of the chocolate. The latter, obviously, depends on the rapidity of 
the setting process. Generally, chocolate is set as rapidly as possible in order to 
minimize gas loss. Table 10.2 shows the gas hold-up data obtained at different 
vacuum levels under very rapid setting conditions.

10.1.2.2. Bubble Size Distribution

Bubble sizes have traditionally been examined by taking photographs of disper-
sions and analyzing them using image analysis software. For instance, Massey 
(2002) analyzed the bubble size distributions in cake batter by spreading out a 
thin film of aerated batter (less than 2 mm thick) and imaging the film by using 
a microscope-linked camera. The image was then presented to image analysis 
software which provided details of the bubble size distribution. Jakubczyk and 
Niranjan (2006) also used a similar technique to investigate the bubble size 
 distributions in whipped cream. Haedelt (2005) found that this technique was 
unsuitable for measuring bubble sizes in chocolates because thin sections could 
not easily be formed for the purpose of imaging. Instead, the chocolate was 
imaged using X-ray tomography, which has proved to be a valuable tool for imag-
ing a number of cellular food products such as strawberry mousse and chocolate 
muffins (Lim, 2004). An X-ray micro-tomography system described by Jenneson 
et al. (2003) was used by Haedelt (2005) to characterize cross-sections taken 
along specific planes passing through a cylindrical sample of bubble-containing 
chocolate. This technique is non-invasive and avoids laborious sample treatments, 
and it is particularly appropriate for analyzing fragile bubble-containing foods. 
Used in conjunction with an appropriate image analysis software (e.g., Imagine 
Pro®Plus Software, The Proven Solution™), it can successfully visualize bubble-
containing sections, giving information on bubble numbers and size distribution 
(see images in Table 10.2). While this technique is useful in terms of characterizing 
dispersions, it is necessary to note that the method only represents a two-dimensional 

Table 10.1. Effect of whipping time on gas hold-up in UHT cream (35% milk fat and 
5.3% solids not fat) using a domestic whipping device (model A 700, Kenwood) running 
at 380 rpm

Whipping time (min) Gas hold-up (%)

  3 33.1 ± 0.2
  6 43.3 ± 0.45
  9 48.5 ± 0.4
12 36.8 ± 19
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analysis of what is essentially a three-dimensional structure, because it relies on 
 observing a plane sliced (in real or virtual terms) through a sample. Haedelt (2005) 
has succeeded in reconstructing a virtual 3-D image by combining a number of 
two-dimensional sections, and characterized the bubble size  distributions based 
on the reconstructed image. This approach, although tedious, gives a realistic idea 
of the bubble size distribution prevailing in any sample.

Regardless of the technique used, it is necessary to note that the bubble size 
distribution is essentially dependent on the method used to include bubbles, 
the operating conditions and the chemical nature of the gas. Massey (2002) 
examined the transient development of bubble size distribution in a stand-
ard cake batter and found that the mean bubble size decreased initially with 
agitation time. It then attained a minimum value before increasing to reach a 
steady value (Fig. 10.5.) The time at which this minimum in the mean size 
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Fig. 10.5. The transient variation in mean bubble size observed in a cake batter whipped 
at 300 rpm at a pressure of 3 bar

Effect of pressure on gas hold-up and dimensions of bubble sections 

Pressure 0.01bar 0.0125 bar 0.02 bar 0.05 bar 0.1bar

X-ray
Image  

ε (%)          67.1 +/− 0.1    65.6 +/− 0.1    54.8 +/− 0.1     28.8 +/− 0.1     21.6 +/− 0.1 

dmean (mm)  1.33 +/− 1.09   0.85 +/− 0.4    0.43 +/− 0.33   0.39 +/− 0.16    0.37 +/− 0.19 

Number of
bubbles in
1.65cm2

48 +/− 5         61 +/− 5         243 +/− 16     154 +/− 13       38 +/− 12 

Table 10.2.  Effect of vacuum level on gas hold-up and dimensions of bubble sections in 
a standard chocolate recipe (Haedelt, 2005)
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was observed, interestingly, corresponded to the time at which the maximum 
gas hold-up was recorded (Fig. 10.4b). Massey (2002) also showed that the 
bubble size distribution in cake batters under any given set of conditions could 
be described by log normal  distribution curves with mean size and standard 
deviation representing the two parameters characterizing the distribution. 
The standard deviation indicates the spread in the bubble size distribution. In 
another study, Niranjan and Khare (2002) found that a more uniform bubble 
size distribution increased batter stability and improved baking properties. 
Whisk speed was found to have little effect on mean bubble size; however, 
it was observed that speed enhanced bubble breakup and coalescence rates, 
lowering the time required to achieve a given mean size. Progressive whipping 
of dairy cream was also found to result in the formation of smaller bubbles, 
until a maximum hold-up was attained. Prolonged whipping caused the bubble 
size distribution to change from being log-normal to bi-modal (Jakubczyk and 
Niranjan, 2006).

10.1.2.3. Rheological Studies

Haedelt et al. (2005) suggest that rheology can be a useful tool in the assessment 
of structural changes occurring in bubble-containing products. Dynamic oscil-
latory tests have been performed on whipped cream and cake batters, not only 
to assess their rheological properties, but also to trace the way these properties 
change during the course of bubble inclusion (Massey, 2002; Jakubczyk and 
Niranjan, 2006). Although such data provide insight into the structural changes 
occurring in these products during bubble inclusion, there is hardly any study 
that attempts to relate multi-phase rheology with mouth-feel. All dairy creams 
studied by Jakubczyk and Niranjan (2006) exhibited viscoelastic behavior with 
elastic modulus, G′, exceeding the viscous modulus, G″, which suggests that vis-
coelasticity played a dominant role in characterizing whipped cream. Whipping 
was observed to alter the cream properties significantly; the elastic modulus, 
after 3 min of whipping, varied between 9 and 17 times that for unwhipped 
cream, whereas the viscous modulus varied between 10 and 14 times the same 
parameter. The increase in moduli was attributed to the presence of bubbles and 
to the clustering of fat globules. The whipped samples also exhibited a more dis-
tinct separation between G′ and G″ at all frequencies. These results are also con-
sistent with the study of Massey (2002), who noted that bubble inclusion created 
a stronger viscoelastic system in cake batter. The results also agreed with Bee 
and Prins (1986), who, during the aeration of maltodextrin solutions, observed 
an increase in storage and loss modulus (the fractional increase in the storage 
modulus being approximately 4 times greater than the increase in viscous modu-
lus). In general, it is relatively difficult to undertake rheological measurements 
on food foams, because of the narrow range of applied shear stress/strain over 
which a given foam is stable. Regardless, it is still reliable and conveys very use-
ful information that can be used as a measure of the foam texture.
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10.1.2.4. Concluding Remarks

This article has illustrated how air and other gases can be used to create novel 
food structures and textures without adding calories. A detailed understanding of 
the process, and the relationship between process parameters and product charac-
teristics, are only just being unravelled, with increasing research attention being 
paid to this area. The mechanism of bubble inclusion and the factors governing 
the stability of the resulting dispersion are both complicated, with ingredients, 
particularly those that are interfacially active, playing a decisive role.
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11.1. Introduction

Edible films are thin materials based on biopolymers. These films are also biode-
gradable and because of that, these materials have attracted the attention of the food 
science academic community in the last decades. The main biopolymers used in the 
edible films production are polysaccharides (Nisperos-Carriedo, 1994) and proteins 
(Gennadios et al., 1996).

The polysaccharide most used in edible film technology is starch, because it 
is produced abundantly and is inexpensive. But other polysaccharides, such as 
chitosan and some cellulose derivates, have been also studied. Normally, proteins 
produced industrially, such as soja and gelatin from mammals, are largely applied 
in film production. However, some proteins from less conventional sources, such 
as muscle proteins, gelatin from fish, and feather keratins, have also been studied 
in the last several years. Thus, this work will present and discuss some aspects of 
edible and/or biodegradable film technology based on biopolymers from conven-
tional or less conventional resources.

11.2.  Films Based on Chitosan Produced 
on Laboratory Scale

Chitosan is a polymer derived from chitin partially or totally deacetylated. 
Usually it comes from the chitin found in fungi, crustaceans, molluscs, or annelids; 
however, in general, crab, lobster or shrimp shells are used because they are 
industrial wastes (Shepherd et al., 1997).

Chitin (C8H13O5N) is a polymer formed by units of 2-acetamide-2-deoxiglucose 
linked by 1,4-beta-glucosidic of cellulose. It is insoluble in water, diluted acids 
and alkalis, alcohol, and organic solvents; it is soluble in general with some 
degradation in concentrate mineral acids. By acid hydrolysis, it is degraded to 
glucose amine; the alkaline hydrolysis deaceylates it extensively, with some 
reduction of chain length, forming chitosan (Kirk and Othmer, 1970).
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Chitosan [β-(1,4)-2-amino-2-deoxy-D-glucopyranose] is an amorphous white 
solid, insoluble in water, soluble in acids, whose crystalline structure is sub-
stantially the same as the original purified chitin. At extreme conditions of 
deacetylation, chitosan keeps the amino groups, and that confers enormous 
possibilities for chemical modification because they have positive ionic links 
that react to substances negatively charged as fats, cholesterol, basic ions and 
proteins (Argukelles et al., 1998). The multiple applications of chitosan allow it 
to be used in agriculture, medicine, effluent treatment and in foods. According to 
Devlieghere et al. (2004), chitosan can be use in foods as an antimicrobial agent, 
a clarifying agent for juices, an antioxidant in sauces, an inhibitor of enzymatic 
browning in apples and potatoes, and additionally as films for fresh fruit and 
vegetable covering; it can also act as an enzyme inhibitor. Han et al. (2005) estab-
lished that chitosan films behave as adequate covering material for strawberries 
due to their antimicotic properties; however, solutions of chitosan diluted in acid 
become bitter and astringent and therefore less practical for the real market.

11.2.1. Chitosan Production

To obtain chitosan, the group N-acetyl is removed without polysaccharide hydrol-
ysis; that is why the alkaline methods are the most used. Several authors (Ramírez 
et al., 1998; Taboada et al., 2003) obtain chitosan by the chemical modification of 
chitin; the acetyl units are eliminated with long treatments in highly concentrate 
alkalis.

Pinelli et al. (1998) showed a recompilation of methods to obtain chitosan from 
shrimp shells; they adapted a method to obtain chitosan from chitin and pointed 
out the importance of the initial control of the shells by thermal treatment for 
the inactivation of the hydrolytic enzymes, tunnel drying and milling. According 
to the technology developed by Almeida and Arancibia (2005), chitosan was 
obtained from the chitin extracted from Ecuadorian shrimp shells by a previous 
protein removal done with diluted solutions of sodium hydroxide at 80°C for 
30 min and then a second protein removal done thrice with solutions 3% (w/w) 
of sodium hydroxide at 80°C. The process continued with the demineralization 
using HCl 2N for 60 min at temperatures around 20°C. At last, the obtained chitin 
was deacetylated to obtain chitosan by chemical treatment, using 50% (w/w) 
sodium hydroxide solution at 100 °C for 60 min. Alvarado et al. (2006) modified 
the method to eliminate protein removal, obtaining chitosan directly without 
getting the chitin, by a severe alkaline treatment, showing the utility of the 
obtained product to produce edible films.

11.2.2. Chitosan Film Production and Characteristics

Film formation is based on the biopolymer dispersion or solution in a solvent 
and additives use (plastificants, link agents), obtaining a dispersion or a solution. 
After preparing the suspension, these undergo processes of lamination and drying in 
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order to get the films. In this step the biopolymer concentration increases because 
of the solvent evaporation and, as a consequence, molecule aggregation occurs, 
forming a tri-dimensional network (Gontard et al., 1995).

As chitosan is soluble in organic solvents, several authors have worked with 
organic acid solutions. Caner et al. (1998) prepared chitosan films using acetic, 
lactic and formic acids with different concentrations of the plastificant and mold-
ing them in glass dishes. Alvarado et al. (2005) used Petri boxes in which they put 
the chitosan suspension and let it dry at temperature of 20 ± 5 °C for 48 h; finally, 
the films were removed by using NaOH 0.1% (w/w) solution. Other samples 
were prepared on clean and dry acrylic plaques measuring 10 × 20 cm, where the 
chitosan solution was poured; the films dried at a temperature of 20 ± 5 °C for 48 h 
and were removed by releasing them from the acrylic without using the NaOH 
solution. The best results were obtained in acrylic plaques without NaOH.

The applications of films depend principally of their barrier properties to water 
and to gases, and their mechanical characteristics, solubility, and optical and 
thermal properties. Those characteristics depend on the polymer type, polymer 
obtaining process, film conditioning, drying and film thickness (Galed et al., 
2000; Srinivasa et al., 2004). The interest in chitosan films for foods is based 
on their capacity as an oxygen barrier (Caner et al., 1998) and carbon dioxide 
barrier (Choi et al., 2002). The methods used to determine film properties are 
derived from the classic methods applied to synthetic material; these methods 
were adapted to the characteristics of biopolymers, particularly due to their great 
sensitivity to relative humidity and temperature (Issam et al., 2005).

One of the fundamental properties is the permeability to water vapor (WVP). 
Buonocore et al. (2005) established that chitosan films showed less permeability 
to water vapor compared to films made with casein and alginate; they pointed out 
that this is due to their low affinity with water and less macromolecular mobility. 
According to this, chitosan films can act as adequate barriers to water vapor; 
they used a mathematical model to describe the barrier properties of these films. 
Caner et al. (1998) worked with chitosan films treated with several acid solu-
tions and plastificants. They reported values from 0.535 to 1.320 [g/m day at] at 
25 °C between 50%–100% of relative humidity; they did not establish changes 
on the mass transfer properties during nine weeks storage. Alvarado et al. (2005) 
published values of permeability to water vapor (WVP) in a range of 0.097 up 
to 0.227 [g mm/kPa h m2]. Values increased while the concentration of chitosan 
increased, and therefore, the film thickness; these values correspond to the low 
permeability of films to water vapor in relation to other biodegradable films, but 
to high permeability in relation to plastic inorganic films.

Tensile strength and elongation at break are among the more known mechanical 
properties. Miranda et al. (2004) reported the following ranges: tensile strength 
from 7.23 to 48.3 [MPa] and elongation at break expressed as percentage from 
22.9 to 167.2% for chitosan films. Tanveer et al. (2003), for chitosan films, 
published several values of tensile strength from 59.87 to 67.11 [N/(mm)2] and 
elongation percentage to rupture from 21.35 to 67.10%. Caner et al. (1998), for 
chitosan films made with four organic acid suspensions, published values of 
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resistance to tension from 6.85 to 31.88 [MPa], and the elongation percentage 
varied from 14 to 70%, decreasing while the time of storage increased.

Alvarado et al. (2006) published data for chitosan films made with two organic 
acid suspensions, acetic and lactic. The films obtained were compact, lightly 
permeable to water vapor, medium strong, and transparent, and their thickness 
increased while the chitosan concentration increased in the suspension. The films made 
with the suspensions of chitosan in acetic acid are less hygroscopic, show less 
permeability to water vapor, and are more resistant to traction but less elastic; they 
behave as partial crystalline materials and are opaque. The films elaborated with 
chitosan suspensions in lactic acid are more hygroscopic, more permeable, less 
resistant and more elastic; they behave as crystalline materials and are transparent.

11.3.  Composite Films Based on Chitosan 
and Methylcellulose

Cellulose derivatives are also interesting biomaterials for film technology; they are 
polysaccharides composed of linear chains of β (1–4) glucosidic units with methyl, 
hydroxypropyl or carboxyl substituents. Methylcellulose (MC) has excellent film-
making properties, high solubility and efficient oxygen and lipid barrier properties 
(Park et al., 1993; Donhowe and Fennema, 1993a,b; Nisperos-Carriedo, 1994).

Besides, chitin and its deacetylated product, chitosan, have received much 
interest for their application in agriculture, biomedicine, biotechnology and the 
food industry due to their biocompatibility, biodegradability and bioactivity 
(Muzzarelli et al., 1988; Tharanathan and Kittur, 2003). Among potential appli-
cations, the use of chitin and chitosan as food antimicrobials and biopesticides 
are especially attractive (Wu et al., 2005). Due to its antifungal, good mechanical 
and oxygen barrier properties (Chen et al., 1996; Caner et al., 1998), chitosan 
film is a promising packaging material that can be included in the active film 
category (Vermeiren et al., 1999). In the absence of additives, films made from 
these polysaccharides are brittle. Plasticizers are necessary to enhance flexibility 
and to improve mechanical properties. Hydrophilic compounds such as polyols 
are commonly used as plasticizers in hydrophilic film formulations.

11.3.1. Film Production

Commercial methylcellulose (A4M, Methocel, Dow, USA) with a substitution 
degree of 27.5% was purchased from Colorcon (Argentina). Commercial chitosan 
from crab shells with a minimum deacetylation degree of 85% was purchased 
from Sigma (St. Louis, USA). Solutions of 1% (w/w) of methylcellulose (MC), 
and 2% (w/w) of chitosan were prepared. Chitosan (CH) was solubilized in 1% 
(v/v) acetic acid solution, followed by a vacuum filtration to eliminate insolubles. 
Mixture solutions were prepared with the following (w/w) CH:MC proportions: 
25:75, 50:50 and 75:25. In all cases, to obtain films, 40 g of solutions were poured 
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on rectangular acrylic plates (10 × 20 cm). The solutions were dried at 60 °C in a 
ventilated oven to constant weight. Films were stored under controlled temperature 
and relative humidity conditions (20 °C and 65% RH).

Equilibrium moisture content: Water content of the films was determined by 
measuring weight loss of films upon drying in an oven at 110 °C until constant 
weight (dry sample weight). Thickness of the films was determined using a 
digital coating thickness gauge Elcometer A 300 FNP 23 (England) for non-
conductive materials on non-ferrous substrates. Film solubility in water was 
determined using film pieces of 2 × 3 cm; samples were weighed to the nearest 
0.0001 g and placed into test beakers with 80 ml deionizated water. The samples 
were maintained under constant agitation at 200 rpm for 1 h at room temperature 
(approximately 25 °C). After soaking, the remaining pieces of film were collected 
by filtration and dried again in an oven at 60 °C to constant weight. The percentage 
of total soluble matter (% solubility) was calculated.

For film microstructure analysis, scanning electron microscopy (SEM) analysis 
was performed with a JEOL JSPM 100 electron microscope (Japan). Film pieces 
were mounted on bronze stubs using a double-sided tape and then coated with 
a layer of gold (40–50 nm), allowing surface and cross-section visualization. All 
samples were examined using an accelerating voltage of 5 kV. Water vapor per-
meability tests were conducted using a modified ASTM (1996) method E96, as 
described in a previous work (García et al., 2004) using an especially designed 
permeation cell that was maintained at 20 °C. After steady state conditions were 
reached (about 2 h), eight weight measurements were made over 24 h. A driv-
ing force of 1753.55 Pa, expressed as water vapor partial pressure, was used. 
Tensile tests were performed in a texturometer TA.XT2i (Stable Micro Systems, 
England), as described in a previous work (García et al., 2004) using a tension 
grip system A/TG and probes of 6 cm in length and 0.7 cm width. Puncture tests 
were performed using a cylindrical probe 2 mm in diameter at a constant rate of 
1 mm/s. Tests were carried out with samples of 3 ×3 cm from each film formula-
tion. Curves of force (N) as a function of deformation (mm) were automatically 
recorded by the Texture Expert Exceed software. Maximum breaking force (N), 
tensile strength (MPa), deformation at break (mm), percent of elongation at break 
(%) and elastic modulus (N/mm) were calculated according to the ASTM D4092 
method (1996).

11.3.2.  Characterization of Composite Films 
Based on Chitosan and Methylcellulose

Flexible, homogeneous, thin, and transparent films were obtained from MC, CH 
and mixture solutions. Visually, MC films were colorless, and chitosan films had 
a slightly yellow appearance, increasing yellowness with chitosan concentration 
for composite films—even though the intensity of the yellowness is negligible 
when compared to values reported for whey protein based films (Trezza and 
Krochta, 2000). All films were easily removed from the cast plate, and no pores 



198    P. Sobral et al.

or cracks were detected as seen by SEM (Fig. 11.1), although film formulation 
did not include a plasticizer. In addition, a compact structure was observed, 
(Fig. 11.1). Composite films showed multilayer structures (Fig. 11.1c). This 
could possibly be attributed to the limited chain mobility, even though both CH 
and MC are compatible polymers. As shown in Table 11.1, thickness of films 
varied between 14.12 ± 1.59 and 26.07 ± 3.17 µm. CH films obtained from a 2% 
solution were thicker than MC film obtained from 1% solution; this was also evi-
denced by SEM observations (Figs. 11.1a and 11.1b). Composite films exhibited 
intermediate thickness values within the range of those of one component film 
(Table 11.1). All films reached low moisture after drying; MC films exhibited 
the lowest equilibrium moisture, while the highest value was observed for CH 
films (Table 11.1). MC films were completely soluble in water, while CH films 
had lower solubility values. Composite films had intermediate water solubilities, 
decreasing film solubility with increasing chitosan proportion (Table 11.1). Thus, 
by controlling CH concentration in film formulation, solubility can be tailored, 
enhancing the applications of these materials.

Fig. 11.1. SEM micrographs of the cross-section of: a) CH, b) MC and c) 50:50 CH:MC 
films. Magnification: 10µm between marks

Table 11.1. Film solubility in water, equilibrium moisture content, thickness and water 
vapor permeability of CH-MC films
    Film  Equilibrium  Film  
Film g CH: solubility moisture content thickness WVP × 1011

Composition g MC in water (%) (g water/ 100 g film) (µm) (g m−1 s−1 Pa−1)

MC 1:0 98.4 ± 2.2b 0.91 ± 0.16 16.32 ± 2.46 7.55 ± 0.60
25:75a 0.5:  40.7 ± 6.3 1.12 ± 0.01 21.22 ± 0.68 6.77 ± 0.92
 0.75
50:50 1:0.5 27.7 ± 1.6 2.41 ± 0.16 23.35 ± 2.72 6.67 ± 0.74
75:25 1.5:  14 ± 2.1 2.22 ± 0.01 22.75 ± 1.69 7.24 ± 0.35
 0.25
CH 2:0 9.3 ± 0.9 6.33 ± 0.58 26.07 ± 3.17 7.24 ± 0.81

a
  CH:MC (w/w) proportion in film formulation, b value ± standard deviation
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Table 11.1 shows WVP values of individual and composite films. CH and MC 
films showed lower WVP values than those of some protein films and even lower 
than other polysaccharide based films reported in the literature (Krochta and De 
Mulder Johnston, 1997; Mali et al., 2002). Our obtained results are in agreement 
with those of Park et al. (1993), Wong et al., (1992) and Caner et al. (1998).

Permeability of composite films did not differ significantly from the values 
of one component film (Table 11.1). Since permeability is the contribution of 
diffusivity and solubility of the permeant through the solid matrix, the obtained 
results for composite films indicate that the developed matrix should be similar 
to those of the individual component matrixes, as seen by X-ray diffraction 
analysis. Chitosan films were shown to be good barriers to oxygen permeation 
in comparison to commercial polymers, but exhibited relatively low water vapor 
permeabilities.

WVP values of our composite CH-MC films were higher than other synthetic 
films like low density polyethylene (LDPE), with a WVP value of 9.14 × 10−13 
gm−1s−1Pa−1 (Smith, 1986), although CH-MC films had WVP values similar to 
those of cellophane, as expected, due to the similar chemical structure of both 
polymers. According to Shellhammer and Krochta (1997), cellophane exhibited 
a WVP value of 8.4 × 10−11 gm−1sec−1Pa−1.

MC and CH films showed different behavior patterns under tensile tests; both 
films showed high resistance, but MC films were more flexible (Fig. 11.2). Percent 
elongation values of films were 12.7% for MC and 3.9% for CH, and intermediate 
values were obtained with composite films (Fig. 11.8a). Similar mechanical prop-
erties were found in the literature for MC films (Donhowe and Fennema, 1993a,b; 
Park et al., 1993; Debeaufort and Voilley, 1997). For CH films, data reported in 
the literature for tensile test were higher than those obtained in the present work; 
differences may be due to CH composition and suppliers, plasticizer presence and 
film preparation (Chen and Lin, 1994; Butler et al., 1996; Caner et al., 1998). The 
main differences may be attributed to plasticizer type and content; Caner et al. 
(1998) reported a wide range of elongation (14–70%), depending on storage time, 
plasticizer and type of acid used in chitosan solubilization.

In composite films, tensile strength and elastic modulus increased with CH 
concentration, leading to stronger films, (Fig. 11.2b). Accordingly, a decreasing 
deformation trend was observed with CH concentration, indicating a reduction in 
film flexibility (Fig. 11.2a).

Mechanical properties of CH-MC films were comparable to many medium 
strength commercial polymer films like cellophane. However, synthetic polymers 
like LDPE and HDPE exhibit similar tensile strength to those obtained in the 
present work, but higher elongation (Cunningham et al., 2000).

With regard to puncture tests, elastic modulus showed the same trend as in 
tensile tests (Fig. 11.2b). However, all films had a similar value of deformation 
at break, about 2 mm, regardless of the CH:MC ratio (Fig. 11.2a). Thus, CH may 
replace MC, maintaining puncture resistance of films with economical benefits.

In conclusion, physical properties of composite films showed intermediate 
(solubility and mechanical properties) values compared to those of individual 
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component films or did not differ significantly (WVP), reinforcing the idea of 
compatibility of CH and MC polymer.

These combined biodegradable films with good water vapor barrier properties 
have the possibility to tailor mechanical and solubility properties, within a range, 
based on polymer ratio composition. CH imparts rigid characteristics to composite 
films (high elastic modulus and small elongation), while MC contributes to a 
higher elongation and lower elastic modulus, increasing solubility as well. Thus, 
MC-CH edible films can lead to many possible applications in food, pharmaceutical 
and cosmetic industry considering the natural origin of both polymers.
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11.4.  Films Based on Muscle Proteins 
from Cultivated Fishes

Some years ago, Cuq et al. (1995), working with Atlantic sardines, demonstrated 
that myofibrillar proteins had the capacity to form transparent and resistant 
films. In fact, numerous works are encountered in the specialized literature about 
the elaboration and characterization of films based on the myofibrillar proteins 
obtained from post rigor mortis muscles of Atlantic sardine (Sardina pilchardus) 
(Cuq et al., 1995, 1996a,b, 1997), anten rigor mortis muscles of Nile tilapia 
(Oreochromis niloticus) (Monterrey-Quintero, 1999, 2000; Sobral, 2000; Sobral 
et al., 2002), and bovine meat (Bos taurus taurus) (Sobral et al., 1998; Sobral and 
Ocuno, 2000; Souza et al., 2004). Myofibrillar proteins are insoluble in water, 
but can be made soluble by adjusting the pH of the solution. These proteins 
are fully stretched and closely associated with each other in parallel structures 
(Iwata et al., 2000). Probably as a function of this, these proteins are capable 
of forming a continuous matrix during drying of the solution (Cuq et al., 1995; 
Monterrey-Quintero and Sobral, 2000; Sobral et al., 1998). Contrary to the most 
important commercial vegetal proteins, myofibrillar proteins have to be prepared 
adequately before being used in the film elaboration process. In this case, after 
fish slaughter and evisceration, the muscles are ground and washed to eliminate 
the sarcoplasmic proteins. Then, the material is minced and passed through a 
screen to separate the connective tissue (insoluble proteins) (Cuq et al., 1995; 
Monterrey-Quintero and Sobral, 2000). Possibly, the elimination of the connective 
tissue could be due to its completely insoluble character, which could affect the 
homogeneity of films. The separation of sarcoplasmic proteins was made due to its 
bad flavor and principally because these proteins have a low molecular weight.

Fifty years ago, Japanese researchers demonstrated that sarcoplasmic proteins 
are also capable of forming flexible films, in spite of its low molecular weight. 
Iwata et al. (2000) and Tanaka et al. (2001) developed and characterized films 
based on sarcoplasmic proteins extracted from blue marlin (Makaira mazara) 
muscle. Contrary to the myofibrillar proteins, the sarcoplasmic proteins are globular 
proteins, which in general have to be thermally denatured to form a continuous 
matrix (Iwata et al., 2000). Heating modifies the three-dimensional structure of 
the globular proteins, causing exposition of the SH groups, and consequently 
producing S-S bonds among adjacent protein chains, also promoting the exposi-
tion of hydrophobic groups which proportionate hydrophobic interactions during 
drying (Perez-Gago and Krochta, 2001). Considering that the sarcoplasmic pro-
teins also have the capacity to form a continuous matrix, Paschoalick et al. (2003) 
supposed that edible films could be produced by the mixture of these proteins 
with myofibrillar proteins, avoiding the washing process of the muscles. Thus, 
these authors developed flexible films based on Nile tilapia muscle proteins, i.e., 
containing myofibrillar and sarcoplasmic proteins. After that, others’ work on 
production and characterization of films based on muscle proteins of fishes were 
published (Sobral et al., 2004, 2005; Garcia and Sobral, 2005).
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11.4.1. Some Characteristics of Fish Muscle Proteins

According to Table 11.2, the polar ionic amino acids (aspartic acid, glutamic 
acid, arginine and lysine) are in high concentration in both the muscle proteins 
(Paschoalick et al., 2003) and the myofibrillar (Monterrey-Quintero and Sobral, 
2000) proteins from Nile tilapia. The difference between the compositions of 
these proteins may be explained by the presence of sarcoplasmatic proteins in 
the muscle proteins.

These freeze-dried proteins, produced by Paschoalick et al. (2003) and 
Monterrey-Quintero and Sobral (2000), showed an interesting fluidity, i.e., without a 
characteristic of agglomeration. However, the muscle proteins were not as bright 
as the myofibrillar proteins of Nile tilapia, which were almost white.

11.4.2. Some Characteristics of Fish Muscle Proteins

The control of film thickness is very important and difficult, principally in the 
processes of production by casting. The fish muscle proteins, when made soluble 
by decreasing pH, provide extremely viscous colloidal solutions (Cuq et al., 
1995). In high protein concentrations, the film-forming solution behaves as fluid 
of Bingham, which means that it does not flow over the force of its own weight. 
In this case, the solution can be spread with adequate equipment, controlling the 
height of the solution in the support, which allows knowledge of the thickness of 
the film after drying. This technique allows good thickness control, but the high 

Table 11.2. Amino acid composition (g amino acids/
100 g of protein) for tilapia proteins
Amino acid Muscle proteins1 Myofibrillar proteins2

Alanine 5.50 5.00
Arginine 6.15 2.71
Aspartic acid 9.20 12.08
Glutamic acid 14.69 12.20
Phenylalanine 3.55 4.07
Cystine 0.78 0.67
Glycine 3.97 4.35
Histidine 2.05 2.57
Isoleucine 4.19 5.86
Leucine 7.35 8.36
Lysine 8.65 10.30
Methionine 2.30 3.15
Proline 3.03 8.95
Serine 3.48 4.41
Tyrosine 2.84 3.43
Threonine 4.18 4.63
Valine 4.29 6.22
1 From Paschoalick et al. (2003); 2 From Monterrey-Quintero 
and Sobral (2000)
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viscosity allows the production of bubbles and foams in the solution, decreasing 
the homogeneity of films after drying.

An important alternative is to work with diluted solutions. In this case, the 
solution is cast on a support, and control of the thickness may be made by control-
ling the weight of the solution applied in the support (Fig. 11.3A).

Practically, the thickness of films affects all physical properties of films (Cuq 
et al., 1996a; Sobral, 2000), and also the water vapor permeability (Fig. 11.3B), 
contrary to what could be expected (Sobral and Ocuno, 2000).

Among other factors, the physical properties of films based on fish muscle proteins 
may be affected by the plasticizer concentration and by thermal treatments of the 
film-forming solution (Paschoalick et al., 2003). The reduction of the puncture 
force with the increase of the plasticizer concentration is typical behavior of 
films based on proteins (Cuq et al., 1995; Gontard et al., 1993). The presence 
of plasticizers and water molecules—considering that increasing the glycerin 
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content increased the final humidity of the films—decreased the protein-protein 
interactions, increasing the mobility of polypeptide chains and allowing the films 
to become less resistant and more elastic. On the other hand, Garcia and Sobral 
(2005) observed that the increase of the thermal treatment from 40 °C/30 min to 
65°C/30 min increased the resistance to the puncture of films based on muscle 
proteins from tilapia. This behavior was possibly due to the formation of sulfite 
bonds between adjacent protein chains that proportioned more resistant films 
(Perez-Gago and Krochta, 2001; Choi and Han, 2002). However, increasing the 
treatment to 90 °C/30 min reduced the resistance of films, principally in low 
plasticizer concentration (Paschoalick et al., 2003). This last behavior may have 
occurred because the more intensive thermal treatment caused protein denaturation 
and consequently bury free –SH groups in the hydrophobic pockets such that they 
may remain unavailable for disulfide bond formation (Monahan et al., 1995).

Films produced by tilapia muscle proteins are practically colorless. The films 
produced with muscle proteins from Thai and Nile tilapia (Garcia and Sobral, 
2005) presented color difference comparable to the color of soybean protein films 
(∆E*= 8.5–11.6) (Kunte et al., 1997), but it was more colored than some films 
based on Nile tilapia myofibrillar proteins (∆E*= 7–8) (Sobral, 2000), egg albu-
mins (∆E*= 1.7–2.3) (Gennadios et al., 1996), and pigskin gelatin (∆E*< 3) (Sobral, 
1999). On the other hand, films produced by Garcia and Sobral (2005) were more 
opaque than the films of pigskin gelatin (Y= 0.5) which were extremely transpar-
ent (Sobral, 1999), and than those based on Nile tilapia myofibrillar proteins (Y= 
3.5) (Sobral, 2000). Monterrey-Quintero and Sobral (2000) studied the dena-
turation of Nile tilapia muscle proteins by differential scanning calorimetry and 
determined that the sarcoplasmic proteins of these fish denatured at around 41°C. 
Therefore, in some manner, the denaturation of sarcoplasmic proteins occurred 
during the thermal treatments (≥ 40°C/30 min) and must have caused the increase 
of opacity.

11.5. Edible Films From fish Gelatin

The volume of gelatin used annually by the food industry worldwide is consider-
able and growing. Gelatin is used not only for its functional properties, but also to 
increase protein content. It can enhance the elasticity, consistency and stability of 
food products, and it may also be used as an outer film to protect against drying, 
light and oxygen. Its use for encapsulation and film formation also makes it of 
interest to the pharmaceutical and photographic industries.

Gelatin and collagen have been extensively selected for the development of 
edible films and coatings. Protein-based films are generally superior to polysac-
charide-based films in their mechanical and barrier properties (Cuq et al., 1998). 
This is attributed to a wide range of potential functionalities due to their specific 
structure. A stronger intermolecular binding potential via covalent bonds has 
been found in protein-based films, rather than in the films from homopolymer 
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polysaccharides (Cuq et al., 1995). Gelatin is a protein compound derived by 
hydrolysis of animal collagen contained in bones and skins. The source, age of 
the animal, type of collagen and extracting conditions all influence the properties 
of the gelatin (Johnston-Banks, 1990). For type A gelatins, the collagen rod is 
extracted in acid and solubilized without altering its original triple-helix con-
figuration. Subsequent thermal treatment cleaves hydrogen and covalent bonds; 
this destabilizes the triple helix by means of a helix-to-coil transition, leading 
to conversion into soluble gelatin (Djabourov et al., 1993). Gelatin is normally 
manufactured from the waste generated during animal slaughter and processing, 
especially bovine and porcine. However, due to bovine illness (ESB) and reli-
gious objections to consuming food from pig origin, the production of fish gelatin 
is increasing.

11.5.1. Fish gelatin

The waste from fish filleting can account for as much as 75% of the total catch 
weight (Shahidi, 1994). This waste is an excellent raw material for the preparation 
of high-protein foods, besides helping to eliminate harmful environmental aspects 
and improve quality in fish processing. About 30% of such waste consists of skin 
and bone with high collagen content. A mild acid pre-treatment is normally used for 
collagenous material containing a low concentration of intra- and interchain nonre-
ducible cross-links, as with fish skins (Norland, 1990). The main drawback of fish 
gelatins is that gels based on them tend to be less stable and to have worse rheo-
logical properties than gelatins from land mammals. This has been largely related 
to the considerably lower number of pro-rich regions of the collagen or gelatin 
molecule in cold water fish than in warm blooded animals (Ledward, 1986).

Skins from tropical fish species, such as tilapia, have been described as an 
optimal raw material for gelatin production (Grossman and Bergman, 1992). 
However, gelatin extracted from cod skin shows poor rheological properties 
(Gudmundsson and Hafsteinsson, 1997). Thus, the use of fish for gelatin pro-
duction has to take into account the wide diversity among fish species, which 
present intrinsic differences in the collagen molecules present in their skin. In 
addition, the nature of the collagenous material from fish skins makes them more 
susceptible to degradation, in contrast to the more stable collagen from mammals 
(Asghar and Henrickson, 1982). As reviewed by Johnston-Banks (1990), the 
physical properties of gelatin depend not only on the amino acid composition, but 
also on the relative content of α-chains, β- or γ-components and higher molecular 
weight aggregates, as well as on the presence of lower molecular weight protein 
fragments.

In recent years a considerable effort is being conducted in the search for 
 different fish species and extracting conditions to improve the properties of the 
resulting gelatins. Gelatins with high gelling capacity were obtained from the 
skin of flat-fish species, such as megrim and sole (Gómez-Guillén et al., 2002). 
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Other fish species have also been reported as a source for gelatin extraction, for 
example, pollock (Zhou and Regenstein, 2005), shark (Cho et al., 2004), Nile 
perch (Muyonga et al., 2004), yellowfin tuna (Cho et al., 2005) and bigeye snap-
per (Jongjareonrak et al., 2005). Modifications in the extraction process were 
introduced by the use of different organic acids in the pre-treatment of skins 
(Gómez-Guillén and Montero, 2001; Giménez et al., 2005b), different salts in 
the washing of skins (Giménez et al., 2005a), or even by the application of a high 
pressure treatment (Gómez-Guillén et al., 2005).

11.5.2. Gelatin Based Film

Numerous works in the recent literature are available concerning the use of gelatin, 
alone or combined with other biopolymers, to obtain edible and biodegradable 
films (Arvanitoyannis and Biliaderis, 1998; Menegalli et al., 1999; Sobral et al., 
2001; Simon-Lukasik and Ludescher, 2004; Bertan et al., 2005). An exhaustive 
and well-documented review about properties of gelatin and gelatin films was 
reported by Arvanitoyannis (2002). However, this information is related to com-
mercial gelatin from mammals. Although considerable attention to research on 
fish gelatin films is starting, until now the information available is very limited.

Gelatin films from skins of Nile perch, a warm water fish species, were reported 
to exhibit stress and elongation at break similar to that of bovine bone gelatin 
(Muyonga et al., 2004). On the contrary, Nile perch bone gelatin, consisting of a 
high proportion of low molecular weight fractions as a result of the more severe 
heat treatment needed for extraction, offered considerable lower film strength but 
higher elongation than the corresponding films from skin. Similarly, in a study 
comparing mechanical properties of gelatin films from tuna and halibut skins, the 
lower average molecular weight of halibut gelatin was related to a lower break-
ing force and noticeably higher elongation of the resulting films (Gómez-Guillén 
and Montero, 2003; Thomazine et al., 2005a). Dynamic-viscoelastic studies of 
6.67% solution of both type of gelatins showed a melting temperature of ≈10°C 
and 25°C for halibut and tuna gelatins, respectively (Habitante et al., 2005). The 
melting temperatures of both types of gelatin were a direct consequence of dif-
ferences in molecular weight distribution. The corresponding films obtained with 
both fish gelatins, using sorbitol as plasticizer, were found to be less resistant but 
more elastic than with more conventional gelatins from bovine or pig skin using 
a comparable amount of plasticizer (Sobral et al., 2001). Studies performed with 
two halibut gelatins, having slightly different average molecular weight, showed 
that films from the higher molecular weight gelatin, which, as observed by DSC 
studies, also showed a higher glass transition temperature, were significantly 
more resistant, more rigid and less elastic than the film from the lower molecular 
weight gelatin (Thomazine et al., 2005a). Halibut skin gelatin films were also 
characterized by lower water vapor permeability (WVP) than that reported for 
mammalian gelatin films in Sobral et al. (2001) or Vanin et al. (2005). Films 
from tuna skin gelatin plasticized with glycerol have also been shown to present 
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lower WVP than that reported in pig skin gelatin (Montero and Gómez-Guillén, 
2005). Sobral et al. (2001) reported WVP in pig skin gelatin films to increase 
linearly using sorbitol in a concentration ranging from 15 to 65 g/100 g gelatin. 
When using 25 g glycerol/100 g pig skin gelatin, WVP was found to be consider-
ably higher (Thomazine et al., 2005). Glycerol is well recognized as presenting a 
higher plasticizing effect than sorbitol, causing an increase in film flexibility, but 
a reduced resistance and WVP (Gennadios et al., 1996).

Thomazine et al. (2005b) explained this behavior in terms of molecular weight 
and number of molecules of plasticizers in the films. Similar findings have been 
recently reported working with different concentrations and types of plasticiz-
ers in films from skin gelatin of bigeye snapper and brownstripe red snapper 
(Jongjareonrak et al., 2006a), showing the latter generally higher mechanical 
properties at any protein and glycerol concentrations tested than the former 
(Jongjareonrak et al., 2006b). The tendency of fish gelatin films to exhibit lower 
WVP than that of land animal gelatin films could be explained in terms of 
aminoacid composition, since fish gelatins are known to be less rich in proline 
and hydroxyproline (Norland, 1990), thus increasing their hydrophobicity as 
compared to mammal gelatins. As in the case of other films of protein nature, 
fish gelatin films also represent a good barrier against UV light. Jongjareonrak 
et al. (2006b) reported that differences in light transmission between the films 
from bigeye snapper and brownstripe red snapper might be due to differences 
in composition, density and the aggregation or alignment of gelatin molecules 
in the film. Tuna and halibut skin gelatin films also presented high light barrier 
properties, especially those from tuna gelatin, having higher molecular weight 
(Habitante et al., 2005).

The properties of fish skin gelatin-based films, especially water vapor per-
meability, have been shown to improve by the addition of fatty acids or their 
sucrose esters (Jongjareonrak et al., 2006c). These authors also observed that 
light transmission and tensile strength of films was decreased by increasing the 
amount of fatty acids. However, incorporation of the sucrose esters generally 
increased tensile strength and reduced elongation at break. Tuna skin gelatin has 
also been used to produce transparent and flexible films with added aqueous plant 
extracts, without significantly modifying mechanical and vapor barrier properties 
(Montero and Gómez-Guillén, 2005). The resulting films were characterized by 
an increased antioxidant capacity as a result of the high content of polyphenolic 
compounds. In this connection, gelatin films enriched with oregano or rosemary 
aqueous extracts have been successfully applied to improve the conservation of 
cold-smoked fish by significantly reducing lipid oxidation during chilled storage 
(Gómez-Estaca et al., 2006). On the other hand, the unique property of gelatin to 
produce thermoreversible gels upon cooling also makes it an adequate material to 
produce coatings for preservation of foodstuffs under refrigerated conditions. In 
this sense, fish hamburgers coated with a blend of fish gelatin and chitosan have 
been reported to show a noticeable reduction in microbial growth during chilled 
storage, without altering rheological properties (Lopez-Caballero et al., 2005).
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11.6. Feather Keratin Films

Feathers are an important waste disposal of the poultry industry and are basi-
cally composed of structural proteins, the keratins, which have a great ability to 
form films. It has been known that the stability of the keratin in the solid state 
is due to cross-linking produced by the formation of cystine disulphide bonds, 
hydrogen bonds and to salt linkages (Schrooyen et al., 2001b). It is possible to 
dissolve keratin using solvents that break the –S–S– bonds and the hydrogen 
bonds (Schrooyen et al., 2000, 2001a). The sodium dodecyl sulfate (SDS) can be 
used to obtain a stable dispersion of keratins (Yamauchi et al., 1996; Schrooyen 
et al. 2000, 2001a).

The regeneration of disulfide bonds in these materials during the drying of 
film forming dispersion may be used as a method to impart water insolubility and 
good mechanical properties to the films. The aim of this study was to prepare and 
characterize some properties of feather keratin films.

11.6.1.  Preparation and Characterization 
of Feather Keratin Films

Keratin was extracted from white chicken feathers. Freshly plucked wet feath-
ers were cleaned according to ASTM (1997), dried in a ventilated oven at 40°C 
for 72 h and cut into small filaments (75–700 µm). This material was treated in 
a Soxhlet device for 12 h with petroleum ether to remove grease. The keratin 
extraction was performed according to the method proposed by Schrooyen et al. 
(2000) and Yamauchi et al. (1996), with some modifications (Martelli et al., 2006). 
Fifty ml of the aqueous dispersion of the reduced keratins (7 g keratin/100 ml 
dispersion) were mixed with glycerol in the following concentrations: 0.01, 0.03, 
0.05, 0.07 and 0.09 g/g of keratin, which were used to prepare the films by the 
casting procedure. Prior to properties determinations, films were conditioned 
at 35 °C and 75% relative humidity (RH) for 48 h. Film solubility (%) in water 
and film swelling (SW) were determined according to the methods proposed by 
Turhan and Sahbaz (2004) and Lee et al. (2004). The mechanical properties of 
the films were determined by tensile tests with a texturometer TA.XT2i (SMS, 
Surrey, UK). Thermal properties of films were studied using DSC analyses.

11.6.2. Some Characteristics of Feather Keratin Films

The extracted keratin presented a high content of sulfured amino acids, namely 
cysteine and methionine (Moore et al., 2006). These results agree with those 
found in the literature for wool keratin (Yamauchi et al., 1996) and for feather 
keratin from fowl (Arai et al., 1983). On the other hand, it can be observed that 
the polar amino acids, ionizable (4.7% aspartic acid, 7.7% glutamic acid and 
5.4% arginine) or not ionizable (9.3% serine, 8.8 proline and 3.5% threonine), 
represent almost 40% of the total content of amino acids. Films properties are 
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shown in Table 11.3. Water solubility increased from 30% for films without 
plasticizer to about 51% for films prepared with 0.09 g glycerol/g keratin. The 
relatively low solubility (30%) of keratin films without plasticizer suggest that 
some -S-S- bridges were formed during drying of films, although other interac-
tions such as hydrogen bonds and electrostatic and hydrophobic interactions 
could also be improved. The results also indicated that the addition of glycerol 
avoided the formation of these bridges, increasing the films’ solubility. Swelling 
was 155% for films without glycerol, increasing to 207% for films with 0.07 g 
glycerol/g keratin. Yamauchi and Yamauchi (2002) reported swelling data of 
140% for films of wool keratin plasticized with 50 g glycerol/100 g keratin.

Films without plasticizers showed brittle characteristics. The addition of 0.01 g 
glycerol/g keratin decreased the tensile strength by about 38% when compared 
with the value found for the films without glycerol, while the addition of 0.09 g 
glycerol/g keratin decreased this property by 8.3 times, which represents about 
12% of the tensile strength for the non-plasticized films. Similar results were 
observed with the Young Modulus, which decreased from 10.18 to 0.21 MPa when 
0.09 g glycerol/g keratin was added to the films. On the other hand, glycerol had 
a positive effect on the films’ elongation, which increased about 7 and 18.8 times 
for films prepared with 0.01 and 0.09 g glycerol/g keratin, respectively. Yamauchi 
and Yamauchi (2002) found values ranging between 5 MPa (films conditioned 
at 85% RH) and 11 MPa (films conditioned at 65% RH), for films plasticized 
with 0.5 g glycerol/g keratin. As expected, the glass transition temperatures (Tg) 
decreased with the increase of glycerol. The values of Tg obtained in this work 
implies that the dry films were in the glass state when conditioned at room tem-
perature (T<Tg), but these films with plasticizer constituted flexible materials. 
This behavior has also been reported for other protein-based films (Sobral et al., 
2001, 2005). In conclusion, it is possible to prepare films with good properties 
from keratin extracted from chicken feathers. Low glycerol concentrations are 
enough to significantly modify the films’ mechanical properties. These films 
showed relatively low water solubility when compared with the values of other 
protein-based films presented in the literature.

Table 11.3. Film solubility, film swelling index in water, glass transition temperature and 
mechanical properties of keratin films

Glicerol concen-
tration (g glyc-
erol /g keratin)

Film 
solubility 
in water 
(%)

Swelling 
index 
(%)

Glass transition 
temperature of 
dry films (°C)

Mechanical properties

Tensile 
strength 
(MPa)

Elongation 
at break (%)

Young 
module 
(Mpa/%)

0.0 30.7 ± 1.5 155 ± 7 70 16.6 ± 5.5  1.7 ± 0.2 10.2 ± 7.1
0.01 – – – 6.3 ± 0.7 11.9 ± 2.6  2.0 ± 0.8
0.03 37.0 ± 1.3 182 ± 2 67.5 7.6 ± 0.6 13.8 ± 2.4  2.1 ± 0.6
0.05 40.6 ± 3.8 191 ± 35 64.5 5.3 ± 0.7 19.8 ± 4.1  1.2 ± 0.2
0.07 48.3 ± 2.7 207 ± 15 56.3 5.4 ± 0.5 30.5 ± 7.7  0.9 ± 0.6
0.09 50.7 ± 1.0 110 ± 13 – 2.0 ± 0.2 31.9 ± 4.5  0.2 ± 0.0
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11.7. Edible Films Based on Soy Proteins

11.7.1. Soybean Proteins

Protein accounts for approximately 38–44% of soybean composition, and 7S and 
11S globulins constitute the 90% of the total proteins (Fukushima, 1991). The 
7S globulin or β-conglycinin is a trimeric glycoprotein of 150 to 200 kDa, while 
the 11S globulin or glycinin is a heterogeneous oligomeric protein of 360 kDa 
(Lawrence et al., 1994). Based on protein content, soy proteins used in the food 
industry are classified as soy flours (50–59%), soy concentrates (65°72%) or soy 
isolates (more than 90%).

Physicochemical and functional properties of soy globulins have been widely 
studied. Both globulins (7S and 11S) are soluble in water and neutral saline 
 solutions and develop an extensive range of functional properties. From all of these 
properties, those that are dependent on molecular superficial characteristics (capa-
bility to form foams and emulsions) and on protein–protein interactions (capabil-
ity to form networks, particularly gels and films) are the ones that present bigger 
perspectives to their development.

The development of edible films from plant proteins represents an interesting way 
to increase the utilization of these proteins, as well as to reduce environmental problems 
generated by the accumulation of synthetic polymers (Gennadios, 2002).

11.7.2. Soy Protein Isolate (SPI) Films

A native SPI (SPIn), which was obtained in the laboratory from soybean defatted 
flour by alkaline extraction and isoelectric precipitation, was used as raw material 
(Petruccelli and Añón, 1995). The relationship among structural, mechanical and 
physical properties of soy protein isolate films was studied using the pH of initial 
film forming solutions as a variable, because pH affects the protein charge and the 
degree of protein denaturation. Films were obtained by casting from aqueous dis-
persions of 5% w/v SPI and 2.5% w/v of glycerol (used as plasticizer) at pH 2, 8 
and 11, and dried at 60 °C. DSC studies showed that proteins retained their native 
conformation in films at pH 8, but were partially or extensively denatured at pH 
11 and 2. Once unfolded, protein chains could interact strongly, mainly through 
disulfide bonds, and SEM verified production of denser protein networks. These 
films, at pH 2 and 11, showed a greater tensile strength—by about 1.05 MPa, and 
a higher Young’s modulus—by at least 0.15 MPa, than the film made from the pH 
8-SPI solution. However, films formed at alkaline pHs (8 and 11) exhibited about 
70% greater deformation than films at pH 2. It seems that the native proteins may 
unfold during the mechanical test, providing a greater deformation before break-
ing (Table 11.4).

Solubility assays in buffers with different chemical activity (water, phos-
phate, with urea, SDS and urea-SDS-mercaptoethanol) and the analysis of the 
electrophoretic profiles of the soluble protein fractions, showed that at pH 2 
the protein networks were mainly stabilized by hydrogen and disulfide bonds, 



11. Biopolymer from Conventional and Non-Conventional Sources    211

and that when the pH of the initial solution was increased, the hydrophobic 
interactions also become important. Films at acid pH had a higher water vapor 
permeability (WVP) and lower Tg than the films obtained at alkaline pH (Table 
11.4), confirming than polymers linked by hydrogen bonds are more susceptible 
to moisture.

The effect of storage on the films’ properties was studied. Films remained stable 
for long periods of time (at least up to 120 days at 20 °C and 59% RH), as no 
variations in their mechanical and barrier properties or in their color parameters 
were observed.

11.7.3. Soy Globulins Films

Film formation from the 7S and 11S pure globulins was studied in order to know 
the role of each fraction in SPI films. These proteins were obtained in the labora-
tory from defatted soy flour, as described by Nagano et al. (1992).

It was observed that the 7S film differs from 11S, especially in their mechanical 
properties, but not in their WVP, as has also been observed by other authors (Cho 
and Rhee, 2004; Kunte et al., 1997). Figure 11.4 shows the stress-strain curves 
obtained by tensile tests for 7S, 11S and SPIn films at pH 2 and 10.5.

In films at acidic pH, proteins were totally denatured and could interact chain 
to chain easily and strongly, producing denser films with higher tensile strength 
and lower elongation than basic films. 7S films were more elastic, while the 11S 
were more resistant due to their higher tendency to form disulfide bonds.

At alkaline pH, this effect was not so evident because of the 11S lower capacity to 
be deformed and the stress-strain behavior. The high tensile strength of 7S could 
in part be attributed to the presence of 11S as an impurity in the 7S-enriched 
fraction when it is obtained by the Nagano procedure, as demonstrated by DSC 
and electrophoretic assays. The mix of both globulins in SPIn improved the film 
mechanical properties, showing a synergic effect of both globulins. SPI films 
presented similar elongations to the 7S samples and tensile strength to the 11S films, 
indicating the presence of interactions between both fractions in SPI films.

Table 11.4. Mechanical properties, WVP and thickness of SPIn films at pH 
2, 8 and 11, SPIc at pH 10.5, and bilayers films
   WVP.1010 Thickness
Film TS (MPa) E (%) gm−1s−1Pa−1 (µm)

SPIn Ph 2 1.50 ± 0.09 92.64 ± 13.72 3.52 ± 0.21 114.6 ± 6.2
SPIn pH 8 0.45 ± 0.05 163.59 ± 14.91 2.86 ± 0.58 94.6 ± 8.0
SPIn pH 11 1.90 ± 0.28 205.41 ± 25.67 2.84 ± 0.25 105.1 ± 9.3
SPIc pH 10.5 1.86 ± 0.32 144.9 ± 18.3 2.28* ± 0.66 62.8 ± 10.3
SPIc-Beeswax 2.70 ± 0.19 197.9 ± 23.4 0.12 ± 0.08 87.9 ± 13.9
SPIc-Sunflower 2.28 ± 0.21 173.9 ± 9.9 1.23* ± 0.08 80.2 ± 13.0
SPIc-Carnauba 2.18 ± 0.34 177.6 ± 33.6 0.76 ± 0.38 94.0 ± 9.62
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11.7.4. Soy Protein Isolates-Waxes Bilayers Films

In order to improve WVP of SPI films, lipids were included in their  formulation. 
Waxes of different origin (bees, carnauba and sunflower) were used as lipid 
material (Gontard et al., 1994), and a commercial SPI (SPIc, Samprosoy 90 EG, 
Bunge Alimentos) as a protein source.

Bilayer films were obtained, spreading a thin layer of the molten waxes on 
a protein film, which was previously made by casting from soy protein isolates 
dispersions, using glycerol as plasticizer. All composite films showed a higher 
yellowness color and a higher opacity (as was demonstrated by the increase in the 
Hunter Parameter b and the decrease of L), lower water vapor permeabilities and 
higher tensile strengths than soy protein films, without modifying their elongation 
at break. Beeswax films presented the best properties (WVP 19 times lower and 
tensile strength 45% higher than protein films), probably because they contained 
a higher amount of lipid compounds in their formulation and their lipid layer was 
more homogeneous than those formed by the other waxes (as was seen by SEM) 
(Table 11.4).

Beeswax-SPI film showed a great stability during storage at 20°C and 75% 
relative humidity. At 120 days, WVP and tensile strength did not change.

As plasticizer concentration plays an important role in protein film behavior, it 
was used as a variable to evaluate the role of each component (proteins and lipids) 

Fig. 11.4. Stress-strain curves of SPIn, 7S and 11S films at pH 2 and 10.5 obtained by 
tensile test
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in the functionality of these bilayer films. Bilayer films were formed, applying the 
melted beeswax on SPIc films containing sorbitol or glycerol as plasticizers, in 
the different concentrations used (1, 1.5, 2, 2.5 and 5%) and were compared with 
the corresponding protein film.

As was expected, the increment in plasticizer concentration increased the 
elongation, WVP and moisture content of protein films, while decreasing their 
puncture and tensile strength—these effects being greater for glycerol than for 
sorbitol. The increase of plasticizer concentration showed the same tendency in 
mechanical properties for bilayer films. No differences in strength and elongation 
were found between the bilayer film and its corresponding protein films (both 
with the same type of plasticizer and concentration). WVP did not show differ-
ences among bilayer films with different plasticizer concentrations or between 
films with glycerol and sorbitol, but it was significantly lower in bilayers than 
in SPI film.

These studies suggest that the protein film dominates mechanical properties, as 
differences were not seen either in deformation or in strength between films, with 
or without the wax layer. Furthermore, the beeswax layer determines the WVP 
and the color of the bilayer films, since both parameters do not vary with the type 
or concentration of plasticizer.

11.8. Edible Films from Amaranth

Protein films are made of raw materials of high molecular weight such as gelatin, 
myobrillar proteins, gluten, and whey protein, among others. These films are 
characterized by good mechanical properties, although they are usually quite 
permeable to water vapor and gases (McHugh and Krochta, 1994).

Starch films have also received interest, since they are very low cost materials, 
the most abundant and important polysaccharide in nature. Numerous studies 
have been reported on its film forming capabilities and industrial applications. 
Also, various studies have attempted to improve the functional properties of these 
films by using mixtures of protein and starch as the raw material for the formation 
of edible films (Parris et al., 1997, Arvanitoyannis et al., 1996, 1997).

However, when raw cereals are used, it is not necessary to extract neither the 
starch nor the proteins for film production. Rayas et al. (1997) prepared edible films 
from three types of wheat flours, and more recently, Mariniello et al. (2003) used 
whole soy flour and apple pectin as the raw materials for producing edible films.

It is interesting to investigate other new renewable resources for the  production 
of edible and biodegradable materials. The use of natural blends of protein, 
polysaccharides and lipids directly obtained from agricultural sources, which 
take advantage of each component in the original system, appears to be a new 
opportunity for material in the area of edible films. Amaranthus cruentus flour can 
be considered as such a natural mixture and, consequently, an interesting source of 
raw material for edible film technology.
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Amaranth is a pseudocereal of rapid growth, with a high tolerance to arid 
conditions and poor soils where traditional cereals cannot be grown, so many 
countries have been adapting certain varieties to their soils. The main cultivars 
used are Amaranthus hipochondriacus, Amaranthus cruentus and Amaranthus 
caudatus.

The grain composition is a function of the cultivars and of the environmental 
conditions of culture (Saunders and Becker, 1984). Amaranth (Amaranthus spp.) 
is a tiny grain (∼1 mm diameter) typically from South America, of which the 
species Amaranthus cruentus is composed of 15–22% protein (rich in lysine), 
3.0–11.5% fat and 9–16% dietary fiber, depending on cultivation technique and 
environmental effects. The main constituent of amaranth is starch, 48–62%, with 
small granule size (< 1µm), a characteristic that allows easier dispersion; hence, 
it may yield good properties for resultant films.

11.8.1. Films Based on Amaranth Flours

Tapia-Blácido et al. (2005a,b) and Tapia-Blácido, 2006) obtained films using ama-
ranth flour of two varieties, A. caudatus and A. cruentus. The amaranth flours were 
produced by the alkaline wet milling method. The chemical compositions of both 
materials are shown in Table 11.5. The cruentus variety has higher amylose content 
and lower lipid content than caudatus. Analysis of fatty acids content revealed a 
major fraction, up to 92% of linoleic acid (C18:2), oleic acid (C18:1), palmitic acid 
(C16:0), with composition depending on variety (Tapia-Blácido, 2006).

These authors obtained films using the casting process with glycerol (cauda-
tus) and sorbitol (cruentus) as plasticizers. The influence of the most relevant 
variables of the process of film production on film properties were studied by a 
full factor design. The influence of plasticizer content, pH, temperature of heating 
process, and temperature and relative humidity (RH) of the air during film  drying 
on mechanical and barrier properties were evaluated, and the optimal process 
conditions were found in each case.

The best mechanical properties and lower solubility were found for films 
made with A. caudatus flour, at a process temperature of 82°C, dried at 40°C 
and 55% RH, glycerol content 22.5% and pH of 10.7 (Tapia-Blácido et. al, 
2005a). Meanwhile, the optimal process conditions for the A. cruentus films were 
obtained at 75 °C and 20.02% of glycerol content. Table 11.6 shows the properties 
of films measured at those conditions (Tapia-Blacido, 2006).

Table 11.5. Composition of Amaranth varieties
Component  Amaranth flour  Amaranth flour
(g/100g dried mass) (Amaranthus cruentus) (Amaranthus caudatus)

Ashes   2.10 ± 0.03   2.11 ± 0.03
Lipids   7.96 ± 0.19   8.93 ± 0.03
Protein 14.08 ± 0. 14.21 ± 0.32
Starch 75.07 ± 0.25 74.75 ± 0.25
Amylose 11.89 ± 0.26   7.58 ± 0.77
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Films are not very tough, and their properties are function of cereal variety. 
Nevertheless, these films furnish better barrier properties than other edible films. 
This was an unexpected fact, as the major constituent of amaranth is a waxy 
starch. The presence of native lipids and proteins in its formulation may explain 
the lower permeabilities of these materials. However, some noticeable differences 
between both varieties are verified that are not completely defined by differences 
in composition of both materials. Therefore, the interaction between the compo-
nents may differ in both materials, resulting in diverse structures.

The changes in plasticizers also result in differences in process conditions and 
properties. Tapia-Blácido (2006) made films with amaranth flour (A. cuentus), 
plasticized with glycerol and sorbitol. The optimal conditions with glycerol 
and sorbitol were 20.02 and 29.6% for plasticizer content and 75 °C of process 
temperature. The drying condition also varied with the change of plasticizer. The 
optimal drying conditions were: 46.8 °C and 74.7% of relative humidity when 
glycerol was used and 28.6 °C e 72.5% for sorbitol. Table 11.7 show properties 
of the films as a function of the plasticizer used. Better water vapor and oxygen 
barrier and mechanical properties were verified using sorbitol, although solubility 
was higher when using sorbitol as a plasticizer.

Figure 11.5 shows the structure of both films, formed by a protein network 
(dark zones), linked to lipid globules, and dispersed through the starch phase 
(gray surfaces).

The lipid phase reduced permeabilities and also acts as plasticizer. Some improve-
ments of properties can be obtained if additional lipids are mixed into the flour. 

Table 11.6. Properties of amaranth flour films
Properties Flour film (A.caudatus)1 Flour film (A.cruentus)2

Solubility (%) 42.25 ± 1.82 40.64 ± 2.36
Puncture test  
Force (N)  2.34 ± 0.09  4.09 ± 0.37
Deformation (%) 15.62 ± 0.65  4.91 ± 0.79
Tensile test:  
Tensile strength (MPa)  1.455 ± 0.045  5.35 ± 0.85
Elongation at break (%) 83.736 ± 5.107 12.93 ± 5.23
Young Modulus (MPa) 21.50 ± 1.40 252.00 ± 12.40
Water permeability  
(g m−1 s−1Pa−1) (8.20 ± 0.15) ×10−11 (3.76 ± 0.22) × 10−10

Oxygen permeability  
(cm3.µm/m2.dia.kPa)  5.63 ± 3.68    22 ± 0.71
Optical properties  
a* −1.16 ± 0.01 −1.16 ± 0.01
b*  8.09 ± 0.49 12.44 ± 0.24
L* 89.97 ± 0.28 87.28 ± 0.15
∆E*  8.89 ± 0.62 13.35 ± 0.28
Opacity 15.24 ± 0.90 17.04 ± 0.84

1 Films made with 22.5% glycerol (g glycerol/100 g flour)
2 Films made with 20.02% glycerol (g glycerol/100 g flour)
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The feasibility of producing composite films of amaranth flour and stearic acid 
with improved water vapor barrier, low oxygen permeability and acceptable 
mechanical properties was demonstrated by Colla et al. (2006). The addition of 
stearic acid to films of amaranth flour (Amaranth cruentus) decreases solubility 
up to 15.2% and water permeability to 8.9 × 10−11 g/m s Pa. The optimal condi-
tions of the process were: stearic acid concentration: 10 g/100 g flour; glycerol 
concentration: 26 g/100 g flour and stirring speed: 12000 rpm.

It can be concluded that amaranth flour seems to be an interesting material for 
the formulation of coatings and edible films.
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Fig. 11.5. TEM micrographs of films plasticized with glycerol (a) and sorbitol (b)

Table 11.7. Film properties with glycerol and sorbitol as plasticizer
Properties Films of flour with glycerol Films of flour with sorbitol

Solubility 40.64 ± 2,36 50.79 ± 4,35
Tensile strength (Mpa)1 4.09 ± 0,37 6.72 ± 0,43
Elongation (%)* 4.91 ± 0,79 2.82 ± 0,32
Water Permeability 3.761 × 10−10 3.10 × 10−10

(g.m.s-1m-2.Pa−1) ± 2.25 × 10−11 ± 1.95 × 10−11

Oxygen permeabilidade  
(cm3.µm/m2.24h.kPa) 22 ± 0.71 13.5 ± 1.77

1Tensile test at break, measured at 57% relative humidity
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12.1. Introduction

Edible coatings have long been known to protect perishable food products from 
deterioration by retarding dehydration, suppressing respiration, improving tex-
tural quality, helping to retain volatile flavor compounds and reducing microbial 
growth (Mauer et al., 2000; Yang and Paulson, 2000; Peressini et al., 2003; Han 
et al., 2004). Also, they can be used as a vehicle for incorporating functional ingre-
dients, such as antioxidants, flavor, colors, antimicrobial agents and nutraceuticals 
(Kester and Fennema, 1989; Guilbert et al., 1997; Bifani et al. 2006).

Antimicrobial edible films and coatings are used for improving the shelf life 
of food products without impairing consumer acceptability (Baker et al., 1994). 
They are not designed to totally replace traditional packaging, and might be used 
as a stress factor in minimally processed foods in order to prevent surface con-
tamination while providing a gradual release of the antimicrobial.

Another application of edible films or coatings is as barrier to lipid absorption 
by food during deep fat frying. Oil uptake in fried foods has become a health 
concern; high consumption of lipids has been related to obesity and other 
health problems such as coronary heart disease. Reducing the fat content of 
fried foods by application of coatings is an alternative solution to comply with 
both health concerns and consumer preferences. Food coatings may become a 
good alternative to reduce oil uptake during frying. The effectiveness of a coat-
ing is determined by its mechanical and barrier properties, which depend on its 
composition and microstructure, and on the characteristics of the substrate.

Some fried products may contain fat up to 50% of the total weight (Pinthus 
et al., 1993). Some of these lipids were not in the food before frying. For  example, 
the lipid content of french fries increases from 0.2% to 14 %, and lipid content 
may reach 40% in potato chips; raw fish with 1.4% reach 18% fat after frying 
(Smith et al., 1985; Mackinson et al., 1987). Several hydrocolloids with thermal 
gelling or thickening properties, such as proteins and carbohydrates, have been 
tested to reduce oil and water migration (Debeaufort and Voilley, 1997; Williams 
and Mittal, 1999).
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Thus, the objective of this work is to present and discuss some potentiality 
or applications of edible films or coatings and to examine its possible uses to 
improve the quality and lengthen the shelf life of foods.

12.2.  Use of a Tapioca Starch Edible Film 
Containing Potassium Sorbate to Extend 
the Shelf Life of Minimally Processed Pumpkin

Starch is a natural biopolymer very commonly used to constitute film matrices 
(Durango et al., 2005). In particular, tapioca starch is a promising alternative 
due to its low price in the world market when compared to starches obtained 
from other sources (FAO, 2004). These film matrices are commonly used with 
additives that provide an extra protection against surface contamination of some 
 microorganisms. Sorbic acid and its potassium salt (sorbates) are GRAS (generally 
regarded as safe) additives and are active against yeasts, molds and many bacteria 
(Sofos, 1989). Addition of potassium sorbate to edible films has been proposed as 
a way of minimizing surface microbial contamination (Cagri et al., 2001).

Pumpkin is a seasonal crop used as human food. It covers a wide number of 
species of the family Cucurbitaceae, most of them with an economic potential due 
to low price in the world market and the fact that it is a good source of nutrients, 
especially β-carotene (Hels et al., 2004). Therefore, in this work the  possibility of 
controlling microbial growth and lengthening the shelf life of  minimally processed 
pumpkin is studied.

12.2.1.  Film Preparation and Application on Minimally 
Processed Pumpkin

The film was prepared using a mixture of tapioca starch, glycerol, sorbates and 
water (5.0:2.5:0.15:92.35 in weight). Starch was gelatinized by heating on a hot 
plate with magnetic stirrer at a constant rate of 1.8 °C/min for approximately 
30 min. After gelatinization, films were cast over glass plates and dried at 50 °C 
for two h. The drying process was completed in a chamber (Velp, Italy) at 25 °C. 
Once constituted, films were peeled from the glass plates. Before using to wrap 
pumpkin, sample films were conditioned at 25 °C over a saturated solution of 
NaCl (water activity, aW = 0.755) for 4 days.

Pumpkin (Curcumis moschata, Duch.) was purchased at a local supermarket, 
then washed and cut into cylinders of 16 mm length and 23 mm diameter employ-
ing a metallic cork borer. The pumpkin was then cooked in water vapor at 100 °C 
for 10 min and rapidly cooled with water, drained and introduced in a glucose 
osmotic solution of 0.895 aw acidified to 3.0 with citric acid and containing 
0.02% (w/w) of vanillin (ratio of pumpkin cylinders:solution, 2:5). The system 
was stored at 8 °C for 4 days; pumpkin cylinders reached a 0.938 aw and 4.4 pH. 
Portions constituted by four pumpkin cylinders were then wrapped with film and 
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packed into gas impermeable bags (PET/ Al/PE), which were sealed and stored 
at 25 °C for 21 days. Pumpkin cylinders without edible film wrapping, packed as 
previously stated, were also stored as controls for comparison purposes.

12.2.2. Microbiological and Chemical Analyses

To evaluate the effect of the potassium sorbate wrapping on the development of 
food microbiota, microbiological analyses of aerobic mesophilic and lactic acid 
bacteria, yeast and molds were carried out on the surface of the film and in the 
pumpkin tissue after removing the film. Analyses were performed according to the 
methodology described by the Compendium of Methods for the Microbiological 
Examination of Foods (Vanderzant and Splittstoesser, 1992). Non-coated samples 
were used as controls. Three bags from each treatment were sampled at time zero 
and after 21 days of storage at 25°C.

The evolution of pH and water activity (aw) in the film and in the pumpkin after 
removing the film was determined. Weight loss of samples was also determined. 
Potassium sorbate concentration in the film and in the pumpkin after removing the 
film was evaluated according to AOAC method (1990), which includes steam distil-
lation of the preservative followed by oxidation to malonaldehyde and measurement 
at 532 nm of the pigment formed between malonaldehyde and thiobarbituric acid.

All determinations were performed in triplicate and means are reported. A “t” test 
was performed to determine significant differences between parameters (α = 0.05).

12.2.3. Storage Tests

The level of aerobic mesophiles and lactic acid bacteria, yeasts and molds in the sur-
face of the film-wrapped pumpkin cylinders was below 42 CFU/cm2 at time zero and 
after 21 days of storage, showing that the film carried a low microbial load and dem-
onstrating that the film used is an efficient barrier to prevent external contamination.

Figure 12.1 shows the evolution of native flora in the pumpkin after removing the 
film. It can be seen that levels of mesophilic aerobes after storage decreased 2 log 
cycles. In the case of yeasts and molds and lactic acid bacteria, initial populations 
in pumpkin were approximately 150 CFU/g; after storage, the  microorganism’s 
counts decreased significantly in all cases. It must be mentioned that for control 
samples the level of mesophilic aerobes after storage was similar to the initial 
level. However, samples had an unacceptable appearance; the surface was spoiled 
by molds and the tissue had an aqueous aspect. This behavior was related to the 
high counts of yeast, molds and lactic acid bacteria (Fig. 12.1).

The pH of the product decreased to 3.3 in controls (Table 12.1) as a result of lac-
tic acid bacteria metabolism. Moreover, aw increased to 0.951, probably as a conse-
quence of changes induced by metabolic activity of microbial flora. Otherwise, the 
pH of the pumpkin wrapped with the film reached a value of 5.1, and aw decreased 
to 0.918 because of the contact with edible films of pH 6.3 and aw of 0.753.

These results demonstrated that depression of aw to 0.938, adjustment of pH to 
4.4 with citric acid, together with the use of an impermeable packaging were not 
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Fig. 12.1. Evolution of native flora in samples of processed pumpkin. Bars followed by the 
same letter are not significantly different (P > 0.05)

Table 12.1. pH and water activity of pumpkin samples

Initial 21 days

Control Treatment

pH 4.4 ± 0.1 3.3 ± 0.3 5.1 ± 0.1
aw 0.938 ± 0.004 0.951 ± 0.002 0.918 ± 0.003

Reported values are the mean of three measurements. Standard deviations are also shown
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enough to preserve pumpkin, and demonstrated the need for an additional stress 
factor, such as the addition of a preservative agent that could be supported in an 
edible film, as is proposed in this work.

Weight loss for wrapped pumpkins at the end of the experiment was 15.1±1.8%. 
This behavior can be attributed, at least partially, to water transfer from pumpkin 
to film, since higher water content and aw value (0.902) was noted for the edible 
films used. Weight loss reported here is similar to the values reported by Garcia 
et al. (1998) for starch-coated strawberries. For control samples, weight loss 
could not be determined because of the high degree of tissue spoilage.

Antimicrobial migration from film to pumpkin was verified by measurement 
of potassium sorbate content in wrapped pumpkin cylinders. Concentration 
observed was 2588 ± 85 ppm after 21 days, which represents approximately 40% 
of total potassium sorbate contained initially in the film (15,000 ppm). It must be 
mentioned that the content of the preservative in the film after storage was 7140 
± 770 ppm, suggesting that part of the potassium sorbate initially contained in 
the film was lost throughout storage, probably as a result of oxidation. It is well 
documented that potassium sorbate suffers autoxidative degradation in model 
systems and in food products, and that the magnitude of this reaction depends 
on system composition (Gerschenson and Campos, 1995).
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In relation to the physico-chemical changes mentioned, the edible film formu-
lation proposed must be modified in order to avoid the increase in pH in order 
to minimize weight losses and to ensure sorbate content in the pumpkin is in 
accordance with maximum values allowed by food legislation of the country of 
application.

Results reported here demonstrate that the use of tapioca starch edible films 
containing potassium sorbate to wrap pumpkin cylinders can act as a physical 
barrier to exclude the entrance of microorganisms, provide a source of preserva-
tive that can prevent microbial growth at the surface and, at the same time, control 
spoilage flora in the pumpkin tissue, since part of the antimicrobial was released 
to the food.

12.3.  Edible Cellulose Derivative Coatings 
to Reduce Oil Uptake in Fried Products

The application of edible coatings on the surface of foods is an interesting tech-
nique that has not been studied extensively. Mallikarjunan et al. (1997), working 
with mashed potato balls, reported a reduction, compared to uncoated balls, of 
14.9%, 21.9% and 31.1% in moisture loss, and of 59.0%, 61.4% and 83.6% in fat 
uptake for samples coated with corn zein, hydroxypropylmethylcellulose (HPMC) 
and methylcellulose (MC) films, respectively. Williams and Mittal (1999) also 
found that MC films showed the best barrier properties, reducing fat uptake more 
than hydroxypropylcellulose (HPC) and gellan gum films applied to a pastry mix.

Cellulose derivatives, including MC and HPMC, exhibit thermal gelation. 
When suspensions are heated, they form a gel that reverts to below the  gelation 
temperature, and the original suspension viscosity is recovered (Grover, 1993). 
These cellulose derivatives reduce oil absorption through film formation at 
 temperatures above their incipient gelation temperature, or they reinforce the 
natural barrier properties of starch and proteins, especially when they are added 
in dry form (Meyers, 1990).

The objective of this study was to apply coatings based on cellulose deriva-
tives and plasticizer in order to reduce oil uptake in fried potato strips and pastry 
products, optimizing their formulations.

12.3.1. Preparation of Suspension of Edible Coating

Cellulose derivatives (Methocel), K100LV and E15LV (two different hydroxy-
propylmethylcelluloses, HPMC) and A4M (methylcellulose, MC), were provided 
by Dow Chemical (USA). Concentrations of aqueous cellulose derivative suspen-
sions of 1% and 2% were tested to select appropriate formulations for coating 
applications. Plasticizer effect of sorbitol on the selected cellulose derivative 
formulations was analyzed. Sorbitol (Merck, USA) concentrations assayed in the 
suspensions were 0.25, 0.50, 0.75 and 1% (w/w) (Garcia et al., 2002).

Rheological characterization of the cellulose derivative suspensions was per-
formed in a Haake RV2 (Haake, Germany) rotational viscometer, at controlled 
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constant temperature (20 °C). An NV type sensor system of coaxial cylinders was 
used for all measurements. Rheological curves were obtained after a stabilization 
time of 3 min at 20 °C. Shear stress was determined as a function of shear rate 
between 0 and 1382 s−1 with the following program: 3 min to attain the maximum 
shear rate, 1 min at the maximum shear rate and 3 min to attain 0 shear rate. 
Apparent viscosities were calculated at 64 rpm (345.6 s−1) and 128 rpm (691.2 s−1). 
Apparent viscosities of 1% A4M at 20 °C were 138.1 ± 5.2 and 138.1 ± 5.2 mPa.s 
at shear rates of 345.6 and 691.2 s−1, respectively. These values were significantly 
higher than the apparent viscosities of 2% K100LV and E15LV solutions.

According to the manufacturer’s description, A4M is a modified cellulose 
that contains only methyl groups as substituents, allowing stronger interactions 
between hydrocolloid chains; thus, it should yield high viscosity solutions even at 
concentrations of 1%. K100LV and E15LV are hydroxypropylmethyl derivatives 
of cellulose containing both substituents: methyl and hydroxypropyl groups. In 
these cases, the interaction between chains may be hindered by steric impedi-
ment. Thus, K100LV should yield medium viscosity solutions and E15LV with a 
higher percentage of hydroxypropyl groups, and more steric impediments should 
yield lower viscosity solutions.

Thermal gelation was also analyzed; clouding point was 70 °C for 1%A4M, 
80 °C for 2% K100lLV and 60 °C for 2%E15LV al. Similar results were found 
by Mallikarjunan et al. (1997). According to Grover (1993), thermal gelation 
is produced because thermal treatments induce perturbations in the hydra-
tion  layers of the macromolecules, leading to an increase in hydrophobic 
interpolymeric interactions. Thermal gelation temperature increased with 
sorbitol concentration; this was attributed to a more difficult hydrocolloid 
chain association.

12.3.2. Frying Tests

Frying tests were performed with potato strips (0.7 × 0.7 × 5 cm) and commercial 
dough discs of wheat flour (Pillsbury, Argentina) measuring 3.7cm in diameter 
and 0.3 cm high. Samples were dipped in the coating suspensions for 10 sec and 
immediately fried.

Coated and uncoated (control) samples were fried in a controlled temperature 
deep-fat fryer filled with 1.5 L of commercial sunflower oil. Oil composition 
was 99.93% lipids, with 25.71% mono-unsaturated and 64.29% poly-unsaturated 
fatty acids. Used oil was replaced by fresh oil after four frying batches. In each 
batch, six potato samples or four dough discs were fried. A variety of constant 
frying temperatures was tested to select the working frying conditions according 
to  sample characteristics. These temperatures ranged between 150 ± 0.5 °C and 170 
± 0.5 °C for dough and between 170 ± 0.5 °C and 190 ± 0.5 °C for potatoes; 
frying times ranged between 2 and 5 min in both cases. Optimum time- temperature 
frying conditions were determined by both instrumental color and sensory 
analysis; a non-trained panel judged color, flavor, texture and overall appearance 
(Garcia et al. 2002, 2004).
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Colorimetric measurements were carried out with a Minolta colorimeter CR 
300 Series (Japan). The Hunter scale was used, and lightness (L) and chromaticity 
parameters a* (red – green) and b* (yellow – blue) were measured. Samples were 
analyzed in triplicate, recording four measurements for each sample.

Instrumental surface color showed no significant differences (P > 0.05) between 
fried potato strips processed for 5 min at 170 °C or 4 min at 180 °C, or for dough 
discs processed between 2.5 min at 160 °C and 3 min at 150 °C. However, sensory 
analysis (color, flavor, texture and overall appearance) determined that 4 min at 
180 ± 0.5 °C for french fried potatoes and 3 min at 150 ± 0.5 °C for dough discs 
were the best frying conditions. Accordingly, these parameters were selected as 
operative conditions for further determinations.

Water content (WC) was determined by measuring the weight loss of fried 
products upon drying in an oven at 110 °C until constant weight. Relative vari-
ation of water retention % (WR) in the coated product relative to the uncoated 
product was calculated as follows:

 WR
WCcoated

WCuncoated
= −⎛

⎝⎜
⎞
⎠⎟

×       1 100 (12.1)

Lipid content (LC) of fried products was determined on dried samples using 
a combined technique of successive batch and semi-continuous Soxhlet extrac-
tions. The first batch extraction was performed with petroleum ether:ethylic 
ether (1:1), followed by a Soxhlet extraction with the same mixture and another 
Soxhlet extraction with n-hexane. Oil uptake relative variation % (OU) in the 
coated product relative to the uncoated product was calculated as follows:

 OU
LCcoated

LCuncoated
= −⎛

⎝⎜
⎞
⎠⎟

×          1 100 (12.2)

For each coating formulation, results were obtained using all samples from two 
different batches.

The cellulose derivative was selected from experiments done with fried potato 
strips. Water and oil contents of the control sample were 62.62 ± 0.92 g water/
100 g (dry basis) and 4.43 ± 0.74 g oil/100g (dry basis), respectively. Coatings 
with cellulose derivatives without plasticizer applied on potato strips reduced oil 
uptake and led to a higher retention of moisture content during deep fat  frying 
(Table 12.2). As water content in the coated product was higher than in the 
uncoated product, the WR was always positive and higher for MC than for the 
HPMC coatings. The oil uptake was always negative because the lipid content of 
the coated sample was lower than the uncoated sample (Garcia et al., 2002).

MC coating was selected because it showed the highest oil uptake reduc-
tion compared to HPMC coatings. This could be attributed to the differences in 
suspension viscosities, which is related with the covering capacity of coatings. 
HPMC coatings did not show noticeable differences with regard to oil uptake; 
the presence of hydroxypropyl groups may limit film-forming capacity through 
steric hindrances. Mallikarjunan et al. (1997), working with potato balls, found 
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that MC coatings have better moisture barrier performance than HPMC coatings, 
due to the lower hydrophilic character of MC. In addition, Holownia et al. (2000) 
reported that MC and HPMC films applied on chicken strips decreased oil uptake 
and the degradation of frying oil, thus extending the useful life of the product.

Coating presence significantly (P < 0.05) modified surface color parameters 
of potato slices. Chromaticity parameter a* of samples with different coatings 
and the uncoated samples were significantly different (P < 0.05). Even though 
instrumental color parameters showed differences, all samples were accepted by 
the non-trained panel. Sensory analysis and L values showed that control samples 
were darker and more opaque than coated samples.

12.3.3.  Effect of Sorbitol Addition to the Coating 
Formulation on Oil Absorption and Water Retention

The initial water and oil contents of potato strips before frying were previously 
reported. For dough discs, the initial water content before frying was 35.72 ± 
0.64 g/100 g (dry basis) and the lipid content was 4.00 ± 0.10 g/100 g (dry basis). 
After frying, the oil content of dough samples without coating (control) was 18.42 
± 1.77 oil/100 g (dry basis) and the water content was 17.12 ± 1.43 g water/100 g 
(dry basis). For potato samples without coating (control), values were 3.49 ± 0.21 
oil/100 g (dry basis) and 63.97 ± 2.54 g water/100 g (dry basis), respectively.

Table 12.3 shows values obtained for the relative decrease of oil uptake and 
increase of water retention of fried dough and potato strips coated with MC 
formulations.

MC coating treatment significantly (P < 0.05) reduced oil uptake and increased 
water retention of both fried potato and dough samples compared to uncoated 
samples. Similar results were obtained by other researchers who applied cel-
lulose derivative coatings on different products (Mallikarjunan et al., 1997; 
Balasubramaniam et al., 1997; Holownia et al., 2000).

Sorbitol addition improved the barrier properties of coatings by decreasing oil 
content and increasing moisture retention compared to control and coated sam-
ples without plasticizer. ANOVA analysis (P < 0.05) showed that the most effec-
tive sorbitol concentrations to reduce oil uptake were 0.5% for potato strips and 
0.75% for dough discs (Table 12.2). Considering that the plasticizer increases the 
elasticity of the coating (Donhowe and Fennema, 1993), and that the dough discs 
expanded during the frying process, a higher sorbitol concentration was required 

Table 12.2. Characterization of fried potato strips coated with different formulations

Coating formulation (without 
plasticizer)

Relative variation of oil uptake 
(OU) % Eq. (12.2)

Relative variation of water 
retention (WR) % Eq. (12.1)

Control – –
1% MC (A4M) −15.53 ± 0.79 2.14 ± 0.49
2% K100LV  −6.30 ± 0.21 0.49 ± 0.21
2% E15LV  −7.60 ± 0.74 1.00 ± 0.15

Value ± standard deviation
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for dough samples. Similarly, Rayner et al. (2000) reported that the performance 
of soy protein film applied on dough discs increased by the addition of glycerin 
as plasticizer, reducing the food fat uptake.

Dough discs coated with MC and 0.75% sorbitol showed a 35.2% reduction 
of oil absorption and a 25.7% increase of moisture retention compared to con-
trol samples. For potato strips coated with MC and 0.5% sorbitol, oil absorption 
decreased 40.6% and moisture retention increased 6.3% compared to control 
samples. Pinthus et al. (1993) reported that the addition of methylcellulose in 
dough formulation significantly reduced the oil uptake of doughnuts in the case 
of dry addition.

Coating integrity was analyzed by stereomicroscopy observation (Leitz Ortholux 
II, Germany), staining sample surfaces with toluidine blue. Scanning electron 
microscopy (SEM) of coated and uncoated samples was performed with a JEOL 
JSMP 100 scanning electron microscope (Japan). Coated pieces were mounted 
on bronze stubs using double-sided tape and then coated with a layer of gold 
(40–50 nm). All samples were examined using an accelerating voltage of 5 kV.

Staining with toluidine blue only helped to visualize coated dough samples 
under light microscopy; the similar chemical structures of the potato matrix 
and cellulose derivatives did not allow effective differentiation of the coating in 
french fries.

Fried samples with unplasticized coatings showed cracks that may reduce 
barrier properties of the coating. Mallikarjunan et al. (1997) attributed the 
reduction in oil uptake and moisture loss to the formation of a protective layer 

Table 12.3. Relative variation of oil uptake and water retention of fried dough discs and 
potato strips coated with methylcellulose (MC) and sorbitol (S) formulations

Sample Formulation

Relative decrease of oil 
uptake (OU), (%) Eq. 
(12.2)

Relative increase of water 
retention (WR), (%) Eq. 
(12.1)

Dough discs Control (without coating)1 0 0
1% MC 14.20±0.143 10.34±0.09
1% MC + 0.25% S 27.53±0.09 27.93±0.16
1% MC + 0.5% S 25.65±0.07 23.68±0.11
1% MC + 0.75% S 35.23±0.06 25.75±0.12
1% MC + 1% S 29.03±0.08 22.87±0.14

Potato strips Control (without coating)2 0 0
1% MC 15.53±0.23 2.14±0.08
1% MC + 0.25% S 26.60±0.18 5.61±0.03
1% MC + 0.5% S 40.62±0.13 6.31±0.04
1% MC + 0.75% S 23.69±0.15 6.98±0.04
1% MC + 1% S 15.58±0.27 7.65±0.03

1 Oil content of dough control sample= 18.42±1.77oil/100g (dry basis); water content= 17.12±1.43 g 
water/100 g (dry basis)
2 Oil content of potato control sample= 3.49±0.21oil/100 g (dry basis); water content = 63.97±2.54 g 
water/100 g (dry basis)
3 Value ± standard deviation



234    M. García et al.

on the surface of the samples during the initial stages of frying due to thermal 
 gelation above 60 °C. This protective layer inhibits the transfer of moisture and 
fat between the sample and the frying medium. Coating integrity is an important 
factor, since the presence of cracks may reduce barrier properties of coatings and 
may limit coating applications (Donhowe and Fennema, 1993). In the case of 
frying applications, coating integrity also depends on the substrate. While most 
potato fries maintained their shape and volume after frying, dough discs increased 
their volume and modified the shape. Observations by both SEM and stereomi-
croscope of stained dough discs showed cracks in the coatings without plasticizer, 
evidencing the fragility of the coating structure.

Addition of plasticizer (sorbitol) to MC coatings was necessary to achieve 
coating integrity (Fig. 12.2). A similar trend was observed by Rayner et al. 
(2000), working on deep-fat fried potato discs coated with plasticized soy protein 
films. Formation of a uniform coating on the surface of the sample is essential to 
limit mass transfer during the frying process (Huse et al., 1998).

MC is characterized by its thermogelation properties, i.e., the gel formed upon 
heating above 60 °C (Meyers, 1990; Grover, 1993; Garcia et al., 2002). The fact 
that a layer corresponding to the coating was seen after frying indicated that 
dehydration also took place on the coating. Absorption of oil on the surface of 
the fried product occurs when samples are removed from the frying medium; oil 
that remains on the piece surface enters into the product (Ufheil and Escher, 1996; 
Aguilera and Gloria, 1997; Aguilera and Gloria-Hernandez, 2000; Mellema, 
2003). According to these authors, oil does not invade the sample itself, so no oil 
uptake occurs during frying. Conditions at which potato slices are removed from 
the frying oil seem decisive for the uptake of oil; this is related to adhesion of 
oil to the surface and draining phenomena. Two main mechanisms are proposed 
to explain oil uptake: condensation and capillary mechanisms. In both cases, 
oil penetrates through the pores to the inside of the product (Mellema, 2003). 
Thermogelling of the coating could lead to a stronger barrier that would limit oil 
uptake after that frying process.

Fig. 12.2. SEM Micrograph of fried dough disc coated with 1% methylcellulose (MC) 
with 0.75% sorbitol. Magnification: 100µm between marks
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The breaking force of samples was measured by puncture test using a texture 
analyzer TA.XT2i—Stable Micro Systems (Haslemere, Surrey, UK) with a 5 kg 
cell. Samples were punctured with a cylindrical plunger (2 mm diameter) at 
0.5 mm/sec. Maximum force at rupture was determined from the force-deforma-
tion curves. At least 10 samples were measured in each assay. Samples were 
allowed to reach room temperature before performing the tests.

Table 12.4 shows breaking force results for dough discs and potato strips with 
and without coatings. Coating did not significantly (P > 0.05) modify the texture 
of fried products. Instrumental results of breaking force agree with sensory 
analysis data. Similar results were obtained by Rayner et al. (2000), working on 
deep-fat fried potato discs coated with plasticized soy protein films. In addition, 
Funami et al. (1999), working on doughnuts, found that MC addition had no 
effect on the breaking stress of samples.

After frying, dough discs showed a volume increase that was quantified by 
the linseed method. Samples coated with MC and sorbitol showed a significantly 
(P<0.05) lower volume increase than uncoated samples. Samples coated with MC 
solutions plasticized with 0.5% sorbitol showed a higher density value (0.95 ± 
0.05 g/mL) than the uncoated samples (0.70 ± 0.05 g/mL). With regard to volume, 
samples coated with MC without plasticizer did not differ significantly (P > 0.05) 
than those of uncoated samples. This could be attributed to the more elastic layer 
of coating, which limits the development of the dough network (Normen et al., 
1998).

Color of potato strips did not show significant differences (P > 0.05) between 
uncoated samples and those with unplasticized coatings (Table 12.4). However, 
for dough discs, significant differences (P < 0.05) in lightness and chromaticity a* 
parameter were found between the uncoated samples and those with unplasticized 
coatings. In any case, all samples were accepted by the sensory panel. Sorbitol 
addition showed a highly significant (P < 0.01) effect on chromaticity parameters 
a* and b* for both potato and dough fried samples. In the case of lightness, the 
presence of sorbitol was significant (P < 0.01) only for potato strips (Table 12.4). 
Samples coated with MC and sorbitol showed a lighter color, which could be 
associated with a lower cooking time, even though all samples were cooked for 

Table 12.4. Texture and color parameters of fried dough discs and potato strips

Sample Formulation Breaking force (N)

Surface color (Hunter units)

L a* b*

Dough discs Control 6.69 ± 2.971 54.83 ± 3.85  −2.11 ± 2.54 33.67 ± 2.33
1% MC 2 4.81 ± 1.53 61.68 ± 3.34  −7.15 ± 1.85 31.62 ± 2.31
1% MC + 0.75% S3 5.33 ± 1.58 62.58 ± 1.62 −10.03 ± 0.62 27.77 ± 1.78

Potato strips Control 2.57 ± 0.64 51.09 ± 3.62  6.21 ± 2.39 36.22 ± 1.68
1% MC 2.77 ± 0.44 52.73 ± 4.08  4.32 ± 2.58 34.92 ± 1.86
1% MC + 0.5% S 2.66 ± 0.30 46.91 ± 3.58  8.86 ± 1.78 33.29 ± 3.29

1 Value ± standard deviation
2 MC = methylcellulose
3 S = sorbitol
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the same time period. The panelists did not detect flavor or texture differences 
between coated and control samples.

French fries and fried dough discs coated with the selected formulations were 
evaluated by a non-trained sensory panel of 22 members. Two triangular tests 
were performed to determine whether consumers could distinguish between 
coated and uncoated samples. Each sample was randomly numbered and presented 
to the panel members with the instruction to pick the two equal samples out of 
three. A hedonic panel was also performed with the same panelists, who evalu-
ated texture, color, flavor and overall characteristics. A hedonic 4-point scale was 
used: 1= dislike, 2= acceptable, 3= like and 4= like very much.

The triangular test showed no significant differences (P > 0.05) between 
samples coated with MC and sorbitol and the uncoated controls for both fried 
products. Panelists did not reject any sample; in all cases, scores were higher 
than 2 (acceptable). Texture was the lowest scored parameter (2.2) with regard 
to color and flavor; however, texture scores of coated samples were similar to 
control scores. Flavor scores of coated samples were the highest, and  similar 
to the control values; these results were of great significance because no off 
flavors were detected considering the presence of the coating. Mallikarjunan et 
al. (1997) reported that HPMC coatings improved the sensory attributes of fried 
chicken nuggets and marinated chicken strips, even more so when HPMC was 
incorporated into the breading mix.

In conclusion, methylcellulose (MC) and hydroxypropylmethylcellulose 
(HPMC) were used in coating formulations to reduce oil uptake in deep-fat fried 
potato strips and dough discs. MC coatings were more effective in reducing oil 
uptake than HPMC coatings, and the cellulose derivative was selected for coating 
formulations. The addition of a plasticizer (sorbitol) was necessary to maintain 
coating integrity and improve barrier properties. The most effective coating 
formulations were 1% MC and 0.75% sorbitol for dough discs and 1% MC and 
0.5% sorbitol for potato strips. For these formulations, oil uptake reduction was 
35.2% and 40.6% for dough discs and potato slices, respectively, compared to 
the uncoated samples, and the increase in water content of the same products was 
25.7% and 6.3%, respectively.

All samples were accepted by the panelists, although color differences between 
coated and uncoated samples were detected by instrumental analysis. Coating appli-
cation did not modify texture characteristics of fried samples. This is a favorable 
result, since our goal was to incorporate the coating to decrease oil uptake without 
having a significant impact on the sensory characteristics of the fried products.

12.4.  Incorporation of Natural Antioxidants 
on Carboxy-Methylcellulose Based Edible Films

Traditionally, the hot water extract of leaves from a plant native to the south of 
Chile, known as “murta” or “murtilla” (Ugni molinae Turcz), is highly valued as 
a folk medicine by the indigenous Chilean Mapuche for its physiological benefits, 
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mainly for its kidney-protection effect (Montenegro, 2002). Due to this interest, 
the germoplasm of this plant has been collected and characterized (Seguel et al., 
2000). Methanolic, ethanolic and water extracts of the leaves were found to be high 
in polyphenols content and antioxidant abilities, as measured through DPPH and 
TBARS (Rubilar et al., 2006). Finally, through reverse phase HPLC-MS analysis 
of the aqueous extracts, it was shown that the main difference between the polyphe-
nol content of the two ecotypes studied, Pumalal Soloyo Grande (SG) and Soloyo 
Chico (SC), is the flavonol derivatives myricetin dirhamnoside, myricetin glucoside 
or myricetin galactoside and quercetin dirhamnoside (Bifani et al., 2006).

The use of edible films prepared with the aqueous extracts of murta leaves is 
an interesting alterative to give additional antioxidant properties to the films and 
therefore improve the coatings. But the presence of polyphenols may affect the 
polymeric matrix, changing some physical properties of the films; there is a need 
to study their effect on rheological characteristics of the film forming solutions 
and on physical characteristics of the edible films.

12.4.1. Films Production

Using 2 g L−1 of carboxymethylcellulose as a structural basis of the film forming 
solutions, the addition of the leaf extract of each murta ecotype was done without 
dilution (SC-100 and SG-100), mixing 50% extract with 50% water (SC-50 and 
SG-50), and 100% distilled water (control); 0.4 g L−1 of glycerol and 0.5 g L−1 of 
sunflower oil were always added as plasticizers (Table 12.5).

The CMC solutions behave as pseudoplastic fluids and can be described 
through the Power Law Model. SG samples always show a higher resistance 
to the deformation than the SC samples. For both ecotypes, the consistency coef-
ficient K decreased when the extract concentration in the sample was increased, 
being one order of magnitude higher for SG than for SC samples. The flow 
behavior index n for the SG samples was always higher than for the SC ecotype; 
it increased with concentration for both samples, but was always lower than 1, 
corroborating the pseudoplastic behavior of the CMC solution (Vais et al., 2002). 
Both the shear storage modulus G′ (or elastic modulus) and the shear loss modulus 
G″ (or viscous modulus) in the lineal range of viscoelasticity were performed to 
evaluate the viscoelastic behavior of the filmogenic solutions.

Table 12.5. Composition of forming solution of carboxymethylcellulose-based edible 
film with murta (Ugni molinae Turcz) leaf extract (Bifani et al., 2006)

Sample

Extract con-
centration 
[g/100g] CMC [g]

Glycerol 
[mL]

Sun flower 
oil [mL]

Water 
[mL]

Soloyo Chico 
extract [mL]

Soloyo Grande 
extract [mL]

SC50 48.57 2.000 0.40 0.50     0.00 100.00     0.00
SC100 97.18 2.000 0.40 0.50   50.00   50.00     0.00
SG50 48.57 2.000 0.40 0.50     0.00     0.00 100.00
SG100 97.18 2.000 0.40 0.50   50.00     0.00    50.00
Control   0.00 2.000 0.40 0.50 100.00     0.00     0.00
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The shear storage modulus (G') and also the shear loss modulus were higher 
for the SG samples than for the SC samples. In all of the analyzed conditions, the 
results were in the so-called initial region of low frequency or diluted state, where 
G'' is higher than G', indicating that the samples were more viscous than elastic. 
The chains are not more imbricated on these frequencies, and therefore, the  solution 
can flow more easily. The gel point, where values of G' and G'' are the same, were 
observed only for SG samples, with a displacement to the left; therefore, the addi-
tion of murta leaf extracts of SG led to higher molecular weight of the solution 
(De Matos, 1997) (Table 12.6).

12.4.2. Film Characteristics

Using dynamic mechanical analysis (DMA), viscoelastic properties of the films 
were studied. The shear loss modulus G'' was always smaller than the shear storage 
modulus G'; this is a characteristic of physical gels, and means that gels which most 
of the time behave as solids, instead behave as liquids (Paschoalick et al., 2003).

Water vapor permeability (WVP), measured by the method described in Mali 
et al. (2002), was significantly lower (p ≤  0.05) for SG films than control and SC 
films, without any significant difference (p > 0.05) between WVP for control and 
SC films (Table 12.7). Carbon dioxide (CO2) and oxygen (O2) permeabilities of 
the films were assessed by the accumulation method (Garcia et al., 2000). Carbon 
dioxide permeability of SG films was significantly higher (p ≤  0.05) than control 
and SC films; oxygen permeability of SG films was significantly lower (p ≤  0.05) 
than SC films, and both films showed significantly lower (p ≤ 0.05) oxygen per-
meability than the control (Bifani et al., 2006).

In conclusion, the addition of aqueous murta leaf extract with different con-
centrations of the same polyphenols as a CMC-based film-forming solution not 
only affects the physical properties of these solutions, but also affects the physi-
cal properties of formed films, in particular important physical properties such 
as water vapor and gases (CO2 and O2) permeability. It is necessary to know the 
behavior of CMC chains with polyphenols present in the water extract of murta 
leaves that have different distribution of components to predict the physical 
properties of edible films. This conclusion is not only valid for CMC-based films 
added with murta extract, but also for the addition of any natural extract of any 
carbohydrate or protein-based films.

Table 12.6. Rheological properties of film-forming solution of carboxymethylcellulose-
based edible film with murta (Ugni molinae Turcz) leaf extracta

Sample
Extract concentration 
[g/100g]

Consistency 
coefficient K

Flow behavior 
index n

Elastic modulus 
G¢ [Pa]

Viscous modulus 
G² [Pa]

SC50 48.57  6.87 0.56  6.50 – 7.56 15.04 – 17.00
SC100 97.18  2.66 0.67  2.30 – 2.60  7.97 – 8.97
SG50 48.57 28.72 0.35 36.86 – 43.05 40.21 – 47.18
SG100 97.18 23.89 0.41 31.77 – 34.63 38.69 – 39.94
a Means value of two replicates
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13
From Powders End Use Properties 
to Process Engineering

E. Dumoulin

13.1. Introduction

Food processes are designed to create final products with specific properties 
(composition, structure and functionality, with reproducibility), with respect to 
quality, security and environment along the production chain.

Food powders are dried or semi-dried products with different shapes and 
 composition (Bimbenet et al, 2002). They are used from manufacturer to con-
sumer as additives, ingredients or solid food.

Powders are usually characterized at two levels, individual particles and powder 
in bulk, which is different from liquid or gas products. The physical  characteristics 
of the individual particles are mainly determined by the materials from which 
they are made and the process by which they are formed (Peleg, 1983).

13.2. Looking for Powder End-Use Properties in Food

13.2.1. Why Produce Powders?

The production of food powders is interesting for stabilization (dried), storage 
(delayed use), transport (reduced weight, volume), for an easy dosage or instant 
properties, while retaining nutritional and functional properties (Schubert, 1993).

Food powders are added directly to a dish in a small quantity (e.g., salt, 
 pepper, garlic, sugar, aromas). They may also be consumed or processed with 
other  constituents in a solvent (e.g., water, milk, oil): milk and derivatives, flour, 
purée, cocoa, sugar (crystallized), coffee, soup, vegetables, meat, fish, sauce mix, 
 vending machine powders, ingredients (colorings, enzymes, yeasts), etc.

Powders exist in other fields with similar objectives and processes, but their 
composition (constituents, solvents) and uses are different. For example, in the 
different industrial sectors we find: in agriculture, coated grains and fertilizers; 
in cosmetics, make-up; in pharmaceutics, capsules, tablets, patches, and aerosols; 
in chemicals, paints, detergent, plaster, concrete, adsorbents, explosives and cata-
lysts (Chulia et al., 1994; Rhodes, 1998).
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More generally, the initial liquid/solid mixture is associated with a specific 
process, generating powders with specific properties; the main parameters are 
temperature, time and relative humidity.

Particle properties are linked to the bulk powder behavior, but the relationship 
is not easy to predict. Environmental conditions such as pressure, atmosphere and 
other particles play an important role, both on each particle and on the powder as 
an assembly of particles. In order to use powders more efficiently, some proper-
ties will have to be considered more carefully (Table 13.1).

13.2.2.  Examples Of Relationship Between Powder 
Properties And Production Process Conditions

Size (nm to mm) and shape are linked to physical and functional powder 
properties such as flowability, density, solubility and wettability. Size, shape 
and surface properties influence the powder color aspect. Stirring a mixture of 
two free-flowing powders of different sizes may result in segregation rather than 
improved mixture quality. In the spray drying process, if the viscosity of the 
sprayed solution is high, the drop size is large, corresponding to a final larger 
size for dry particles.

Density has an economical importance, given the cost of transport and the pack-
aging volume. The bulk density represents the total of the true absolute density, the 
air included inside particles and the interstitial air. In the case of large size distribu-
tion, small particles may enter the interstices, leading to a denser powder.

Table 13.1. Influence of process, storage and powder properties in final dried products

Powder properties measured
In bulk or on particles

Process, storage (environment),
final use

Size, size distribution, density, porosity, specific 
area Angle of repose, flowability Friability, 
compressibility 

Powders mixing,  packaging, Handling, 
filling, dosage Storage, mechanical 
resistance ‡influence on demixing, dust

Image analysis, MEB images; + RX, IR 
Composition (water, dry matter) aw, sorption 
isotherm, Reactivity, wettability, dispersibility, 
solubility

Aspect, regularity shape, surface composition 
‡ influence on  properties Dosage, stability 
Rehydration, dissolution (in liquid), 
instantization

Melting, glass transition temperature, sticky 
point, Tcrystallization

Sticking, caking ‡ influence on stability 
during process/storage 

Presence of microorganisms Quality/security

Sensorial aspects Color, taste, odor (±), granular

Component diffusion from/in particle Encapsulation, controlled release 
(polymer barrier)

After dissolution/dispersion => 
viscosity, emulsion size, surface tension

Composition, stability, processability
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Composition (including water content) influences density. In the spray drying 
process, when formulating the solution/emulsion to dry, air may be incorporated 
when mixing, leading to less dense powder. For milk products the foaming  capacity 
is related to the protein state and content. Composition and process  influence 
the processability of powder. In cheese making, “low heat milk”  powder 
( produced by ultrafiltration or microfiltration) is used to enable controlled protein 
 coagulation.

Linked with composition, the affinity of powder components for water, i.e., 
the possible access for water in terms of powder structure (porosity, capillarity), 
contributes to modification of powder properties. Powder solubility is decreased 
by thermal denaturation (i.e., soluble proteins) or by decrease of water transfer 
(hygroscopicity gradients).

Dispersibility is improved by increasing particle size (with a narrow distri-
bution and optimal size (e.g., 200 microns), or using thermal treatment at low 
temperature, in relation to solubility and wettability. The wettability depends on 
favorable porosity and capillarity, and on the presence of specific components (fat 
( < 0), lactose, and minerals ( > 0) in the case of milk).

Powder hygroscopicity in the presence of air (with controlled relative  humidity) 
is influenced by surface contact and by the presence of amorphous components. 
The final rehydration may be improved by pretreatments (like steam for freeze-
dried vegetables).

Isotherms of sorption give the equilibrium relationship between water content 
and water activity, X = f(aw) at a given temperature. Adsorption of water (vapor) 
at the surface of a food product depends on the behavior of each constituent in 
the presence of water (equilibrium with different kinetics). These isotherms may 
be used to choose storage conditions avoiding chemical and microbiological 
denaturation. They are used to predict caking or spontaneous agglomeration and 
plasticization, especially with amorphous constituents (changes in crystallinity) 
(Mathlouti and Rogé, 2003). For example, stable water content will be different 
for skimmed milk (≤ 4%) and whole milk (≤ 2.5%), with a water activity inferior 
to 0.2 of aw increases, crystallization of amorphous lactose is observed, favorable 
to Maillard reactions and to liberation of molecules entrapped in the amorphous 
structure (like aromas) (Senoussi et al., 1995).

Plasticization may also be obtained by heating in the presence of amorphous 
and/or crystallized constituents. The viscous behavior may be characterized by 
temperatures (domains of temperature), which depend on water content: sticking 
point temperature (Ts), collapse temperature (Tc), glass transition temperature (Tg) 
and crystallization temperature (Tcrystallization). In addition, time is an important 
parameter for the temperature measurement method or for the process which is 
being investigated: Is there establishment of equilibrium? What are the reaction 
kinetics? (Figs. 13.1 and 13.2). Sugar was stored in silos (several Mt) at a constant 
temperature (20 °C) for several years, using blowing of filtered air with controlled 
relative humidity. Other conditions may be used to improve storage, such as the 
addition of an anticaking agent or multicellular silos for better control.
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Fig. 13.1. Crystallization of amorphous sugars versus time beyond critical aw (adapted 
from Roos, 1995)

Fig. 13.2. Fluidized bed agglomeration of dextrose (DE 20–23) in the moisture/ temperature 
diagram: x, a, bridge and particle diameters (adapted from Palzer, 2005)
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The flowability and cohesiveness of the bulk powder (free flowing to cohesive, 
even sticky) depend on the relative humidity and temperature of the surrounding 
atmosphere, on particle size and size distribution, on surface properties (smooth, 
porous, etc.), and on density. Different measurements are possible: flow rate 
through a funnel, angle of repose, microscopic observation, and flow function 
(Jenike cell). However, the influence of the different parameters on the flow 
properties is difficult to predict. Some conditions improve flowability, such as 
particle agglomeration, low fraction of fine particles, low percentage of free fat, 
or the presence of additives.

For milk powder production by spray drying, a better flowability is observed 
when using a spray nozzle instead of rotative disk, or when drying is done in two 
steps (multistage dryer), improving particle flow and modifying particle proper-
ties (humidity, shape, surface).

Handling, pouring and processing cause particles to segregate according to 
size and, to a lesser extent, density and shape. Consequently, sampling is espe-
cially difficult (static or dynamic? manual or non-manual?). In all cases, a good 
scientific knowledge of the product is necessary to estimate the risks.

How to prepare a sample (1mg, 1g) representative of bulk powder placed in 
a big bag or in a silo (several tons) (Gy, 1982). If sampling is done on-line, the 
operation must be integrated as soon as the line is designed.

13.3. The Processes and Formulation

13.3.1. Powders Production

The final powder product may be either the end of one process (e.g., sugar from 
crystallization of sugar beet juice, flakes of potato purée dried on a drum), or a 
simple mix of different powders (e.g., dry soup), or the mix may be processed. 
For example, a baby mix is prepared as a dosed mix of powders (starch, milk, 
fruits, vegetables, vitamins, iron, and minerals) added with water, then cooked 
and drum dried.

The initial preparation is a key step that takes into account final objectives and 
choice of process and constituents. Different types of food ingredients (polysaccha-
rides, proteins, lipids, gums, celluloses and minerals) are used with possible interac-
tions and with positive or negative consequences during processing and storage.

The properties of components such as solubility, stability (temperature, water), 
drying behavior, structure modification (crystallization), and emulsifying proper-
ties, must be understood in relation to the process conditions (time, temperature, 
pressure, transport of fluids, atmosphere in contact) and for their variation (in the 
complex medium) along process/storage (quality losses).

Powders may be prepared from liquids, pastes or solids:
a) Formulated liquid/emulsion/suspensions generate humid solid particles 

that require further drying and separation. In spray drying, small drops of liquid 
( usually solution or emulsion) are formed with an atomizer in hot air (180–250 °C). 
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The high contact surface for heat/mass transfer corresponds to a rapid drying 
 process with high capacity, creating fine particles (50–100 microns) (Dumoulin 
and Bimbenet, 1998).

The freeze drying of a formulated liquid (or paste) includes a freezing step, fol-
lowed by the sublimation of ice, usually under vacuum, leading to a final porous 
structure.

The precipitation phenomenon may occur for conditions where the particles 
are not soluble in the liquid solvent. By crystallization of a saturated solution, 
modifying the temperature, the pH, the ionic forces or by solvent evaporation, it 
is possible to create an organized solid structure. If the solvent is a supercritical 
fluid (e.g., CO2), the particles are very fine and monodisperse.

By the liquid coacervation process, it is possible to coat a liquid particle (e.g., 
aroma in emulsion) with a film of polymer before separation and drying.

b) Powders may be prepared by extrusion, applying pressure to a paste mixture 
in a special reactor with screws, or by drying a layer on a belt in a tunnel (with 
microwaves and vacuum) or onto a drum dryer. The dry thread/layer will yield 
different millimetric final shapes such as spheres, pellets, and flakes (mm).

c) Fruits and vegetables in small solid pieces may be dried using convective 
drying (low pressure) with hot gas (air or superheated steam) or by using freeze 
drying.

Grinding, agglomeration (compaction, fluidized bed) are used to create new 
sizes, new surfaces and properties (instantization, flowability, density) (Turchiuli 
et al., 2005a). The coating of particles in fluidized beds or pans represents a 
process to modify the particles surface properties, and therefore the contact 
with environment. Coating can be used for preservation or to provide some new 
 functionality with the added coating layer.

13.3.2. Example of Industrial Animal Feed Process

The objectives of animal feed processing are to produce powders, pellets (com-
pressed powder), stable dehydrated products (several months at ambient tempera-
ture) with well defined composition, enriched in vitamins and minerals.

The animal feed composition varies with type of animal, as some components 
are toxic for specific animals. For end use, the farmer will ask for a dosed product 
that is easy to handle, with good solubility, flowability, without dust, which is easy 
to store. For feed production it is also important to keep in mind the security aspect 
because of possible subsequent use for human food, such as milk, eggs, and meat.

Different operations enter into the process at an industrial scale (batches of 
several tons) (Melcion and Ilari, 2003) and are described as follows.

The mixing/grinding of the different ingredients may involve either the 
pregrinding of each component followed by a batch mixing (2–5 t) or a premixing 
with the dosage of each constituent before grinding (2–5 t). In all cases this means 
high energy consumption (21MJ/t).

The final product granulometry is related to digestibility, depending on the type 
and size of the animal. The grinding operation may develop interfaces by break-
ing, with risks of reactions, and of interactions between ingredients.
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Density and water activity of constituents are various and must be considered 
to get a good dosage and storage without caking and demixing. Difficulties may 
occur when constituents do not have the same behavior due to different size, 
density, hygroscopicity.

To improve the quality of mixing some possible recommendations may be 
given: to have a low number of constituents to mix; to use flowability additives; 
to prepare the powder from a liquid mixture instead of mixing powders and 
to realize intermediate mixings. Furthermore, the addition of the constituents 
(vitamins, minerals) with low concentration ( < 0.5%) represents a difficulty in 
achieving homogeneity. Powder additives like vitamins A, E and B2, amino acids, 
minerals (Fe, Cu) are specifically prepared. They must be stable in the medium 
to which they will be added (aw, T, pH, oxidation), digestible and bioavailable, 
with non-toxic dosage adapted to the animal. Premixing with a major constituent 
is recommended.

By compression/extrusion, powders are mixed, with addition of liquid (molass, 
vinass) or steam, to facilitate the compression. The process works with a continu-
ous flow of powders, with possible increase of temperature (60–80 °C). It is diffi-
cult to control temperature homogeneity inside the bulk of powder, and residence 
time distribution in the equipment. At the exit of the die, pellets may be coated 
with additives like fat, aromas, and enzymes.

Storage of final bulk products is done in silos, or in bags (big bags). From those 
storage silos or bags, containers must be filled, frequently by using air pneumatic 
transport. These operations are possible with good properties of flowability and 
mechanical resistance for the powder and specific conditions for silos design 
(wall surface, geometry).

The separation of air and powder is provided by gravity with controlled air rate 
(if < 10 (1) microns => air rate < 3 (0.03) mm/s), or through filter bags. The vibra-
tions at the origin of any possible demixing may be avoided by controlling  powders 
properties such as density, shape, surface state, size and distribution of size.

For all processes involving powders, dust represents losses, hazardous risks 
for people and the environment, and risks of explosion and toxic cross con-
tamination. The dust generation may contribute to microorganism dissemination. 
Additionally, dust means difficulties in cleaning, in packaging (i.e., clean sealing 
of polyethylene bags) and a need for etancheity of equipments and filtration for gas. 
As for other food process lines, a hygienic process design is needed, using mainly 
gravity flow (better than horizontal flow), with late introduction of sensible 
components and use of efficient process control.

13.4. Some Trends in Research

13.4.1. General Comments on Research Studies

Usually conducted on a pilot scale, research studies are performed for one specific 
product, often as a batch process, using experimental design. Extrapolation to 
industrial production, in batch or continuous, often introduces new parameters.
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Modeling helps to better understand mechanisms, and to determine the influence 
of each parameter. Models are built on heat and mass transfer equations, fluid 
dynamics, population balances and neural networks, with some coupling between 
models. Often based on an experimental approach, established models are valid 
for one specific product, and generalization is difficult because of the complexity 
of these phenomena.

13.4.2.  Example of Encapsulation of Active 
Component in a Powder

The research objective was the encapsulation of oil in powder using spray drying 
and fluidized bed agglomeration. The vegetable oil (VO) content was 5% w/w in 
a matrix made of maltodextrin (MD DE 12) and acacia gum (AG) with a mass 
ratio 3MD /2AG. This ratio was determined in a previous study on aroma (oil) 
encapsulation by spray drying (Senoussi et al., 1995).

The searched end-use properties of the powder were:

• water content suitable for no sticking during production process, and for stabil-
ity during storage

• good dispersion properties in water
• controlled size, size distribution and density to facilitate mixing with other 

powders, without fine particles
• known composition adapted for dosage and limited oil oxidation during 

 storage
• good flowability for handling and transfer (e.g., in capsules)

Three ways of operation were tested for encapsulation of vegetable oil (5%) in 
powder MD/AG, with different results (Fuchs et al, 2006; Turchiuli et al, 2005b):

• spray drying of a formulated emulsion MD / AG / VO leading to a dosed pow-
der (A) with a mean particle size inferior to 50 microns

• agglomeration of this spray-dried fine powder (A) in an air fluidized bed giv-
ing agglomerated products (B) of 200 microns, with good wettability, but poor 
mechanical resistance

• direct agglomeration of MD in a fluidized bed by spraying a formulated emul-
sion AG / VO performed to elaborate agglomerates (C) of 240 microns with 
both good flowability and mechanical resistance

The three types of powders, A, B and C, were well dosed in oil (5%), with 
low losses of oil during the different processes, and an efficient protection of oil 
against oxidation.

Such techniques are suitable for encapsulation of other components such as 
aromas, antioxidants or other oil substances. Higher concentrations in oil may 
be envisaged. Other possible constituents for the matrix may replace maltodex-
trin and acacia gum, such as modified starch, proteins, gums or other protective 
agents.



13. From Powders End Use Properties to Process Engineering    251

13.4.3.  Example of Coating of Solid Particles 
in Fluidized Bed

The objectives in particle coating are to totally cover the surface of solid particles (0.1 
to 1 mm) with a layer (usually 10–100 microns) of polymer with different aims:

• to give new properties such as regular shape, size and composition to improve 
dosage, mixing, flowability and density

• to modify aspect, texture and hardness to avoid dust and sticking
• to build a barrier for active component and/or control the release of an active 

component, with a controlled rate (time, quantity) in a specific medium (pH, 
pressure, solution, etc.).

• to improve stability within environment (oxygen, humidity, other constituents) 
during storage or during subsequent use (e.g., powder enriched with Fe, stable 
in fat medium).

Coating of solid particles may be realized by progressively spraying a coating 
solution on the particle surface, followed by hot gas (air) drying. A regular coating is 
formed when assuring a regular movement of individual particles in a fluidized bed 
or a pan. The quality of coating depends on the particles composition and surface 
properties, and the composition of the coating as well as on process parameters.

Guignon et al. (2003) tested feasibility and modeling of particles coating in a 
fluidized bed (Wurster mode) with different model particles and coating solutions:

• particles of glass, aluminum, polymethyl methacrylate (pmma), resin and 
semolina (125 to 1250 microns)

• coating of aqueous solutions of NaCl, acacia gum and maltodextrin (20% w/w 
dry matter)

Optimal operating conditions were defined for particles circulation and coating 
without agglomeration, and minimal losses of coating. The coating deposit rate was 
found to be proportional to the duration of pulverization, representing a layer of 23 
microns of acacia gum on aluminum beads after 25min. Coating of glass beads with 
NaCl was limited after 10 min, due to crystallization, but the addition of acacia gum 
to the salt solution (50/50) gave a regular deposit during 65 min of pulverization.

A model describing 4 zones in the process was built, taking into account the par-
ticle trajectory (position, moving) for one particle, and the mass transfer of water to 
the air. It was possible to calculate the mean thickness of coating and the efficiency of 
the process (% deposit) as a function of reactor geometry, operating conditions, and 
properties of particles and coating solution (composition, viscosity, surface tension).

13.5. Conclusion

As usual in process engineering, powder production requires scientific knowl-
edge in various disciplines such as chemistry, biochemistry, mechanics, physics 
and engineering.
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Design of process lines must integrate the specificity of powder technology, 
keeping in mind the relationship between the physicochemical characteristics of 
the initial mixture, the various operations involved in the process, and the final use 
of powders, in order to reach the final objectives for industry and for consumers.

Topics of interest for further research are traceability, control of dust; control of 
sticking during process wanted or not (agglomeration) and during storage; criteria 
for choice of matrix constituents to answer a given problem, e.g., particles able to 
retain taste or mask intense odor or bad taste, or to keep nutritional value.

In summary food process engineering must help to produce intelligent particles 
with individual and bulk behavior that are easy to predict in various environ-
ments, and able to protect and/or to release a specific constituent when and where 
it is needed.
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14
Towards an Integrated Approach to 
Food Engineering: Structure-Function 
Relationships And Convective Drying

G.F. Gutiérrez-López, L. Alamilla-Beltrán J. Chanona-Pérez, 
E. Parada-Arias, and C. Ordorica-Vargas

14.1. Introduction: Food Engineering, Opportunities 
and Challenges of an Integrated Approach

Food engineering is a multidisciplinary activity in which many subjects converge 
and play important roles. Preparation of foodstuffs for consumption for a growing 
and wide range of needs should include novel approaches to product develop-
ment, engineering and equipment design, as well as the usage of advanced algo-
rithms for establishing operating conditions of emerging processing technologies 
such as high hydrostatic pressure and pulsed electric fields rigs.

The knowledge base for achieving reasonable product engineered processing 
includes, in addition to traditional physical and chemical backgrounds, advanced 
non-linear dynamics, solid state physics, biotechnology, nanoscience and nanote-
chnology and novel interpretation of traditional concepts such as interfaces, as 
well as computer vision tools and product architecture. All of these components 
of an integrated approach to food engineering play a key role on the production 
of successful foodstuffs through innovation; thirty years ago, the food industry 
directed attention to production, whereas at present much more attention has 
been given to the manufacture of healthy, more natural, fresher, easier to use and 
tastier products with declared beneficial attributes. This tendency has increased 
the speed at which innovation in food industrial activities is carried out, and the 
time of product development has decreased from 10 years in 1970s to 2 years in 
the year 2000 (Bruin and Jongen, 2003).

Development and implementation procedures of knowledge-base manufactured 
foodstuffs have reached commercial levels while, on the other hand, processing 
engineering know-how of equipment and process design is not well established. 
Practical application has moved ahead from a fundamental understanding of 
engineering.

Examples of this situation include many separation processes that are made up 
of combined operations, and emerging technologies for the design of structures 
and architecture of materials, as well as for nanotechnology and nanoscience-
based products or nano-foods. Proteomics, genomics, metabolomics and, in  general, 
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so-called “omics” sciences will have important roles in the  manufacture 
of molecular-biology based materials for food processing (Dettmer and 
Hammock, 2004). Also, systems biology, defined as the quantitative  analysis of 
the dynamic interactions between components of a biological system, aims to 
understand the behavior of the systems as a whole as opposed to the  behavior 
of its individual constituents (Dollery and Kitney, 2007), will have more 
importance in applied engineering fields in the years to come, including food 
engineering science.

The above described situations have several implications within the frame of 
food engineering and may raise questions regarding engineering activity, such as 
the examples depicted below, and which are recommended to bear in mind when 
attempting to perform food processing:

• Do we actually design products/processes considering advanced available engi-
neering capabilities?

• Are we contributing to the provision of fundamental solutions to turbulent-
regimes based processing?

• Do we produce foodstuffs with maximum achievable processing efficiency?
• Are we aware that production lines often have more than one bottleneck? Can 

we suppress them and not create others?
• Having a production line delivering n-products and involving n-production 

operations, are we able to increase/decrease individual production rates with-
out affecting overall plant efficiency and the delivery of any of the n-products 
involved?

• How well do we handle the fundamental basis of unit and combined operations 
involved in processing?

• Do we know that, very often, combined operations such as pervaporation, 
inverse micelization and affinity pertraction will have an increasingly important 
role in food related areas?

• Up to what extent are we conscious of the increased importance of engineered-
based products and of product engineering for innovation?

Answers to the above questions are not readily available, and food engineers 
should tackle processing by considering each case separately and resolving par-
ticular problems by taking into consideration integrated approaches and working 
with multidisciplinary teams.

It is always advisable to bear in mind that no matter the complexity of prob-
lem, rigorous solutions offer advantages over simplified solutions, and they may 
represent an important reference for decision making.

Food engineering science attempts to open what engineers have called  processing 
“black boxes” in order to understand the fundamental basis of manufacturing. 
However, entering food processing black boxes gives rise to the formulation 
of new questions, and new black boxes appear. As a consequence, engineering 
teams find a continuous gap between utilitarian application and generation of 
fundamental knowledge.
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14.2.  Experimental and Mathematical Techniques 
with a Concourse in Food Engineering Practice

Given the multi- and inter-disciplinary nature of food production, processing 
activity has imported a number of analytical techniques, both experimental and 
mathematical, that were originally developed and designed within other scientific 
fields. Engineers face a huge challenge in using these techniques in a sensible 
way, integrating results and providing a rational description of phenomena in 
heterogeneous and complex systems. Some techniques are:

• Nuclear magnetic resonance: high and low resolution
• X-ray spectroscopy
• Ultrasound imaging
• Microscopy: scanning electron, transmission, fluorescence, atomic force, trans-

mission electron and co-focal
• Computer vision systems
• Differential scanning calorimetry
• Image and fractal analysis
• Statistical mathematical tools such as Weisbull distribution and Montecarlo 

analysis
• Computer fluid dynamics (CFD)
• Non-linear dynamics
• Deterministic chaos
• Immunological and molecular biology based techniques such as ELISA and 

PCR tests
• Cell and tissue culture

Many of the above techniques/methodologies may render experimental 
data which, without a correct interpretation, could turn experimentation into 
a monotonous, frustrating activity consisting of accumulating and reporting 
results that have little relation to a sound and sensible integrative food engi-
neering scope. Integration has to build bridges between processes and their 
fundamental basis; experimental and analytical-mathematical tools should give 
consideration to data that would contribute to the interpretation of phenomena 
and thus increase the knowledge base that will help to open processing black 
boxes (Fig. 14.1).

Foods are heterogeneous materials in which a multiplicity of components inter-
act and may mask the actual phenomena under study. The above situation leads to 
the development of descriptive models for interpretation of different phenomena 
associated with food production and processing (Caro-Corrales et al., 2002).

Aiming to present a revision of attempts to integrate food engineering knowl-
edge, comments on recent works made by our research team on the dehydration 
operation is presented next within the frame of fractal and image analysis and 
non linear dynamics.
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14.3.  Convective Drying, Structure 
and Function Relationships

In Fig. 14.2, a diagram illustrating the interaction between processing, function-
ality and structure is presented to introduce this section within an integrative 
frame.

It has been demonstrated that surface temperature (ST) distribution of a slab-
shaped food model presented three regions or stages when subjected to hot air 
drying under various drying conditions: 45–65 °C, 1–3 m/s (Chanona et al., 
2003). The first region has been related to the presence of a strange attractor 
that was evident when plotting defaced surface-slab temperatures with in-face 
temperatures during drying. This strange attractor is characteristic of determin-
istic chaos; the second stage has a fractal surface temperature (ST) distribution, 
showing a region of invariance of the characteristic fractal dimension of ST dis-
tributions, and the third one corresponds to equilibrium conditions when ST did 
not show any further change. Ruggedness of material increased with drying time, 
and heterogeneous surface morphology was related to homogeneous ST distribu-
tions. A pictorial representation of the above depicted phenomena is presented 
in Fig. 14.3.

Alamilla et al. (2005) reported the fractal dimension of spray dried malto-
dextrin particles subjected to two-fluid nozzle co-current spray drying at high 
(200/173°C), intermediate (170/145 °C) and low (110/74°C) drying air inlet/
outlet temperatures. Fractal dimensions of projected perimeter of particles were 
obtained for the three temperature combinations. Mainly, broken hollow parti-
cles were obtained by drying at high temperatures (highest fractal dimension), 
while hollow and some broken particles were obtained at intermediate tem-
perature conditions (lowest value of fractal dimension), and the formation of 
collapsed solid spheres was observed at low temperatures (intermediate values 
of fractal dimension). These results were also related to particle moisture con-
tent and droplet size profiles into the drying chamber, thus giving a description 
of product quality operating conditions of a complex operation. Additionally, 

Processes
Phenomena 

Fundamental
Basis 

Tools Interpretation

Building the bridge

Attempting to enter into the black box

Fig. 14.1. Task: to build the bridge (dotted line) between processes and phenomena and 
their fundamental basis, aiming to enter into the processing black box. Tools (mathemati-
cal, experimental) allow placement of bi-directional interaction
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Fig. 14.2. Interaction frame among the three main components of the integrated approach 
to processing: structure, functionality and food processing

Fig. 14.3. Drying kinetics: proposed stages related to non-linear behavior. The first stage 
may be related to the presence of a deterministic chaotic attractor, the second stage was 
characterized by a fractal dimension before reaching equilibrium (third stage). Also, picto-
rial representation of surface irregularity during dehydration is depicted
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reports on convective drying of macroscopic spheres as related to spray drying 
performance have been carried out in relation to fractal dimension of dried 
materials (Chanona-Pérez et al., 2006).

Regarding convective drying of vegetable tissues, Campos-Mendiola et al. 
(2007) reported the microscopic and morphological features of potato slabs 
subjected to hot air drying. It was concluded that deformation followed patterns 
which were controlled by fibers alignment. Also, it was observed that the fractal 
dimension of relative projected areas showed two peaks during drying; the first 
peak corresponded to extra-cellular water removal, while the second peak was 
characteristic of intra-cellular water evaporation, thus giving a perspective of 
morphology-drying conditions relationships associated with potato slab prepara-
tion techniques.

In another work, Villalobos et al. (2005) prepared edible films with hydroxy-
propyl methylcellulose with various solids contents, which were studied by 
means of light microscopy, atomic force microscopy and scanning electron 
microscopy. Fractal analysis was applied to the microscopy images to quantify 
the film microstructure complexity. Apparent fractal dimensions from LM and 
AFM images were well correlated with transparency and gloss parameters of the 
films, respectively.

The above described works may give the reader an insight on integrated 
approaches to convective drying, solid-moisture interactions and structure- function 
relationships. These results were obtained thanks to integrative approaches to 
food-engineering-related topics, in which a single operation (dehydration) is ana-
lyzed from various perspectives and using several experimental and mathemati-
cal analytical tools that give an overall appraisal not only of the products under 
study but also of the unit operation itself, and reach a complementary non-linear 
description of the stages of drying kinetics.

14.4. Opportunities for Food Engineers

It is important to point out that many aspects related to non-linear dynamics in 
food engineering situations still need to be further investigated. Foods are very 
complex materials and most phenomena related to product engineering, process-
ing design, materials handling and end-product delivery are non-linear. Some 
examples of this area are described in Chapter 2 of this book. Also, sensible 
inclusion of analytical and mathematical techniques for process design, optimi-
zation and increasing of yields will augment professional areas in which food 
engineering may develop.

Opportunities for a rational food engineering activity are discussed in 
leading chapters of this book and comments on this topic are given in Table 
14.1.
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14.5. Final Remarks

By trying integrated approaches to food processing, engineers may improve 
the long term efficiency of production. It is advisable to prepare young engi-
neers to design with rigorous criteria, no matter how complex the production 
problem may seem. Inclusion of multidisciplinary teams for solving food 
product engineering situations is also advisable, and the main goal within 
this context nowadays is to be prepared to design strong knowledge-based 
production platforms for delivering pre-designed food commodities that are 
directed toward very demanding consumer needs. This situation, illustrated 
in Fig. 14.4, is the challenge imposed by strongly globalized and highly com-
petitive markets.

Table 14.1. Leading chapters in this book; comments on their contribution to integrated 
approach of food engineering

Title of chapter
Contribution towards an integrated approach of 
food engineering

• Food sterilization by combining high pressure 
 and thermal energy

• Application and fundamentals of emerging 
 technologies; consideration of complex 
  variables involved

• Non-linear kinetics: principles and potential
 food applications

• Exploring novel solutions to complex 
  phenomena

• Consequences of matrix structural changes on
 chemical and functional stability of enzymes 
 as affected by electrolytes

• Solute-solvent interactions, implications in 
 enzyme kinetics

• Air impingement cooling of cylindrical objects 
 using slot jets

• Novel applications and scope to transport 
  phenomena

• New technologies to preserve quality of fresh-
 cut produce

• Approaches to new production techniques

• Advanced food products & process  engineering 
(safes) i: concepts & methodology

• New approach to integrated analysis of 
 processing

• Phase transitions and hygroscopicity in 
  chewing gum manufacture

• Analysis of production of a complex-based 
 food related material

• Exploring the linear viscoelastic properties struc-
ture relationship in processed fruit tissues

• Integrated approach to textural studies

• Bubbles in foods: creating structure out of thin 
 air!

• Novel approach to description of gas-liquid-
 solid interactions

• Films based on biopolymers from conventional 
 and non conventional sources

• Example of integrated approach to applied 
 s urface processing

• Edible coating as oil barrier or active system • Complex system application to food related 
 processing

• From powders end use properties to process 
 engineering

• Powder technology: integrated description

• Towards food product design • Scope of manufacturing tendencies within an 
 integrated frame
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15
Towards Food Product Design

J.M. Aguilera

15.1. Abstract

Most quality and acceptability traits of foods are derived from their unique micro-
structures. Food microstructure is imparted by nature or by processing and plays 
an important role in physical, engineering, sensorial and nutritional properties. 
Thus, food technology may be regarded as a controlled effort to preserve struc-
ture, or to transform it into palatable products by processing. The application of 
scientific knowledge and advanced tools that probe the microstructure of foods 
has resulted in major advances in our understanding of how microstructure in 
processed products is developed and broken down. Changes in consumer demand 
towards health and wellbeing are finding an appropriate response in the design 
and delivery of novel food systems.

Keywords: Foods, food engineering, microstructure, materials science, quality.

15.2. Introduction

The structure of all foods, whether consumed with minimal preparation or imparted 
by processing, comes from nature. According to the valuable structural compo-
nents that give desirable textures to foods, natural raw materials may be classified 
into four broad categories: i) encapsulated dry embryos of plants (e.g., grains and 
pulses) that contain a dispersion of starch granules, protein assemblies and/or lipid 
bodies within cells bounded by cell walls containing cellulose and other biopoly-
mers; ii) fleshy materials from plants that are hierarchical composites of turgid cells 
(filled with water) bonded together at the cell walls (e.g., fruits and vegetables, 
tubers); iii) fibrous proteinaceous structures assembled hierarchically for specific 
body functionality (i.e., movement) from macromolecules into fibrils, fibers and 
then tissue (e.g., muscle) and held together at different levels by specific interfacial 
interactions; and, iv) a unique complex fluid called milk, intended for nutrition of 
the young mammal, containing nutrients in a state of colloidal liquid dispersion 
(casein micelles, fat globules) or solution (lactose, soluble whey proteins).
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Even today, most food consumed around the world undergoes minimal or 
reduced transformation, as is the case of cooked grains and pulses (or their 
flours), fresh fruits and vegetables, meat and fluid milk. Ninety-one percent of 
the world’s agricultural production depends on only 24 different domesticated 
plant species. One cereal grain, rice, provides 23% of the calories derived from 
foods worldwide, and when corn and wheat are added, they account for most of 
the world’s caloric intake. However, in industrialized countries and most urban 
areas of the Third World, processed foods with unique man-made structures 
abound in local supermarkets. Food structure is also transformed on a large scale 
in  restaurants, fast food outlets, and by street vendors. The overall outcome is 
that the food industry has the largest annual sales turnover of any manufacturing 
industry, approximately US $3.5 trillion (Bauer, 2004).

15.3. Why Structure Foods?

Throughout evolution, humans have ingested nutrients in the form of palatable 
products called foods, which are easily recognized by their structure and the 
sensations experienced during mastication, for example, their texture and fla-
vor. Changes in the natural structure of foods have evolved through time, first 
as a result of preservation (e.g., drying, natural freezing) and then by cooking. 
The discovery of basic culinary transformations (e.g., baking, fermentation, 
 frying) brought further modifications that significantly altered the structure of 
foods. The initiation of gastronomy in the 16th century, with the incorporation of 
spices and products of the new worlds (Asia and America) greatly augmented the 
diversity of food structures and tastes (Fig. 15.1).

Industrial food processing started at the beginning of the 19th century in small 
canning factories and continued with the later development of freezing plants and 
cool storage. The merit of the food industry of the 20th century was scaling-up 
processes developed by artisans into fabrication lines that consistently produced 
thousands of units per hour of microbiologically safe and nutritious foods. 
Supermarkets proliferated in the United States with the growth of suburban areas 
after World War II, and today there are more than 85,000 grocery stores in that 
country alone. With this growth came the need for product diversification and 
product development that added convenience and lowered the price of foods. The 
food trade (which presently amounts to almost 20% of food production world-
wide), the introduction of ethnic foods and globalization of tastes, the advent of 
modern gastronomy, and new demands for healthy foods have greatly expanded 
the offerings of food structures and flavors.

There are several reasons why the food industry continues to develop food 
textures and structures that we enjoy (Aguilera, 2005): i) expanding the variety 
and appeal of food sources (e.g., ice cream, snacks, ready-to-eat products); ii) 
improving the stability and convenience of products (e.g., dried, frozen, instant 
and precooked meals); iii) adding value to ingredients and byproducts (e.g., 
extruded products, processed meats); and iv) emulating existing products with 
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specific nutritional or functional properties (e.g., dietetic foods, food analogs). 
A special case of structuring foods using nature is the introduction into the human 
food chain of inedible or underutilized sources of nutrients, as is the case of 
 rearing meat animals in pastures and salmon in sea cages.

Driven by new scientific knowledge and consumer demand for health and 
wellbeing, a paradigmatic shift is occurring in the way food engineers develop 
new foods. The top-down approach to product development (i.e., mix and see) is 
being replaced by the bottom-up approach to structuring and food product design. 
Modern food product design recognizes that food structures start at the molecular 
level and continue through molecular assembly processes at the mesoscale (e.g., 
10 nm to 1 µm). The typical morphology of a processed food is the outcome 
of a specific kinetics mediated by momentum (shear), heat, and mass transfer, 
resulting in formation of structural elements that give foods their desirable prop-
erties: oil droplets, bubbles, ice and fat crystals, pores, etc. The final structure 
is stabilized by a mechanism that can be understood by using concepts from 
physical chemistry and polymer science. Use of this approach and of scientific 
knowledge makes the quest for new structures faster, more rational and efficient. 
New opportunities for product design come from the increased understanding of 
the relation between diet and health, the potential to tailor-make foods based on 
human genomics (nutrigenomics), and changes in raw materials achieved through 
plant and animal biotechnology (Fig. 15.1).

Fig. 15.1. The evolution of food structuring through times and key milestones
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To be widely available as foods, the “natural” structures of fruits, vegetables, 
and muscle tissues first need to be preserved for transport, storage, processing 
and consumption. Preservation of the natural structure of these foods means 
reducing the rates of detrimental biochemical reactions and microbial prolifera-
tion. Post-harvest and post-mortem technologies are mostly based on reducing 
the temperature (refrigeration), controlling the composition of the atmosphere 
surrounding the foods (fruits and some vegetables, meat and fish), removing 
water by drying (grains and pulses), immobilizing water as ice (freezing of plant 
and animal tissues) and proper packaging.

Versatility of processed foods is derived not so much on molecular vari-
ability, but on mixing of refined fractions. Controlled destruction of structure 
means fractionation and separation of raw materials into valuable components, 
considering the intrinsic tissue archi-tecture in which they are dispersed. These 
operations result in the ingredients of processed foods: oils and special fats 
(e.g., cocoa butter), sugar and starches, flours and grits, hydro-colloids from 
plants and algae, etc. Hydrolysis using enzymes or acid may further reduce the 
molecular structure for added functionality. More recent separation technologies 
make use of membrane processing to fractionate proteins from milk and the use 
of supercritical CO2 extraction to extract nutraceuticals from plants. But what is 
central to the food industry is the transformation of these ingredients by mixing, 
shearing and heating/cooling into recognizable and desired shapes and textures. 
Some of the microstructural elements in processed foods that contribute to their 
 sensorial identity and quality are gas bubbles, oil droplets, hydrated starch gran-
ules, debonded cells, fibers, gel and crystal networks, particulate solids, crystals 
of many types, and assemblies of colloidal nature, among others.

15.4. Structuring for Designed Properties

Controlling microstructure has been central to the processed food industry in the 
last 40 years. The length scales involved vary from those of interfacial phenomena 
in the nanometer range (e.g., surfactants stabilizing emulsions) to the millimeter 
size in solid foams (e.g., bubbles in cereal snacks). It is amazing that the chemical 
engineering profession has ignored advances in the manufacture of structured food 
products now that they realize that creams and foams, pastes, catalysts, new drugs, 
cements and ceramics, artificial tissues, etc. are complex multiphase products 
whose most valuable properties are not determined by composition, but rather by 
their unique microstructure formed in the 0.1 to 100 µm range (Hill, 2004; Cussler 
and Wei, 2003; Villadsen, 1997). The past and present contribution of food engi-
neers to structural product design became more evident at the recent International 
Congress of Engineering and Food (ICEF 9) held in Montpellier (March, 2004). 
The theme with the largest number of papers presented was Processing and 
Characterization of Polyphasic Structured Systems, surpassing classical subjects 
such as Tools and Methods for Food Engineering and Emerging Technologies. 
Figure 15.2 shows some of the desirable properties in designed foods.
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15.5. Microstructure and Materials Science over the Years

Although systematic investigation of food structure began recently, scientists 
have been looking through lenses or down microscopes at foods for much longer 
than that. During the 17th and 18th centuries, a great deal of descriptive anatomy 
was conducted on plants and animal tissues used as foods. Perhaps the first 
practical application of micros-copy in the food industry was in quality control 
to detect adulteration of ingredients and admixing. However, it was not until 
the late 1970s that a book was published that included the contribution of many 
researchers from industry, research stations and universities, which demonstrated 
how microscopy could be used to investigate the microstructure of raw materials 
and processed foods—among the latter, chocolate, ice cream and extruded soy 
(Vaughan, 1979).

It is likely that the earliest publication in which food structure was brought 
into the main scene of food engineering was the proceedings of a conference on 
drying held in Aberdeen in 1958, organized by the Society of Chemical Industry 
(Singh, 1958). The first two chapters addressed the subjects of Plant Structure 
and Dehydration and The Structure of the Animal Tissues and Dehydration. The 
effect of structure on the rate of air drying and freeze-drying was addressed by 
several authors for many food materials.

At the risk of making unforgivable omissions, a short narrative of the main 
 scientific events that have shaped what is now known as food materials science 
and the microstructural view of food engineering is presented. The work on freeze-
drying in the 1960s and early 1970s is perhaps the best representation of the early 
 recognition by food engineers that product structure played a crucial role in heat 
and mass transfer during processing and in the quality of foods. Work in the U.S. by 
the groups of C.J. King at Berkeley (King, 1971) and M. Karel at MIT (1970), and 
in Europe by the groups of H.A.C. Thijssen at TU Einhoven (1971) and L. Rey at 
Nestle (1966), among others, clearly established that drying rates, aroma  retention 

Fig. 15.2. Some of the desirable properties of processed foods
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and collapse during freeze-drying were decisively influenced by the structure and 
properties of the dry matrix. The debate was about how aroma molecules—those in 
pure state are more volatile than water—were largely retained during drying. Both 
the selective diffusion mechanism as well as the microregion entrapment concepts 
are now understood by the formation of vitreous domains of low mobility that 
restrict the diffusion of large flavor molecules within the dry matrix.

Most foods are dispersed systems containing substantial amounts of water. 
Thus, surface phenomena and colloidal interactions, as well as other physi-
cochemical phenomena, received much attention from the 1970s onwards, 
particularly in the study of milk as a complex system (Walstra, 2002). The poly-
mer science approach to the study of foods emerged strongly in the late 1980s, 
highlighted by Levine and Slade (then at Nabisco), although the first mention of 
the glass transition in foods appeared in the literature in the 1960s (Levine and 
Slade, 1986; Slade and Levine, 1991). This approach recognized that water in low-
moisture foods acts as a plasticizer that increases the mobility of the matrix, nega-
tively affecting the quality, stability and safety of foods. Thus, the glass transition 
concept complemented the water activity notion introduced by microbiologists in 
the mid-1950s to assess the microbial stability of foods at intermediate and high 
moisture contents. For many situations, state diagrams have been constructed that 
separate different regions according to the physical state of the matrix as a func-
tion of moisture and temperature. These diagrams are used to predict changes in 
material properties during processing and in assessing product stability (Roos and 
Karel, 1991; Kokini et al., 1994).

The first version of the book Microstructural Aspects of Food Processing and 
Engineering (Aguilera and Stanley, 1991) attempted to put together several ideas 
about food microstructure and food structuring that had been set forward by 
many authors up until that time. Unit operations of food dehydration and solvent 
extraction were revisited, considering structure as a key parameter. The authors 
were particularly critical of the widespread use by food engineers of the effective 
diffusivity concept as the sole parameter to describe mass transfer in structured 
foods. Recently, it has been realized that other mass transport modes, particularly 
capillarity and pressure-driven phenomena, have significant contributions in food 
products, for example, in oil uptake by fried products (Mellema, 2003), moisture 
release during baking and extrusion (Fu et al., 2003), powder rehydration (Saguy 
et al., 2005) and possibly in fat migration in particulate materials such as choco-
late (Aguilera et al., 2004). In the second edition (Aguilera and Stanley, 1999), 
basic concepts of physical chemistry, polymer science and colloid science were 
presented as the basis of food structuring processes, and the potential of image 
analysis to quantify microstructure was highlighted.

The text on transport phenomena by Gekas (1991) emphasized that chemical 
engineering principles applied to foods should consider the structured nature of 
foods and biological materials. In this context, physical properties of foods have 
practical meaning once the proportion and architecture of the different phases 
or structural elements have been resolved in the actual product (Saravacos and 
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Maroulis, 2001). The work on osmotic dehydration in the 1990s was particularly 
enlightening to demonstrate that both diffusion and the so-called hydrodynamic 
flow were acting in parallel in cells and pores, respectively (Fito, 1994). Since we 
have borrowed and successfully applied concepts of polymer physics, such as the 
glass transition, we will be in a position to derive scaling laws that link physical 
magnitudes at the nano- or microscale with product properties at the macroscale. 
An excellent example of this is the work on fat crystal networks by Marangoni’s 
group at University of Guelph (Narine and Marangoni, 1999). Table 15.1 presents 
a summary of research topics and some of the groups that have made significant 
contributions to the development of food structuring and food materials science.

Table 15.1. A concise guide of some of the research topics on food microstucture, 
 institutions and useful references

Subject Institution References

Food microstructure and relation texture, 
physical and transport properties and 
food product engineering

Dept. Chemical & Bioprocess 
Engng, Univ. Católica 
(Chile)

Aguilera and Stanley, 
1999; Aguilera, 
2005

Generation of structures by processing, and 
effect of process parameters (shear, heat-
ing/cooling) on structure engineering and 
microstructures

Swedish Institute of 
Technology (SIK)

Hermansson, 2000

Microstructure of disperse systems as the 
characteristic feature and link between 
the process and properties of the final 
product

University of Karlsruhe, 
Germany

Schubert, et al., 2003

State of aggregation or dispersion of food 
components and dependence of func-
tional properties on specific interactions 
of various structural elements

Unilever Research 
Laboratory, Vlaardingen

Heertje, 1993

Relations between lipid structures at various 
levels and fat crystal networks on desira-
ble properties of fat-containing products; 
use of fractal analysis

Dept. Food Science, 
University of Guelph, 
Canada

Marangoni, 2005

The “bottom-up” approach to food fabrica-
tion; relevant scales in future food struc-
ture research and role of the “nano-level” 
in generating a multi-scale food colloid 
science

Nestle Research Centre, 
Switzerland

Leser et al., 2003

Principles in trapping a structure by phase-
separation and gelation of mixed food 
polymer mixtures

Unilever R&D Colworth, UK Norton and Frith, 
2003

Understanding the science of nanoscale 
particles, properties and applications of 
materials emerging from food nanotech-
nology

Rutgers University, NJ Moraru et al., 2003

Image acquisition and enhancement, selec-
tion of specific features in images, meas-
urement of size and shape of objects and 
many applications to foods

University of North Carolina Russ, 2004

(continued)
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15.6. Stabilizing Food Structures

The concept of structure was not fundamental in chemical engineering, except 
perhaps when dealing with porous solids (e.g., catalysts), where the parameters 
of porosity and tortuosity were sufficient to describe transport processes in these 
materials. Many food processing operations create a microstructure that provides 
products with desirable traits and functional properties. Food structure engineer-
ing is defined as the generation of microstructures in foods based on fundamental 
knowledge (e.g., colloid science, polymer science), use of appropriate ingredients 
and controlled application of processing variables, such as shear and temperature 
gradients (Aguilera, 2000; Hermansson, 2000).

Structure generation usually starts as a kinetic process, during which the key 
structural elements are formed. This is the case of bubble production in aer-
ated products, gluten-starch interactions in baked products, droplet formation in 
emulsions, etc. Design variables are the formulation, the rates of shear and heat 
transfer, weight ratio of each of the phases, etc. The appropriate structure is then 
“frozen” in thermodynamic terms (e.g., crystal formation), or more generally as 
a metastable state (e.g., glass) (Fig. 15.3). Main shape stabilization mechanisms 
in foods are not different from those in polymers: vitrification, phase dispersion/
phase separation, crystallization, and network formation.

15.7. Impact on Academia and Education

Food engineering departments (and ChemE departments as well) worry that grad-
uates leave ill-prepared to enter companies whose value is in rapidly responding 

Table 15.1. (continued)

Subject Institution References

Mesoscopic physics (scale 1nm–100 µm), 
e.g., liquid crystalline bilayers structured 
to provide a specific rheological behavior

Food Physics Group, 
Wageningen Univ., The 
Netherlands

van der Linden, 2000

Controlling crystallization (e.g., crystal 
size and morphology) involves selection 
of ingredients and process conditions to 
promote desirable product properties

Dept of Food Science, 
University of Wisconsin

Hartel, 2001

Dependence of rheological parameters on 
the structure of dispersed food systems 
and modeling; applications to food 
processing

ETH Zurich, Switzerland Windhab, 1995

Rheology and microstructure of gels and 
emulsions, and mixed systems

University of Leeds, UK Dickinson, 2000

Processing of chocolate is presented as a 
sequence of mixing, shearing, heating/
cooling steps to give the right structure

University of Birmingham, 
UK

Fryer and Pinschower, 
2000
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to consumer demands and trends by launching innovative products. What do we 
have to offer compared to other fashionable engineering careers? The invitation 
is to work with edible soft matter, dispersed systems and structured products, 
to learn about emerging technologies such as microfabrication, to understand 
the interfaces with nutrition and health, and to participate in biotechnology by 
improving those structural components in raw materials that will redound in better 
texture, improved stability, higher functionality, less processing and reduced 
waste. Developing food product design and reinventing food product engineering 
will require a broader scientific base to include materials science, advanced 
methods used in physics, medicine and biological sciences, nutrition and the gut 
function, information science, and even notions of neurobiology.

15.8. Conclusions

Changes in consumers’ needs and perceptions about foods are shifting the 
emphasis from processes to products. In the era of structured products, this is the 
birth of food product design.

There is ample evidence (although still mostly of qualitative nature) linking 
food microstructure to many desirable properties of foods (sensorial, physical 
and nutritional).

The foundation for finding meaningful product-property relationships is the 
sound application of scientific knowledge (e.g., food materials science), utiliza-
tion of probing techniques at different length and time scales, the generation of 
numerical data from images, and the development of scaling laws or models link-
ing the micro- and macrolevels.

Changes are needed in academia and education to cope with this trend, 
including broadening of the scientific base, acquaintance with new instrumental 
techniques, development of predictive models and emphasis on multidisciplinary 
work. Consumers are now the focus of all production chains, and they expect that 
food products will contribute to their health and well-being, with high quality and 
safety. The emphasis is shifting from processes to products, in particular, struc-
tured products that deliver taste, nutrition and wellness. There is a lot of science 
and engineering to put into food products!

Fig. 15.3. Food structures are 
generally the result of two kinetic 
processes: structure formation and 
structure stabilization
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16
Image Processing Methods 
and Fractal Analysis for Quantitative 
Evaluation of Size, Shape, Structure 
and Microstructure in Food Materials

J. Chanona-Pérez, R. Quevedo, A.R. Jiménez Aparicio, 
C. Gumeta Chávez, J.A. Mendoza Pérez, G. Calderón 
Domínguez, L. Alamilla-Beltrán, and G.F. Gutiérrez-López

16.1. Introduction

In recent years, image analysis methods have been applied for quantitative 
evaluation of morphology, structure and microstructure of foodstuffs. Image 
processing techniques usually consist of five steps (Castleman, 1996; Pedreschi 
et al., 2004; Du and Sun, 2004), which are: 1) image capture, 2) pre-processing, 
3) image segmentation, 4) feature extraction and 5) classification. In food 
engineering applications, some or all of these steps have been used to extract 
 information from food images captured with different acquisition systems. The 
extracted information is useful to translate the food system complexity to numeric 
data that shall be analyzed to improve the understanding of structure-function 
relationships of complex systems, such as food and biological materials. On the 
other hand, fractal analysis has been successfully applied for quantitative evalu-
ation of irregular surfaces and textures of biological materials (Quevedo et  al. 
2002; Chanona et al., 2003; Villalobos et. al, 2005), and also to characterize rug-
gedness and geometric complexities of different food particles, such as instant 
coffee, skim milk, potato starch powder, maltodextrin particles and others (Peleg 
and Normand, 1985; Barletta and Barbosa, 1993; Shafiur, 1997; Alamilla et al., 
2005). The key to quantifying the irregularity of the contours and surfaces in 
food materials is to evaluate the apparent fractal dimension (FD) by extracting it 
from the images of structural and microstructural features. Results from fractal 
analysis are important in examining the architecture and structure-functionality 
properties of food products.

The objective of this contribution was to provide a brief description of diverse 
methods for image processing and fractal analysis of acquired data in our labo-
ratory for quantitative evaluation of size, shape, structure and microstructure in 
different biological/food materials.
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16.2. Methodology

Instant coffee (Nescafe-Nestle-Mexico) and maltodextrin (Arancia Corn Products-
México) were chosen as food powder examples. Tissues from the Agave atrovirens 
Karw were cut transversely and longitudinally using a slicing device to obtain 
3 mm thick slices. These pieces were used as a model for evaluating the changes 
in size, morphology and microstructure during convective drying of material. 
Cellular aggregates of Beta vulgaris were grown in shaking flasks and used as a 
biological model, and their morphological changes during growth were evaluated. 
A French bread slice was selected to evaluate the bread-crumb features in the 
central field of view (FOV) of the slice. In all the examples, a general methodol-
ogy for image processing was conducted. Table 16.1 shows the different methods 
used during image processing and FD estimation.

Image processing was performed using the public domain program NIH 
ImageJ 1.34s (National Institute of Health, USA, available from: http://rsb.info.
nhi.gov/ij/) combined with other commercial software, such as SigmaScan Image 
1.20 and Sigma ScanPro 5 (Jandel Scientific Corp., USA). Several ImageJ codec 
or plug-ins were used to compute the FD and morphology features, and other 
software used for image analysis are indicated in Table 16.1.

16.3. Results And Discussion

Figure 16.1 presents a general diagram showing the basic steps of image process-
ing, taking as example particles of commercial instant coffee. Extracted param-
eters from the binary images were area, perimeter, shape factor and FD evaluated 
with the relationship proposed by Olsen et al. (1993). Extracted parameters 
allowed us to obtain criteria for classification of food particles obtained or proc-
essed by different technologies. These morphological parameters, and especially 
the FD, may be useful to establish relationships with other physical properties 
such as rehydration and packing properties that are of importance in the control 
of quality and processing parameters during the production of agglomerates and 
powders. Packing and instant properties have a strong dependence with shape and 
roughness of the food powders.

The concept of the apparent fractal dimension can be used successfully to 
quantify the morphological characteristics of food particles (Shafiur, 1997; Peleg 
and Normand, 1985).

FD could be evaluated from the contours of food particles and agglomerates; 
theoretically, FD of a two-dimensional profile ranges from 1 to 2. Fractal value 
close to 1 indicates that the border of the analyzed object has smooth boundaries, 
and a value close to 2 indicates a high degree of tortuosity or roughness (Barletta 
and Barbosa, 1993). Consequently, FD values estimated from digital images of food 
powders allow characterization of changes of shape and roughness of materials 
during processing, such as those shown in Fig. 16.2, in which scanning  electron 
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Fig. 16.1. Steps used to image processing of instant coffee particles from light stereomi-
croscopy images (30X) and average values for the FD of particles

microscopy (SEM) images of maltodextrin particles dried by spray  drying under 
two different process conditions are shown. These figures were analyzed using 
image processing methodology and fractal analysis (Alamilla et  al., 2005). 
According to these authors, when droplets are dried at low temperatures (110/74 
°C), shrinkage is greater than samples observed at higher drying temperatures 
(170/ 145 °C).

This behavior could be associated with more drastic shrinkage and deforma-
tion mechanisms under these process conditions, causing the water diffusion in 
the material to be slower and allowing the deformation process in the particles 
to be more pronounced. Consequently, it was possible to observe a more drastic 
collapse and shrinking of particles when drops were dried at low temperatures. 
In Table 16.2 it can be observed that low drying temperatures generate smaller 
particles that are rougher and less spherical than when the drying proceeds under 
high temperatures. Image processing allows characterization of size, shape factor 
and FD of the particles under two different drying conditions. Also, it was evident 
that the fractal texture of the surface particles was smoother at low temperatures 
than when the process was performed at high temperatures.

Morphological parameters extracted from images and fractal analysis can be 
useful for establishing relationships among the process conditions and physical, 
microstructural, morphological and several other particles properties. Also, these 
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Fig.16.2. SEM images of maltodextin particles (1000X) and zooming (5000X) of their 
surface at two spray drying conditions (inlet/outlet temperatures) at 170/ 145 °C: a)-b), 
and at 110/74 °C: c)-d)

Table 16.2. Fractal and morphological parameters of maltodextin particles and their sur-
face at two spray drying conditions
Drying Condition Particle Size (mm) FD (contour) Shape Factor FD (texture)

110/74 °C 11.87 ± 0.58 1.19 ± 0.004 0.81 ± 0.006  2.31 ± 0.016
170/145 °C 18.91 ± 1.24 1.15 ± 0.006 0.85 ± 0.006  2.14 ± 0.011

properties can be related with the instant properties of powders such as wetting, 
submerging, dispersing and dissolving. Relationships found among morphologi-
cal and instant properties can help to improve the efficiency of the transformation 
process and quality properties of food particles obtained by spray drying.

Image analysis and FD concept also provide advantages for studying the 
shrinkage and deformation phenomena during the drying of vegetable tissues, 
such as the tissue obtained from long spiked leaves of the agave plant (A. atrovi-
rens Karw). Due to its high amount of cellulose and lignin and the ability to grow 
in arid zones, this plant represents an attractive source for extraction of these 
important compounds for the paper and food industries (Idarraga et al., 1999).
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Also, during the extraction process of cellulose and lignin by a non-conventional 
method (organosolve), a previous process of convective drying is applied because 
it has been proposed as playing an important role in extraction efficiency, since 
the drying conditions and the form of cutting the tissue can generate materials 
that present a denser microstructure and a higher grade of deformation when they 
are dehydrated. In Fig. 16.3 it can be observed that the longitudinal cut from tis-
sue of A. atrovirens Karw presents a smaller shrinkage and deformation than the 
transversal cut of the same tissue. Consequently, FD values for contours from the 
superior and lateral views of lengthwise cut slices also present smaller FD values 
than the slices obtained by traversal cutting. A similar effect was observed for the 
fractal texture values of the slices.

In this kind of tissue, the evaluation of the shrink, deformation and microstruc-
tural changes during the drying process are important, because a drastic shrinkage 
and deformation can represent a barrier to solvent diffusion during the extraction 
process of cellulose and lignin. Consequently, this can cause a decrease in extrac-
tion efficiencies. Thus, the applications of image processing and fractal analysis 
for evaluating the changes of shape, size and microstructure throughout the dry-
ing process will allow us to obtain quantitative criteria for selecting operation 
conditions for processed biological materials in order to promote major efficiency 
in later processes.

Almost in the same context, another example of application for image and  fractal 
analysis was performed in order to evaluate the changes during growth of cellu-
lar aggregates of Beta vulgaris in shaking flasks (Fig. 16.4a). The  morphological 

FD=2.26 FD=2.24 FD=2.23

a) 

0 min 80 min 140 min

FD=1.05 FD=1.07 FD=1.05 

FD=1.27 FD=1.22 FD=1.23 

FD=1.12 FD=1.11 FD=1.04 

FD=2.30    FD=2.21 FD=2.19

b) 
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FD=1.34 FD=1.25 FD=1.27 
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Fig. 16.3. Microstructure images from slices (lateral and superior side) of A.  atrovirens 
Karw were taken with a light microscopy (10X) and captured with a computer 
vision  system (CVS) at selected times of drying (drying conditions 3 m/s and 60 °C). 
a) Longitudinal cut and b) transversal cut. FD of texture and FD of contours are indicated 
next to the image
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characterization can be evaluated by bilogarithmic relationships such as 
ln(Perimeter) vs. ln(Area) or ln(Area) vs. ln(major longitude). Bilogarithmic 
plots obtained from a set of aggregates allow us to obtain the fractal dimensions 
of perimeter and area, respectively. In the case of fractal dimension of landscape 
perimeters or a set of aggregates composed with perfectly square or Euclidian 
objects (perimeter:area low ratio) both examples will have a fractal dimension 
of the perimeter = 1, while those containing highly complex convoluted objects 
(perimeter:area high ratio) usually have fractal dimensions approaching 2.

In the case of fractal dimension for the area, landscapes with objects more 
branching (area:major longitude low ratio) will have a fractal dimension of the 
area = 1, because the set objects do not fill the two-dimensional Euclidian space 
efficiently. On the other hand, landscapes with objects less branching (area:major 
longitude high ratio) will have a fractal dimension of the area = 2, because the 
set objects do fill two-dimensional Euclidian space. Consequently, the FD of 
the perimeter indicates that as tortuosity of the perimeter and the FD of the area 
increase the density of the set of objects also increases. Figures 16.4b and 16.4c 
show the behavior of the FD values for the perimeter and area of the cellular aggre-
gates of Beta vulgaris. During their growth, the FD values show an opposed behav-
ior between the two different FD mentioned above. This indicates that when in an 
initial stage of the growth the agglomerated present an irregular perimeter (high 
values for FD of the perimeter) and when the growth proceeds, the empty places 
are filled by new cells, and the contour becomes smoother, providing low values 
for FD of the perimeter. The cycle repeats until the end of the growth kinetics (Fig. 
16.4b). Inverse behavior was observed for FD values of the area. Fractal dimension 
concepts have allowed us to associate the FD values with the traditional stages of 
kinetic growth in these types of cells. Also, it has been possible to associate the 
values of FD with biomass generation and aggregate size; it has provided useful 
criteria for improving the production processes of these colorant cell producers 
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Fig. 16.4. Shows in A) Binary image of Beta vulgaris cellular aggregates at 7 days of 
growing in shaking flask; image was captured since light stereomicroscopy at 1X; B) FD 
change during growth of cellular aggregates obtained from the slope of ln(P) vs. ln (A) 
plot; C) FD change during growth of cellular aggregates obtained from the slope of ln(A) 
vs. ln (L) plot. Indicated values correspond to 1000 aggregates ± standard error
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with proper applications for the cosmetic, food and pharmaceutical industries. 
As a last example, image analysis has been proposed for use in the breadmaking 
industry for quality control of bread crumbs in several bakery products (Sapirstein 
et al., 1994; Zghal et al., 1999; Crowley et al., 2000; Scanlon and Zghal, 2001; 
Zghal et al., 2001). On the other hand, research applying fractal geometry has been 
performed less frequently in these kinds of products (Riva and Fessas, 1999; Riva 
and Liviero, 2000; Scher and Hardy, 2002; Scher et al., 2004).

When analyzing bread crumbs by image analysis, the most critical aspect is the 
selection of the threshold method. Several algorithms have been applied, and the 
most reported ones are the Otsu method, isodata, k-means clustering and the man-
ual method (Gonzalez-Barron and Butler, 2006). In this context, ImageJ offers 
different algorithms that allow performing the threshold of the bread crumb pores 
in a very simple way. Indeed, the most mentioned method for bread crumb is k-
means clustering, because of its high efficiency for pore segmentation (Gonzalez-
Barron and Butler, 2006). The obtained information from the image and fractal 
analysis allows evaluation of the quality of the bread crumbs and screening the 
effect of adding food additives, or the bakery procedure conditions. Figure 16.5 
shows an example of a French bread crumb where the FD values for the crumb 
texture and the pore contour can be observed. These FDs were obtained from 
gray level and binary images, respectively. These data could complement stud-
ies on the bread making process and help in the evaluation of additives or other 
substance effects during the process.

16.4. Conclusion

Image processing and fractal geometry could be auxiliary tools for understanding 
and characterizing complex systems such as food and biological materials. The 

Fig. 16.5. a) Gray level image of French bread crumb and its corresponding FD texture 
value; b) surface intensity plots obtained from gray level image; c) Binary image obtained 
from gray level image and the corresponding FD of cells’ average value
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presented examples show the versatility of application of these tools and how 
they can be applied to evaluate form changes, size, structure and microstructure 
in processes and evaluation of food quality. On the other hand, fractal dimen-
sion concept offers important advantages for quantitative description of complex 
materials because it provides numeric data of irregular shape and complex texture 
of food materials. The obtained data extracted from image analysis and fractal 
geometry may provide valuable information to understand the role of structure 
with respect to product functionality. In consequence, these mathematical tools 
could supplement carrying out improvements in food processing.
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17
Scanning Electron Microscopy
of Thermo-Sonicated 
Listeria Innocua Cells

D. Bermúdez and G.V. Barbosa-Cánovas

17.1. Abstract

Listeria innocua cell structure was studied after conducting thermo-sonication 
treatments (24 kHz, 400 W, 120 µm, 63°C) in order to establish a possible mecha-
nism of cell inactivation. Raw and whole cow’s milk was used as the medium of 
treatment, and samples were analyzed after 10 min of thermo-sonication. Scanning 
electron microscopy (SEM) was used to identify possible injuries in cells after 
the treatment. The control sample showed complete integrity and non-disruption 
of the cell membrane, the characteristic rod shape of Listeria cells could be seen, 
and a smooth surface was clearly observable. After 10 min of sonication, the 
lethal effects of caviation were observed as the presence of small holes in the 
cell surface, perforations outside the cell wall, surface granules and disruption of 
the cell membrane. These preliminary effects are responsible for cell  inactivation 
during the first minutes of treatment, and they increase the lethality of the 
 sonication with longer treatment times.

17.2. Introduction

Listeria monocytogenes was discovered more than 90 years ago, and it has been 
recognized as one of the most important food-borne pathogenic microorganisms. 
Some of its characteristics are its small size (0.5–2.0 µm in length and 0.4–0.5 µm 
in diameter); it is Gram-positive, facultative anaerobic, non-spore forming and 
has a coccid rod shape (Martin and Fisher, 2000); and it is able to survive in a 
wide range of temperatures (1°C to 45°C) and pH values (4.1–9.6) (Jay, 1992). 
This microorganism has become one of the most important emerging pathogens 
in the food industry because of the feasibility of growth under very different 
and wide conditions. Outbreaks related with the presence of Listeria monocy-
togenes are associated with salads, pasteurized milk, raw fish, oysters, rice salad, 
Mexican-style soft cheese, and other cheeses (Martin and Fisher, 2000), raw milk, 
pork, raw poultry, ground beef and some vegetables (Jay, 1992). Some recognized 
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species of Listeria belong to the pathogenic variety, while others, such as Listeria 
innocua, show many of the characteristics and resistance of Listeria monocy-
togenes, but without the pathogenic behavior; for that reason, it is often used in 
research as a surrogate for the pathogen.

The so-called emerging technologies are looking into alternatives to conventional 
thermal processing approaches, and these new technologies include the utilization 
of nonthermal or “new” thermal stress factors, as well as sound combinations of 
preservation strategies. It is expected that food products processed by these emerg-
ing technologies will have a very reasonable cost and better quality attributes than 
those attained by conventional ones. Pressure, electricity, sound and light have 
shown inactivation effects in microorganisms and enzymes when applied alone 
or in combination with other preservation factors. Ultrasound has two ranges of 
application in the food industry: high frequency, which is used as a non-invasive 
technique focused mainly on quality control issues, and low frequency or power 
ultrasound, which has the capacity to disrupt cells and promote chemical reactions. 
Power ultrasound is based on the propagation of sound waves through a liquid 
medium generating a physical phenomenon called cavitation. This phenomenon 
is related to the production of small bubbles generated by compression and rar-
efaction cycles in the medium, and it is considered to be one the main reasons for 
the breakage of the cell membrane. During cavitation bubbles collapse and high 
pressures and temperatures are produced, and cell wall structures are disrupted or 
particles are removed from surfaces (Earnshaw et al., 1995). Despite that, there 
have been several inactivation reports (Raso et al., 1998; Pagán et al., 1999; Mañas 
et al., 2000; Cabeza et al., 2004) that have considered ultrasound in microbiology 
and enzymatic activity, in which the main mechanism of cell inactivation has only 
been suggested (Earnshaw et al., 1995), but not clarified.

The objective of this work was to study the microstructure of Listeria innocua 
cells following thermo-ultrasonic treatments in order to establish a possible 
mechanism of cell inactivation using scanning electron microscopy.

17.3. Materials and Methods

17.3.1. Milk Sample

Raw whole milk was obtained from Washington State University’s Creamery. 
Milk was kept in refrigeration at 4°C until it was used. Inoculation of Listeria 
innocua was carried out in a ratio of 1:100 (Inoculum:milk; V/V). A control  sample 
(15 ml) was taken and poured into a disposable 15 ml sterile plastic conical test tube.

17.3.2. Listeria innocua Cells

Two ml of unfrozen Listeria innocua cells (ATCC 51742) (one ml of  microorganism 
grown in the early stationary phase plus one ml of sterile glycerol) stored at 
−21°C were added to 100 ml tryptic soy broth (TSB) with 0.6% yeast extract 
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(TSBYE). The microorganism was kept in a bath shaker at 37°C and 218 rpm until 
it reached the early stationary phase, after approximately 11 h.

17.3.3. Thermo-Sonication Treatment

A sterile double-walled beaker (500 ml), 8 cm in diameter and 13.5 cm in depth, 
was used as a reactor. An ultrasonic processor manufactured by Hielscher USA, 
Inc. (Ringwood, NJ) model UP400S (400 W, 24 kHz, 120 microns) with a 22 mm 
diameter probe was used at the maximum amplitude (100%). Raw and whole 
milk (500 ml) was used as the medium of treatment. Temperature was set up and 
kept constant (63 ± 0.5°C) via a refrigerated bath (VWR Scientific Model 1166, 
Niles, IL). A thermocouple was used to monitor the temperature; when it was 
stable, the inoculum was added to the milk and a magnetic stirrer was used to 
make sure that the treatment was homogeneous throughout the treatment time. 
Samples were taken after 10 and 30 min of thermo-sonication and transferred to 
disposable 15 ml sterile plastic conical test tubes.

17.3.4. Scanning Electron Microscopy (SEM)

Inoculated raw milk with Listeria cells and thermo-sonicated milk samples were 
centrifuged at 1500 rpm for 5 min at 10°C. The supernatant was discarded and the 
cells were re-suspended in 15 ml of sterile TSBYE. Centrifugation was performed 
again. The supernatant was discarded and the cells were transferred with a sterile 
Pasteur pipette to disposable 1.5 ml sterile plastic microcentrifuge tubes. Fixation 
was made with 2% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer 
(pH 7.2) at 4°C for 24 h, followed by 2% osmium tetroxide in cacodylate 
buffer 0.1 M at 4°C for 24 h. Dehydration was carried out with serial dilution 
of ethanol solution and afterwards HMDS (hexamethyldisilazane) drying was 
performed. Samples were mounted in aluminum stubs, and gold plating was used 
as a final step. Samples were analyzed with a scanning electron microscope 
(Hitachi S-570, Tokyo, Japan) at 20 KV at the Electron Microscopy Center at 
Washington State University (Pullman, WA).

17.4. Results and Discussion

In Fig. 17.1, the control sample showing intact cells of Listeria innocua is shown. 
These cells were inoculated in raw whole milk and processed to be observed 
under SEM. The characteristic rod-shape of these bacteria and their size, as 
described by Martin and Fisher (2000), are shown. The texture of the surface 
looks smooth, and the continuity of the cell membrane is clear in each individual 
cell. No effect that could suggest cell injuries is observed.

In Fig. 17.2, cells exposed to thermo-sonication treatments are shown. All of the 
cells in this picture have visible injuries because of cavitation. The cell at the top 
of the image has a couple of orifices along the cell wall, creating the possibility of 
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Fig. 17.1. Listeria innocua cells without treatment (control sample) inoculated in raw 
whole milk. 20 kV, magnification 5.90 K and 5.1 µm

leakage of cytoplasmatic material to the environment and allowing the interchange 
of material inside the cell. In the left corner of the same figure, three cells show 
similar effects; two present surface granules, and the third has a discontinuity 
of the cell wall. All these effects could be explained on the basis of cavitation 
theory. Cavitation takes place when sound waves across a liquid medium, and 
thousands of bubbles or cavities are generated inside the medium. But caviation 
could be grouped into two different types, depending on the physical effects that 
are generated in the liquid. According to Earnshaw et al. (1995) cavitation can 
be classified as stable or transient. During stable cavitation, the presence of small 
bubbles dissolved in the liquid is observed, and the force generated in the medium 
is caused by the formation of strong eddies that generate micro-currents; this 
physical phenomenon is called micro-streaming. Explosions are not produced in 
this cavi-tation, and the main lethal effect could be the force that rubs the surface 
and damages the cell membrane. This effect of stable cavitation is observed in the 
presence of small holes in the cells; micro-streaming causes a friction effect in 
the surface, breaking down the cell wall and producing orifices. But the effects of 
stable cavitation are not isolated from transient cavitation. Both mechanisms take 
place at the same time, and the lethal effect is the combination of both.

Transient cavitation could be considered more active, lethal and with stronger 
effects. During transient cavitation, one of the main effects is the presence of 
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explosions. The collapse of bubbles is produced in the medium due to rapid 
change in the bubble size; the intensity of this phenomenon is variable. One of 
the characteristics of this cavitation is the increase of temperature and pressure 
generated by the collapse of bubbles. Pressure inside the medium could be as high 
as 100 MPa, and the temperature could rise up to 5000 K. According to Earnshaw 
et al. (1995), tem-perature and pressure affect the cells and remove particles 
from the surface. This effect is observed in one of the cells in Fig. 17.2, which 
shows the presence of granules on the surface. These granules could come from 
the same cell, because the material that was removed from the site showing per-
forations could be moved to another part of the cell and be present as a granule; 
otherwise, this material could come from other damaged cells.

In Fig. 17.3, a closer view of a single Listeria cell is shown. This picture shows 
the cell at a magnification higher than 21 K, and the damage in the upper left cor-
ner is readily observed. The cell membrane is disrupted and broken down, with 
the consequent loss of cytoplasmatic material. Pitting on the cell surface can also 
be observed. Besides the physical effects of cavitation, some chemical effects 
take place under sonication. One of the most important effects is the sonolysis of 
water, which is related to the separation of the components of water molecules 
in free radicals like OH− and H+. Tsukamoto et al. (2004a; 2004b) mention 

Fig. 17.2. Listeria innocua cells after 10 min of thermo-sonication treatment (63°C and 
120 µm) showing perforation, surface granules and disruption of the cell membrane 20 kV, 
magnification 6.00 K and 5.0 µm
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that these free radicals attack the cell membrane, producing a primary biocidal 
effect. After the recombination of free radicals in the medium, the production of 
oxidants is generated that is called the secondary biocidal effect. Thus, another 
factor that could promote microbial inactivation is the presence of free radicals 
in the medium freely entering into the cells through the perforations generated 
in the membrane.

In Fig. 17.4, more damaged cells are shown with similar characteristics in the 
surface, that is, the presence of perforations generated by the physical effects of 
cavitation. This research was conducted to establish some of the possible effects 
of thermo-sonication in cells that are responsible for microbial inactivation. On 
the basis of these images, the effects can be separated into two groups according 
to the type of cavitation. First, the effects generated by the friction of the bubbles 
generated by stable cavitation which causes an abrasive effect in the membrane 
and break-down of the cell membrane can be seen as disrupted membranes and 
perforations outside the cell wall.

The second event, which could be classified as more violent, is generated by 
transient cavitation, with explosions generated and important increases of temperature 

Fig. 17.3. Closer view of Listeria innocua cell after 10 min of thermo-sonciation (63 °C 
and 120 µm) showing the disruption of the cell wall in the upper left corner. 20 kV, mag-
nification 21.9 K and 1.37 µm
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and pressure that attack the cells. Those effects are responsible for removing 
cellular material from the surfaces and for generating sound waves to move 
the material through the medium. These effects could be assigned as the main 
physical damages in cells after sonication, although it is important to highlight 
that these cells represent the injured microorganisms after 10 min of treatment, 
suggesting higher damage with longer times. Results after 10 min of thermo-
sonication under the same conditions used in this work showed 5-log reduction of 
Listeria cells in raw whole milk (Bermúdez-Aguirre et al., 2005); for that reason, 
it can be assumed in this work that some of the cells shown in the different images 
represent death cells. If treatment times are longer than 10 min, the cells could 
probably be broken in several pieces because of more intense cavitation.

17.5. Conclusions

This study to describe a possible mechanism of inactivation of Listeria cells under 
thermo-sonication showed that the physical damages generated by  cavitation 

Fig. 17.4. Listeria innocua cells after 10 min of thermo-sonication treatment (63°C and 
120 µm) showing pitting outside the cell wall. 20 kV, magnification 5.90 K and 5.1 µm
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lead to different representations, such as perforations or orifices in the cell wall, 
 surface granules, cell wall deformation and cell membrane breakage. These cells 
were exposed to very hard conditions of ultrasound for 10 min. Longer times 
would generate more injuries in the cell. Another lethal factor that could help in 
cell inactivation is the production of free radicals due to the sonolysis of water.
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18
Sorption Properties of Dehydrated 
Model Systems and Their Relationship 
to the Rate of Non-Enzymatic 
Browning

N.C. Acevedo, C. Schebor, and M. del P. Buera

18.1. Introduction

The non-enzymatic browning (NEB) reaction is one of the most important chemi-
cal reactions that occur in foods during heating and storage. The NEB rate is 
known to be affected by physico-chemical factors such as concentration and the 
chemical nature of the reactants, pH, relative humidity, temperature, and time of 
heating (Labuza and Baisier, 1992). In dehydrated systems, NEB is a diffusion 
limited reaction, due to mobility restrictions of the reactants; therefore, it can 
also be affected by the glass transition (Buera and Karel, 1995). Although there 
are many ways in which water can influence the kinetics of the reaction, some of 
these influences have been neglected. It is also important to note that water, being 
a product of the NEB reaction, acts as an inhibitor (Acevedo et al., 2004; 2006). 
Thus, the purpose of the present work was to analyze the combined effects of 
several water–solids interactions and the structural properties of model systems 
on the NEB rate, and the counteracting effects of water as an inhibitor of the 
browning reaction and its compromise with the solid matrix.

18.2. Methodology

The following matrices were employed: polyvinylpyrrolydone (PVP, MW: 
34 000) obtained from ISP Technologies, Inc. (Wayne, NJ); trehalose and a mixture 
2:1 (in weight) of trehalose obtained from Hayashibara Co. Ltd. (Okayama, 
Japan); and gelatinized wheat starch (obtained from Sigma Chemical Co., 
St. Louis, USA). Wheat starch was previously gelatinized by heating an aqueous 
suspension for 15 min at 80°C. Samples were prepared by freeze-drying aque-
ous solutions of the corresponding matrices in phosphate buffer 0.175 M, pH 6, 
containing 15% (w/w) of the matrix material and the browning reactants, glycine 
and glucose, both of 0.5% on a solid basis. Glycine and glucose were analytical 
grade (obtained from Merck Darmstadt, Germany and Andrea San Fernando, 
Argentina, respectively). Aliquots of 1 ml of each solution were placed in 3 ml 
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glass vials and frozen at −20°C for 24 h. The freeze-drying process lasted 48 h. 
A Heto-Holten A/s cooling trap model CT110 freeze drier (Heto Lab Equipment, 
Denmark) was used; it was operated at −110°C, at a chamber pressure of 4.10−4 
mbar. After freeze-drying, the samples were equilibrated over saturated salt solu-
tions (in a range of 11–75% R.H.) in vacuum desiccators for 15 days to obtain 
the desired water contents (Greenspan, 1977).

The water content was determined by difference in weight before and after 
vacuum drying over magnesium perchlorate at 70 °C for 48 h. After equilibration, 
the vials were hermetically sealed and placed in forced air ovens at 70 °C ± 1°C. 
The model systems were reconstituted to their original volume. Browning was 
determined by measuring absorbance at 445 nm.

Thermal transitions were determined by differential scanning calorimetry (DSC; 
onset values) using a DSC 822e Mettler Toledo (Schwerzenbach, Switzerland).

18.3. Results and Discussion

Figures 18.1 and 18.2 show the water sorption isotherm at 20°C (solid line) 
and the NEB rate at 70°C (dotted line) as a function of water activity (aw) for 
polymeric and trehalose containing systems, respectively. The water sorption 
isotherms were adjusted with the GAB model (van den Berg and Bruin, 1981) 
and two important zones were identified: the monolayer values (m0) and the 
water activity above which water incipiently manifests solvent properties (I). The 
I value was obtained from the second inflection point of the sorption isotherm. 
The maximum NEB rate in the PVP system was observed at aw 0.33 (Fig. 18.1a, 
gray zone). A maximum NEB rate at aw 0.33 was also reported for PVP systems 
of MW 1 200 000 (Acevedo et al., 2004), MW 40 000 (Bell, 1996) and MW 
24 000 (Buera and Karel, 1995). It can be observed that in this system the maximum 
NEB rate occurs at a water content close to the m0 value. Table 18.1 shows the 
glass transition temperatures (Tg) values corresponding to all of the analyzed 
systems in a wide range of aw. The presence of Maillard reagents and buffer 
affected the Tg values; thus, they were lower than those reported in the literature 
for the pure PVP and trehalose matrices. The Tg value for the PVP systems at aw 
0.33 (Table 18.1) was close to the storage temperature. Above aw 0.33, the PVP 
system in the supercooled state readily collapsed, and the NEB rate decreased. 
According to White and Bell (1999), the decrease in NEB rate can be attributed 
in part to the structural collapse of the samples, which may cause elimination of 
preferential sites for the reaction.

In the gelatinized starch system (Fig. 18.1b), the maximum NEB rate was 
located at aw 0.52 in the supercooled state (Table 18.1), and was also close to the 
monolayer value. The NEB rate values, however, were about one order lower than 
those observed for the PVP systems (Fig. 18.1a). These results suggest that the 
nature of the polymeric matrix strongly affects the development of the browning 
reaction and the specific influence of water. Figure 18.1c shows the behavior of 
a mixture of PVP and gelatinized starch (2:1 ratio). The maximum NEB rate was 
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Fig. 18.1. Water sorption isotherm at 20 °C (left axis, solid line) and NEB rate (70 °C) 
versus aw (right axis, dotted line) for PVP (a), gelatinized starch (b), and PVP-gelatinized 
starch 2:1 (c). The maximum NEB rate is indicated by a gray zone. The m0 and I values 
are indicated as circles on the isotherm curves
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observed in a range between aw 0.33 and 0.52, which corresponds to the two aw 
values for the maximum rates for each individual matrix. The PVP-starch matrix 
manifested structural collapse at and above aw 0.52, showing a much stable struc-
ture than the PVP system, which collapsed at aw 0.33.

The NEB rate values in the mixture were at least five orders lower than those 
for the individual components, suggesting that this reaction is less favored in the 
mixture, probably due to mobility restrictions or water availability.

For the starch containing matrices (Fig.18.1b and 18.1c), the decrease in NEB 
rate occurs at aw values at which the solvent properties of water start to increase 
(indicated as I values). For the PVP system, however, the NEB rate decreased at 
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Fig. 18.2. Water sorption isotherm at 20 °C (left axis, solid line) and NEB rate (70 °C) 
versus aw (right axis, dotted line) for trehalose (a), and trehalose-gelatinized starch 2:1 (b). 
The maximum NEB rate is indicated by a gray zone. The m0 and I values are indicated as 
circles on the isotherm curves
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aw values lower than the I value. This could be due, on one hand, to the fact that 
the browning development was noticeably higher for the PVP systems, producing 
a high amount of water that could inhibit browning as a product of the reaction. 
On the other hand, the multilayer of water present in the PVP system may not be 
attached so strongly to the matrix, again rendering available water for the inhibi-
tion of the reaction.

The trehalose system (Fig. 18.2a) showed a maximum NEB rate between aw 
0.43 and 0.52, above the monolayer value. At this aw range, trehalose was com-
pletely crystallized (Table 18.1). The decrease in NEB rate occurred in the pres-
ence of water available as a solvent, as indicated by the I value in the isotherm. 
The maximum NEB rate for the trehalose-gelatinized starch system was observed 
at aw 0.43, well above the monolayer value, and in the supercooled state (Fig. 18.2b). 
The addition of gelatinized starch to the trehalose matrix reduced the maximum 
rate values and delayed sugar crystallization (Table 18.1).

18.4. Conclusions

The location of the maximum NEB rate on the aw scale strongly depended on the 
type of system. In the case of trehalose, it could be related to the crystallization of 
sugar. Upon crystallization, the reagents could concentrate in the non-crystalline 
region of the matrix, increasing the reaction rate. The type of system also affected the 
NEB rate values along the aw scale. The addition of gelatinized starch affected NEB 
kinetics of the polymeric and sugar systems analyzed. The presence of starch 
reduced NEB rates in the mixtures, modified the location of the maximum NEB 
rate in the aw scale, and delayed structural collapse and sugar crystallization. The 
NEB rate in the aw scale could be related to the water sorption properties of the sys-
tems, described in this work by m0 and I: the maximum NEB rate always occurred 
close to (at or above) the m0 value, and the rate dramatically decreased after the 
second inflection point of the isotherm, when the solvent properties of water were 
incipiently developing. These results reinforce the highly inhibitory character of 
water on the NEB reaction and suggest that the water sorption characteristics of the 
systems has information on water-solids interactions which, besides thermal prop-
erties and structural characteristics, can predict aw for the maximum NEB rate.

Table 18.1. Glass transition temperatures for model systems at  different 
aw values. CR: crystallized system

Glass Transition Temperature (Tg)

aw PVP Starch PVP/Starch Trehalose Trehalose/Starch

0.11 96 104  95 43  28
0.22 80     –  84 38  23
0.33 64  58  67 12  13
0.43 47  44  41 CR −11
0.52 42  42  36 CR −12
0.75 −7  −4 −11 CR −44
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19
Drying of Porous Materials: 
Experiments and Modelling 
at Pore Level

L.A. Segura

19.1. Introduction

Drying of porous materials is important in the processing industry, mainly 
in food manufacturing. The classical drying theory has been widely studied 
(Barbosa-Cánovas and Vega-Mercado, 1996). This approach is based on experi-
mental determination of the effective diffusion coefficients as a function of water 
saturation. A different approach is based on the study of drying mechanisms at 
pore level (Segura and Toledo, 2005a; Segura and Toledo, 2005b; Laurindo and 
Prat, 1998). Provided pore geometry, pore topology and wall composition of 
the porous medium, these coefficients can be predicted. In this work we studied 
isothermal drying of non-hygroscopic porous media with a mechanism based 
computer facilitated model of pore-level drying.

Simulation results of pore-level drying of non-hygroscopic rigid liquid-wet 
porous media are presented. Two and three-dimensional pore networks represent 
pore spaces.

Here, I report results of experiments and distributions of liquid and vapor as 
drying time advances. For the calculation of transport properties, details of pore 
space and displacement were subsumed in pore conductances (Segura and 
Toledo, 2005b). Solving for the pressure field in each phase, vapor and liquid, 
I found a single effective conductance for each phase as a function of liquid 
saturation. Along with the effective conductance for the liquid-saturated network, 
the diffusivity of liquid and diffusivity of vapor were calculated.

19.2. Experiments of Drying at Pore Level

Several experiments have been performed in micromodels to determine the mech-
anisms that occur on drying at pore level (Shaw, 1987; Laurindo and Prat, 1998).

Figure 19.1 shows drying fronts in a bead pack. The medium is homogeneous, 
dense and random packing of 0.4 µm mean diameter silica spheres, sandwiched 
in a 15 µm × 2.5cm × 4.0cm gap between two glass slides (Segura and Toledo, 
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2001). In an optical microscope, silica spheres saturated with water appear 
transparent, and dried zones appear dark. After packing the cell with spheres and 
filling it with distilled water, three edges of the cell were sealed. Drying was initi-
ated by allowing the water to evaporate from the open edge. As air invaded the 
packing during drying, the cell became opaque. This allowed the drying front to 
be directly imaged in an optical microscope using transmitted light. The experi-
ment was carried out at room temperature (18°C). The cell was used in horizontal 
position. Shaw (1987) first conducted a similar experiment. Photographs a and b 
were taken with a difference of 30 s.

19.3. Modeling of Drying at Pore Level

Porous media were represented by rigid two-dimensional square and three-
dimensional cubic networks of prismatic pore bodies connected by narrow pore 
throats of rectangular cross section circumscribing circles of given radii and depth.

Initially, the network was fully saturated with liquid. Evaporation took place by 
allowing the liquid to evaporate into the air from an open edge of the network. At 
the top of this edge a stream of air and evaporating species mixture flowed past 
slowly. The other edges of the network were sealed.

Network orientation with respect to gravity was horizontal. Liquid perfectly 
wet the solid surfaces; thus, the contact angle, measured through the wetting 
phase, was zero. Menisci movement was considered quasistatic and capillary-
controlled. Liquid accumulation in pore corners allowed for liquid connectivity 
throughout the network no matter how high the capillary pressure was. Details of 
pore network and drying model were presented in a previous work (Segura and 
Toledo, 2005a; Segura and Toledo, 2005b).

Fick’s first law defines the effective diffusivity of the evaporating species in 
the gas phase (Segura and Toledo, 2005a; Segura and Toledo, 2005b):

Fig. 19.1. Drying fronts in a bead pack (Segura and Toledo, 2001)
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Where Qv is the volumetric flow rate of the evaporating species in the gas 
phase, M and d are, respectively, the molecular weight and density of the evapo-
rating species, R is the ideal gas constant, T is the temperature, (Dp/L)v is the 
pressure gradient on vapor in the direction of the main flow, and Dv is the vapor 
effective diffusivity.

Liquid Diffusivity is defined by (Toledo et al., 1995):
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where Dl is the liquid effective diffusivity , kh is the hydraulic conductivity, µl is 
the liquid viscosity, and dPc/DSL is the variation of capillary pressure with liquid 
saturation.

19.4. Results and Discusion

Results are presented for 2D and 3D pore networks of pore bodies connected by 
narrow pore throats distributed by a log-normal distribution. Networks were dis-
posed horizontally; thus, gravity was not a factor. The liquid used was hexane.

Figure 19.2 shows drying curves. Here we compare the results of Laurindo 
and Prat’s (1998) experiments and simulation with our simulations. Our model 
captured the essence of the experiments.

Figure 19.2 displays drying curves from two-dimensional simulations on 
140 × 140-pore networks saturated with hexane. Results are compared with 
experimental data from a micromodel of the same size (Laurindo, 1996) and 
simulation results of Laurindo (1996) (see also Laurindo and Prat, 1998) in the 
same network. Laurindo’s (1996) results are the one realization of the log-normal 
pore size distribution. Our results correspond to five realizations of the same pore 
size distribution.

The experimental drying curve has the typical monotonic decreasing form. 
The lack of a plateau at early times in the drying process is explained by the two-
dimensional nature of the micromodel and network replicas.

Figure 19.2 reveals that not enough liquid remains in the narrow outer surface to 
produce a constant period of drying. The experimental curve suggests two distinct 
regimes: a fast drying rate period followed by a significantly slower rate period. 
The arrow in Fig. 19.2 signals the change of rate in the simulated drying curve.

Figure 19.3 shows a comparison of experimental and simulated morphologies 
of drying fronts and corresponding saturations at equivalent drying times. Drying 
fronts move from the right. Pores filled with hexane vapor are shown in black; 
regions filled with liquid hexane are shown in white. Upper and lower boundaries 
are sealed. The left column in Fig. 19.3 displays a sequence of images from a 
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Fig. 19.2. Drying curves for 2D network (140 ×140)

100 × 60 pore micromodel (Laurindo, 1996). The right column in Fig. 19.3 dis-
plays the corresponding sequence obtained with our model in a computer replica 
of the micromodel, which is a 100 × 60 pore network. The sequence shows that at 
early stages of the process, when the average velocity of the drying front is high, 
a roughly compact front forms. As the front velocity slows, the size of the front 
roughness increases, and capillary fingers develop. Islands of liquid of various 
sizes appear. Notable is the compact front that evolves behind the rough front.

Similar analysis has been offered by Shaw (1987) and Laurindo and Prat 
(1998). Important is the striking resemblance of the simulated drying pattern 
when compared to the experimental pattern at the same drying time. The model 
also reproduces saturations, as Fig. 19.3 shows.

According to the model, the drying pattern at the beginning of the process 
is determined by capillary pumping, then by interplay between pumping and 
evaporation, and later, when only islands of liquid remain, by evaporation. The 
compact front behind the rough front is determined almost exclusively by evapo-
ration. Our model successfully captures the physics of the drying process in the 
micromodel.

Figure 19.4 shows vapor diffusivity and liquid diffusivity curves from simula-
tions in 2D and 3D pore networks saturated with hexane. Initially drying was 
governed by hydraulic flow, i.e., the liquid was eliminated to the outer surface of 
the network by liquid flow, where the liquid evaporated.

As liquid saturation diminished, liquid diffusivity diminished as well. Almost 
90% of the liquid saturation in the network was unable to support liquid flow, 
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Fig. 19.3. Comparison of experimental and simulated morphologies of hexane drying fronts 
and corresponding saturations at equivalent drying times. Left column displays a sequence of 
images from a micromodel (Laurindo, 1996). Right column displays the corresponding 
sequence obtained with our model in a computer replica of the micromodel

and evaporation occurred inside the networks. At first, vapor coefficient diffusion 
increased because the interface liquid-gas increased. The vapor flux also 
increased; as liquid saturation decreased, both the vapor flux and the vapor 
diffusivity also diminished.

19.5. Conclusions

A mechanistic pore-level model of drying incorporating viscous flow and evapo-
ration in two and three-dimensional networks is used to determine pore-level 
drying curves and vapor and liquid diffusivity as a function of liquid content. 
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Initially, drying is governed by hydraulic mechanism, and then the water is elimi-
nated by a combination of local evaporation and hydraulic flow. Finally, drying 
is governed by local evaporation of liquid clusters.
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Rheological Description 
of the Disorder-Order Transition 
of Gellan Without Added Counter-Ions

B.E. Sánchez-Basurto, M. Ramírez-Gilly, and A. Tecante

20.1. Introduction

Gellan is a microbial anionic heteropolysaccharide with a repeating unit of 
tetrasaccharide formed by glucose, glucuronic acid and rhamnose in a 2:1:1 molar 
ratio, respectively. In native gellan, the repeating unit contains one O-acetyl and 
one O-L-glyceril in positions C6 and C2, respectively, in one of the glucose 
molecules. Removal of these substituents results in low acyl gellan, which 
together with the high acyl form are commercialized as gelling agents. However, 
each form produces gels with different textures (Sanderson, 1990).

Gellan forms gels with mono and divalent ions. Gelation occurs via a two-step 
mechanism that involves formation of a double helix from two random coils, 
followed by aggregation of double helices that gives rise to a three-dimensional 
network. The coil-helix transition defines the sol form while double helix aggre-
gation characterizes the gel condition (Milas et al., 1990).

The sol-gel transition is thermoreversible (i.e., it occurs on cooling and heat-
ing) and takes place over a temperature range in which there is a peak temperature 
normally considered the transition temperature. However, when gellan concentra-
tion is low and ions are not added, only the coil-helix transition takes place upon 
cooling hot solutions. This transition is also thermoreversible.

The sol-gel transition with added ions has been studied using techniques that 
include optical rotation (Milas et al., 1990), ultrasound (Tanaka et al., 1993), DSC 
(Miyoshi et al, 1994; Izumi et al., 1996; Miyoshi et al., 1996; Amici et al., 2001), 
capillary viscometry (Sakurai et al., 1995) and analysis of viscoelastic moduli 
(Nakamura et al., 1993; Nakamura et al., 1996). In these works, transition 
temperatures for gellan without added ions are also provided, but mainly for 
polymer concentrations higher than 0.5%.

In this work we report on the viscoelastic behavior of gellan solutions at 
different temperatures without added ions. The disorder-order transition is 
described by a method based on the variation with temperature of the frequency 
at which tan δ = 1. The method from which transition temperatures were determined 
was validated by comparison with DSC measurements, and its applicability was tested 
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with guar and kappa-carrageenan solutions without added ions. Our purpose is 
to understand the behavior of gellan under non-gelling conditions in order to 
identify possible applications where the presence of salts is not possible or even 
undesirable.

20.2. Materials and Methods

20.2.1. Materials

Food grade low acyl gellan (Kelcogel, CPKelco, San Diego, USA) was used 
without further treatment. Its ion content (%), as determined by atomic absorp-
tion, was: Ca+2 = 0.42 ± 0.028; Mg+2 = 0.15 ± 0.070; Na+ = 0.74 ± 0.13 and 
K+ = 3.5 ± 0.078.

20.2.2. Gellan solutions

Gellan was dispersed in distilled and deionized water at room temperature (25 ± 
2 °C) under vigorous magnetic stirring. The resulting dispersion was heated to 75°C 
and kept 15 min at this temperature. Water was added to compensate for evapora-
tion losses. The hot solutions were handled as described in the next section. Gellan 
concentrations were 0.1, 0.2, 0.3, 0.4, 0.5 and 0.65% on a dry weight basis.

20.2.3. Rheology

The disorder-order transition was examined by cooling the hot gellan solutions 
in a double wall Couette fixture (cup diameter, mm: inside = 27.94, outside = 34; 
bob diameter, mm: inside = 29.5, outside = 32; bob length, mm = 31.98) of a 
strain rheometer (ARES-RFSIII, TA Instruments, USA). Hot gellan solutions 
were equilibrated in the fixture previously heated to 60°C. Then, temperature was 
lowered to 45, 40, 35, 30, 25, 20, 15, 10, 5 and 1°C. At each of these tempera-
tures, strain and frequency sweeps were carried out with the same sample. Strain 
sweeps were run at a constant oscillation frequency of 6.38 rad/s to find the zone 
of linear viscoelasticity. Frequency sweeps from 0.1 to 100 rad/s were carried 
out at a constant strain within this zone. The sample was covered with paraffin 
oil to avoid evaporation losses. Tests were run at least in duplicate with freshly 
prepared solutions. The frequency of G¢and G″ overcrossing (i.e. tan δ = 1) was 
determined using an interpolation routine included in the rheometer software 
(Orchestrator V. 8.03).

20.2.4. Differential Scanning Calorimetry

DSC tests in a microcalorimeter (Setaram DSC III, France) were run to confirm 
the existence of the disorder-order transition in gellan solutions. Solutions were 
heated and cooled at a rate of 1°C/min from 5 to 60°C.
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The peak temperature in the resulting thermographs was taken as the disorder-
order transition temperature (DOTT).

20.3. Results and Discussion

Figure 20.1 shows the variation with frequency of dynamic moduli and loss angle 
for 0.65% gellan at 1, 25 and 45°C. At 45°C the behavior is typical of a mac-
romolecular solution with G¢ µ ω1.7, G″ µ ω1.0, G″ > G¢, between 1 to 30 rad/s, 
and an overcrossing at about 40 rad/s. The marked decrease with frequency of the 
loss angle above 1 rad/s (Fig. 20.1b) is typical of increasingly elastic disordered 
chains. Below 1 rad/s, the measured torques were lower than the detection limit 
of 0.4 µN.m. At 25 °C, G″ » G¢, G¢ µ ω0.58, G″ µ ω0.55, and moduli overcrossed 
at about 60 rad/s. The loss angle was about 45° and independent of frequency. 
At 1°C, G¢ µ ω0.32, G″ µ ω0.34, and G¢> G″ resulted in loss angles of about 26°. 
Cooling resulted in an increase of five orders of magnitude in moduli and changes 
in their dependence with frequency and shifting, but without gel formation. 
This is ascribed to the existence of a disorder-order (i.e., coil-helix) transition 
confirmed by DSC (Fig. 20.2). The DOTT on cooling (Fig. 20.2a) was 26.92°C, 
while that on heating was 26.81°C (Fig. 20.2b), which indicates the absence of 
hysteresis.

Plotting the overcrossing frequency, ωC, against temperature resulted in a 
maximum at 30°C, as shown in Fig. 20.3 for 0.65% gellan. This temperature is 
about 3 °C greater than that determined by DSC. It is worth noticing that the 
appearance of a maximum, like that shown in Fig. 20.3, makes possible the DOTT 
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to be determined. To the best of our knowledge, this procedure has not been used 
before. The applicability of the method was tested with guar and κ-carrageenan 
without added ions. The former is a non-ionic polysaccharide for which a con-
formational transition is not expected, as it adopts a random coil conformation 
regardless of temperature. The latter has a gelling mechanism similar to gellan and 
also shows thermoreversible conformational transitions depending on its concen-
tration and added ions content. For 0.5% guar, the variation with frequency of the 
dynamic moduli (data not shown) over the experimental temperature range was 
similar to that for 0.65% gellan at 45°C (Fig. 20.1a). This means that regard-
less of temperature, guar behaved as a macromolecular solution in which moduli 
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Fig. 20.3. Variation with temperature of ωC during cooling of a 0.65% gellan solution
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overcrossing resulted in an increase in ωC with temperature without a maximum. 
Therefore, no conformational transition took place.

Figure 20.4 shows the behavior of 0.4% κ-carrageenan without added ions. 
A maximum in ωC occurred at about 15°C (Fig. 20.4a). DSC confirmed the pres-
ence of a transition during cooling, with a peak temperature of 13.48°C. The 
transition on heating (signal not shown) occurred at 14.68°C. The difference 
among these temperatures is not greater than 1.5°C. Therefore, it is possible to 
conclude that the overcrossing method yields reliable values of DOTT.

Figure 20.5 shows the variation with temperature of ωC for the other gellan 
solutions. DSC confirmed transition temperatures only for 0.5% gellan, because 
lower concentrations produced weak signals. For 0.5% gellan, the peak tem-
perature was 25°C, which agrees quite well with 25.32°C from DSC. The DSC 
peak temperature on heating was 25.20°C. The DOTT decreases with decreasing 
gellan concentration. We have taken peak temperatures both in DSC and rheology 
just for comparison purposes, but it is clear that transition takes place over a 
temperature range.

Figure 20.6 shows the transition temperatures obtained by our procedure, 
together with those reported in the literature for gellan without added ions and 
determined only from rheological data (Nakamura et al., 1993; 1996). Gellan con-
centration, CP (%), is plotted against the reciprocal of absolute temperature. The 
agreement of our data with those reported is excellent. This representation allows 
identification of the concentration and temperature for which the disordered and 
ordered states exist. For example, at a constant gellan concentration of 0.5% and 
0.0032 1/K (39°C), the coil conformation exists, while at the same concentration 
but 0.0036 1/K (4.6°C), the double helix conformation is adopted.
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Fig. 20.4. (a): Variation with temperature of ωC, and (b): DSC signal during cooling of a 
0.40% κ-carrageenan solution without added ions
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Fig. 20.6. Conformational transition diagram for low acyl gellan without added ions. 
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20.4. Conclusions

The DOTT in gellan solutions without added ions can be determined from 
displacement with temperature of the frequency at which the dynamic moduli 
overcross. The agreement of transition temperatures with DSC measurements 
confirmed the validity of this method. Examination of the behavior of guar and 
kappa-carrageenan without added ions proved the applicability of the method.
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21
Advanced Food Products and Process 
Engineering (SAFES) II: Application 
to Apple Combined Drying

P. Fito, N. Betoret, P.J. Fito, and A. Andrés

Nomenclature

De: effective moisture diffusivity
Ks, Ks0, Kw, Kw0: kinetic parameters
l: characteristic dimension
m: mass
[OS]: osmotic solution concentration
P: pressure
r: radius
ρ: density
ρa: apparent density
ρr: real density
T: temperature
t: time
V: volume
v: air velocity
Xw: moisture content (as mass fraction)
Xss: soluble solids content (as mass fraction)
X1: volumetric fraction of liquid incorporated in the first stage of VI step
X2: volumetric fraction of liquid incorporated in the second stage of VI step
γ1: volumetric deformation in the first stage of VI step
γ2: volumetric deformation in the second stage of VI step
ε: effective porosity
∆Mw: relative increment in water mass
∆Mss: relative increment in soluble solids mass

21.1. Introduction

Different dehydration techniques are widely used to stabilize fruits. Numerous 
papers about dehydration methods such as air drying (AD) or osmotic dehydra-
tion (OD) are being published around the world. Vacuum impregnation (VI) 
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pre-treatment may be used as a tool both to improve mass transfer and to develop 
engineered products (Fito et al., 2001).

In this paper, a solid food is considered as a monophasic and homogenous 
system, and product humidity is considered as the main variable related to qual-
ity characteristics of the final product being correlated with process conditions 
(mainly air temperature and velocity).

Nowadays, consumers are much more demanding, calling for products with 
good texture, color and nutritional value. Quality is becoming a more complex 
concept that affects the functionality of the product (Fito and Chiralt, 2003). In 
this situation, foods have to be defined by considering some of the structural, 
sensorial, physical-chemical and nutritive aspects.

The changes in every considered characteristic, along with drying proc-
esses, need to be taken into account, and mechanistic correlations among 
these characteristics and process variables must be established (Torreggiani 
and Bertolo, 2001).

A new methodology that allows us to consider structural, physical- chemical 
and nutritive aspects when defining a fruit, while also analyzing phase transitions, 
structural changes and transport phenomena in a systematic way (SAFES) (Fito 
et al., 2006) has been applied to dehydration of apple by combined methods.

21.2. Materials and Methods

SAFES methodology was conceived to describe food by considering its struc-
tural, thermodynamic and physico-chemical complexity in the simplest pos-
sible way so as to detect the changes food can suffer as a result of a series of 
changes.

SAFES methodology is based on mathematic matrices designed for mass bal-
ances that include food components in different aggregation states in rows and 
food phases in columns (Fito et al., 2006).

A descriptive matrix (DM) defines a product, while the difference between two 
DMs defines a matrix of changes (MC), which reflects phase transitions, compo-
sitional and structural changes, and the transport phenomena involved in a stage 
of changes or in a basic operation.

DM and MC are identified with two subscripts; the first indicates the position 
of the product (DM) or the stage considered (MC) in the global process (repre-
sented by a flux diagram), and the second is a reference to specify the mass basis 
to which values are referred in the matrix.

Apple var. Granny Smith was analyzed; a dehydration process that includes 
VI, OD and AD as basic operations was considered. Data from the literature have 
been used, and some hypotheses related to composition and water distributions 
have been established to define DM. Data, hypotheses, and the sequence of 
calculations to construct DM and MC are included in Fig. 21.1.
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Fig. 21.1. Data, hypothesis and the sequence of calculations to build up DM and MC for 
each stage of changes
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21.3. Results and Discussion

21.3.1.  The Concept of Stage of Changes: 
Application to the Process of Dehydration 
of Apple by Combined Methods

The concept of basic operation (BO), inherited from chemical engineering, has 
been used in food engineering for a long time. The SAFES methodology has 
defined the concept of “stage of changes (SC)”, in order to, specifically, identify 
each one of the changes that a product undergoes through a BO, as well as the 
mechanisms responsible for them. An SC can be defined as the time span during 
which a food system undergoes some relevant change (e.g., in state variables, 
structure, composition, aggregation states, etc.) (Fito et al., 2006).

In the process of dehydration by combined methods considered in this work, VI 
operation has been divided in two SC, while OD and AD have been analyzed as 
unique operations. Figure 21.2 shows the flow chart, including operation conditions.

In operation of VI, the direction of the pressure gradients that act as driving 
forces in stage at atmospheric pressure determines the direction of the flows 
and deformations in the product, making it necessary to analyze each one inde-
pendently.

It is well known that in AD operations different mechanisms (osmotic, diffusion, 
hydrodynamic, etc.) are responsible for water removal depending on the presence 
of a liquid phase. As a consequence, the drying rate is affected. In accordance with 
both periods, the operation has been divided in two SC. OD has been analyzed as 
a unique SC because the time considered (three hours) is too short.

AD
(MC4.3) 

P= 1050 mbar
T = 40�C
t = 9 h

v = 2 m/s

OD
(MC3.2) 

P=1050 mbar
T = 30�C
T = 3 h

  [OS]= 60Brix   

VI apple
(M2.2) VI2

(MC2.1)  

P=1050 mbar
T = 25�C

t = 10 min.  

VI1
(MC1.0)  

P =50 mbar
T = 25�C

t = 10 min.

OD apple
(M3.3) 

VI + OD + AD (MC3.0) 

AD apple
(M4.4) 

Fresh apple
(M0.0) 

Fig. 21.2. Flow chart of the process of dehydration by combined methods analyzed in this 
work. Conditions of each SC have been specified and the calculated matrices are referred 
in brackets
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21.3.2.  Phases, Components and Aggregation States 
in Fresh and Dried Fruits: The Descriptive 
Matrix (DM)

Fruits and vegetables are biological systems constituted by cells that are assembled to 
configure a parenquimatic tissue that includes intercellular connections, intercellular 
spaces and pores taken up by gas or native liquid to quite an extent (Trakoontivakorn 
et al., 1988). This structure largely conditions fluxes and kinetics in processing opera-
tions and the quality of final product (rehydration and instant properties, flavor reten-
tion and sensorial attributes such as color and texture). In addition, some changes in 
an operation may only affect some components included in a limited area or some 
specific structures; therefore, those changes have to be considered when describing a 
raw material, an intermediate product in a process or a final product. Some phenom-
ena affecting one specific phase in VI, OD and AD operations are:

● VI operation produces the partial release of gas from pores and its replace-
ment by an external liquid that affects physico-chemical and structural prop-
erties of raw material and the subsequent behavior of OD and AD operations 
(Fito et al., 2001).

● In OD operation, when there is liquid in the pores, the force balance on the 
double layer plasmalema cell wall leads to layer separation while the plas-
malema shrinks in line with water loss with scarce deformation of the cell 
wall. However, when a gas phase occupies the intercellular space, the plas-
malema shrinks together with the cell wall that deforms greatly as the process 
progresses (Barat et al., 1999).

● In AD processes of fruit and vegetables, the transport rate is greatly affected 
by the tissue structure and composition, both defining the effective values of 
its transport properties (thermal properties and water effective diffusion coef-
ficient) (Fito et al., 2001). Moreover, large moisture content gradients coexist 
during drying, meaning that rubber and glassy states may be present simultane-
ously inside a finite food piece.

In order to control changes that occur only in a specific phase or component, a 
matrix that includes phases, components and aggregation states has been designed 
to describe a food. This matrix may include mass values, energy values or any 
other state variable or thermodynamic variable that is interesting for evaluating 
changes in a product or in a process.

As has been indicated in the Materials and Methods section, the matrix includ-
ing mass values (as mass fractions), volume values and temperature and pressure 
vectors has been named the descriptive matrix (DM).

Five phases (solid matrix, SM; intracellular liquid, IL; extracellular liquid, EL) 
soluble solids in solid state (SSs) and gas (G) ) and five components (water, insoluble 
solids, soluble solids (native), soluble solids (added) and gases) have been consid-
ered in the DM of fresh, impregnated, osmotic dehydrated and air dried apple.

The space of phases and components defined in this way (as a matrix) includes 
cells that are thermodynamically possible (white cells) and cells that are not 
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(pointed cells). Figure 21.3 shows this space suitably configured for apple in the 
process of drying by combined methods (AD, OD and VI

Experimental data and the four hypotheses (Fig. 21.1) mainly referred to water 
sharing among the different phases and to the composition of intracellular and 
intercellular liquid phases for fresh apple used to define the DM of fresh apple 
(Fig. 21.4).

Values of X1 and γ1 of apple (Granny Smith), experimentally calculated by 
Salvatori et al. (1998), have been used with hypothesis 3 to quantify liquid that 
takes up extra-cellular spaces.

21.3.3.  A Procedure To Quantify Changes in an SC: 
The Matrix of Changes (MC)

Using this methodology to describe fresh, intermediate or final products in a 
process, it is easy to detect the mass fluxes, phase transitions and biochemical 
reactions that one SC produces in a product. These changes appear automatically 
reflected in the MC, which is calculated by the difference between the DM of the 
products involved in the SC process.
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The MC of each SC included in the flow chart represented in Fig. 21.2 is 
represented in Figs. 21.5 to 21.8. Each one of the fluxes and phase transitions 
that appear reflected in each of the matrices is described in the next paragraphs 
according to the hypothesis pre-established and the mechanism involved.
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21.3.3.1. The MC of VI1 Stage (MC1.0)

Figure 21.5 shows MC of VI1 stage. Values in this matrix reflect that in the stage 
VI of operation that occurs at vacuum pressure (VI1 stage), there is a flux of 
liquid (water and soluble solids) from the extracellular liquid phase to the exter-
nal phase. As described by Fito et al. (1996), this flux occurs as a consequence 
of pressure gradients. The mechanism responsible for this gradient was called 
hydrodynamic mechanism (HDM), and it is coupled with deformation-relaxation 
phenomena that affect the structure and modify the volume of the sample. The 
extent of deformations, as well as the degree of impregnation reached in this type 
of operation, depends essentially on the structure of the material and its mechani-
cal properties and, of course, on operating conditions. Tissue structure plays a 
very important role, not only due to the total porosity, but also to the size and 
shape distribution of pores and the communications between themselves and with 
the external liquid (Fito et al., 1996). The last row of the MC of VI1 stage shows 
a positive value in the cell of whole food volume; that means that the volume of 
the sample increases in this stage. This increase in the volume is the consequence 
of gas expansion inside extracellular spaces (Fito et al., 1996).

21.3.3.2. The MC of VI2 Stage (MC2.1)

Figure 21.6 shows the MC of VI2 stage. Values in this matrix reflect changes 
produced in the fruit after atmospheric pressure is restored. As Fito et al. (1996) 
explained, when the atmospheric pressure is restored in the system, forces due 
to differences between external and internal pressures may produce both solid 

Fig. 21.6. MC of VI2 stage
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matrix deformations and the fluxes induced by HDM. The net liquid penetration 
by HDM and the solid matrix deformation (X and γ) in apple (var. Granny Smith) 
were experimentally evaluated by Salvatori et al. (1998). As represented in 
Fig. 21.1, these values have been used to build MC2.1 where no null values reflect 
liquid (water and soluble solids) penetration from external fluid to extracellular 
liquid phase. The last row shows a negative value in the cell of whole food vol-
ume, which means the volume of the sample decreases in this stage.

21.3.3.3. The MC of OD stage (MC3.2)

Experimental kinetic data for osmotic dehydration operations obtained accord-
ing to Eqs. (21.1)–(21.3) (Fito and Chiralt, 1996) and Hypothesis 7 (Fig. 21.1) 
have been used to obtain DM for osmotic dehydrated apple. Equations used were 
included in a model deduced by Fito and Chiralt (1996) that takes into account:

● Thermodynamic aspects in terms of the chemical potential of components in 
the present phases at equilibrium;

● Kinetic analysis of mass transfer for each component, taking into account 
pseudo-Fickian (osmotic and diffusion), vaporization-condensation, HDM, as 
well as the role of structure in their coupling;

● Prediction of the liquid retention capacity of the solid matrix.

MC associated with the OD stage reflects compositional changes originated in 
the product as a consequence of this basic operation (under conditions specified) 
(Fig. 21.7). The sign of the values and its position in the configured matrix allow 
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us to know fluxes and mechanisms involved in the operation. Water flows from 
intracellular liquid to extracellular liquid and from there to the external phase, 
and soluble solids flow from the external phase to the extracellular liquid phase. 
Considering that during an OD operation there are normally no pressure gradients 
except for the contribution from cell turgor, which is supposed to disappear in the 
first stages of the process. Mechanisms depending on water activity gradients are 
responsible for these fluxes. These mechanisms have been named “pseudodiffu-
sional” mechanisms, which include Fickian and osmotic mechanisms that involve 
individual cell interaction, cells in the external surface of the solid external solu-
tion and cells in the internal surface of the pores. As no pressure gradients have 
been considered, volume changes are only due to volume changes in liquid phase. 
Null values for every component in the external phase are the result of a mass 
relation of 20 between external phase and vacuum impregnated apple.

21.3.3.4. The MC of AD Stage (MC4.3)

Drying of cellular tissues produces several chemical (browning and other reac-
tions) and physical (color, texture, shape, porosity, etc.) changes that are not 
independent, but that are related in some complex ways. The most commonly 
examined properties of dried products are usually classified into two major 
categories: engineering and quality properties. For the chemical engineer, the 
critical parameters derived from the drying process are the drying rate and the 
effective moisture diffusivity of the product. Although these parameters do not 
provide information about the final quality of the product, they are the most 
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widely reported. In order to show that SAFES methodology is useful to know the 
mechanisms involved in mass transfer phenomena, apparent moisture diffusivity 
of apple (Bilbao et al, 2002) has been used to obtain the DM of air dried apple 
and the MC associated with this SC in the process considered in this study. MC 
associated with the AD stage is shown in Fig. 21.8. It can be observed that all 
the water in the liquid phase has been eliminated and has, necessary, flowed from 
intracellular liquid to extracellular liquid and from the last to the external phase 
(as in the OD stage). The mechanisms involved are the same as those in the OD 
stage. Positive and negative values in cells for soluble solids reflect that the water 
loss has induced phase transitions in every soluble solid.

Changes in volume appear as a consequence of the water loss and the viscoe-
lastic matrix contraction into the space previously occupied by the water removed 
from the cells (Aguilera, 2003).
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22
Simple, Practical and Efficient on-Line 
Correction of Process Deviations in 
Batch Retort Through Simulation

R. Simpson, I. Figueroa, and A. Teixeira

22.1. Introduction

The basic function of a thermal process is to inactivate pathogenic and food 
spoilage-causing bacteria in sealed containers of food by using heat treatments 
at temperatures well above the ambient boiling point of water in pressurized 
steam retorts (autoclaves). Excessive heat treatment should be avoided because 
it is detrimental to food quality, wastes energy, and under-utilizes plant capacity. 
Therefore, the accuracy of the methods used for this purpose is of importance to 
food science and engineering professionals working in this field.

Control of thermal process operations in food canning factories has consisted 
of maintaining specified operating conditions that have been predetermined from 
product and process heat penetration tests, such as the process calculations for the 
time and temperature of a batch cook. Sometimes, unexpected changes can occur 
during the course of the process operation such that the pre-specified processing 
conditions are no longer valid or appropriate. These types of situations are known 
as process deviations. Because of the important emphasis placed on the public 
safety of canned foods, processors must operate in strict compliance with the US 
Food and Drug Administration’s Low-Acid Canned Food (FDA/LACF) regulations. 
A succinct summary and brief discussion of these regulations can be found in 
Teixeira (1992). Among other things, these regulations require strict documenta-
tion and record-keeping of all critical control points in the processing of each retort 
load or batch of canned product. Particular emphasis is placed on product batches 
that experience an unscheduled process deviation, such as when a drop in retort 
temperature occurs during the course of the process, which may result from loss of 
steam pressure. In such a case, the product will not have received the established 
scheduled process, and must be either fully reprocessed, destroyed, or set aside for 
evaluation by a competent processing authority. If the product is judged to be safe, 
then batch records must contain documentation showing how that judgment was 
reached. If judged unsafe, then the product must be fully reprocessed or destroyed. 
Such practices are costly. Based on observations and record review of various retort 
control systems, the US Food and Drug Administration (FDA) concluded that the 
design of alternative-schedule retort control systems (table-lookup method) meet 
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the overall intent of the FDA Low-acid Canned Food (LACF) regulations at 21 
CFR 113, and appear to provide safeguards which are sufficiently equivalent to the 
safeguards provided by the mandatory provisions of these regulations. Table-lookup 
methods are easily implemented in any cannery plant, and are a safe FDA-approved 
on-line procedure for correcting process deviations. However, they are a very 
inefficient way to correct a deviation because they often result in extensive over-
processing, resulting in poor product quality and costly disruption of cook room 
retort operating schedules. In order to avoid these inefficient corrections, processors 
tend to operate at 1 or 2 °C, and sometimes at 3 to 4 °C over the registered retort 
temperature. Therefore, processors are able to minimize, and even reduce to zero, 
the occurrence of deviant processes, but at the cost of exposing every batch to an 
over-processing situation. The aim of this research was the development of a safe, 
simple, efficient and easy-to-use procedure to manage on-line corrections of unex-
pected process deviations in any canning plant facility. Specific objectives were to:

• Develop strategies to correct the process deviation by an alternative “proportional-
corrected” process that delivers no less than final target lethality, but with near 
minimum extended process time at the recovered retort temperature.

• Demonstrate strategy performance by comparing “proportional-corrected” with 
“commercial-corrected” and “exact-corrected” process times.

• Demonstrate consistent safety of the strategy through an exhaustive search over 
an extensive domain of product and process conditions to find cases in which 
safety is compromised.

22.2. Methodology

22.2.1. Scope of Work

To reach the objectives stated above, the approach to this work was carried out in 
three tasks, in support of each objective.

22.2.2.  Task 1—Proportional Correction Strategy 
Development

The objective for the strategy required in this task was to accomplish an on-line 
correction of an unexpected retort temperature deviation by an alternative process that 
delivers final target lethality, but with minimum extended process time at the recov-
ered retort temperature. This would be accomplished by using the same alternative 
process “look-up tables” that would normally be used with currently accepted methods 
of on-line correction of process deviations, but with a “proportional correction” 
applied to the alternative process time that would reduce it to a minimum without 
compromising safety. In order to fully understand this strategy, it will be helpful to 
first review the currently accepted method that is in common practice throughout 
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the industry. Commercial systems currently in use for on-line correction of process 
deviations do so by extending process time to that which would be needed to deliver 
the same final lethality had the entire process been carried out with an alternative 
lower constant retort temperature equal to that reached at the lowest point in the 
deviation. These alternative retort temperature-time combinations that deliver the 
same final process lethality (F0) are called equivalent lethality processes. When these 
equivalent time-temperature combinations are plotted on a graph of process time ver-
sus retort temperature, they fall along a smooth curve called an equivalent lethality 
curve. These curves are predetermined for each product from heat penetration tests 
and thermal process calculations carried out for different retort temperatures.

In practice, the new process times obtained from these curves at such low 
alternative temperatures can be as much as two or three times longer than the 
originally scheduled process time required to reach the same final target lethality, 
resulting in considerable quality deterioration and costly disruption to scheduled 
retort operations. Nonetheless, these systems are versatile because they are 
applicable to any kind of food under any size, type or container shape, as well as 
mode of heat transfer (Larkin, 2002). These consequences are particularly pain-
ful when, as in most cases, the deviation recovers quickly, and the alternative 
extended process time is carried out at the recovered original retort temperature. 
Canned food products subjected to such “corrected” processes become severely 
over-processed, with final lethalities far in excess of that required and quality 
deterioration often reaching levels below consumer acceptance (a safe correction, 
but by no means optimal or efficient: Alonso et al., 1993; Von Oetinger, 1997; 
Simpson, 2004). To avoid these painful corrections, processors normally operate 
at retort temperatures 3 to 4 °C over the registered retort temperature.

The “proportional-correction” strategy developed in this research significantly 
avoids such excessive over processing by taking advantage of the short duration 
of most recovered retort temperature deviations and the lethality delivered by car-
rying out the corrected process at the recovered retort temperature. The strategy 
calculates the corrected process time (tD) as a function of the temperature drop 
experienced during the deviation, but also the time duration of the deviation. The 
following expression illustrates mathematically how this “proportional-corrected” 
process time would be calculated for any number (n) of deviations occurring 
throughout the course of a single process:
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where n is the number of deviations occurring during the process, tD is the cor-
rected process time, tTRT is the pre-established process time at retort temperature 
TRT, ∆ti is the duration of deviation i, tDi is the process time at the deviation tem-
perature TRTi, TRTi is the lowest temperature during the deviation i, and TRT is 
the retort temperature.
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For example, in the case of a single deviation, the corrected process time would 
be calculated by first finding the alternative process time that would be required to 
deliver the same final lethality had the entire process been carried out with an alter-
native lower constant retort temperature equal to that reached at the lowest point 
in the deviation (tD). This would be done by use of the equivalent lethality process 
curve or look-up table described earlier. The difference between this longer alter-
native process time and the originally scheduled process time (tD–tTRT) is the extra 
time that would normally be added to the original process time to correct the process 
according to current industry practice. However, in the new strategy proposed 
here, this extra process time differential (tD–tTRT) is multiplied by a proportionality 
factor consisting of the ratio, [time duration of the deviation]:[originally scheduled 
process time], or expressed mathematically as (∆t/tTRT). This proportionality factor 
is always less than or equal to one, and always results in a corrected process that 
delivers no less than the final target lethality specified for the original process, but 
with near minimum extended process time.

22.2.3. Task 2—Performance Demonstration

This task consisted of demonstrating the performance of these strategies by simu-
lating the occurrence of process deviations occurring at different times during the 
process (early, late and randomly) to both solid and liquid canned food products, 
calculating the alternative corrected process times, and predicting the outcomes 
of each corrected process in terms of final lethality and quality retention. For each 
deviation, three different alternative corrected process times were calculated:

• “Exact correction,” giving corrected process time to reach precisely the final 
target lethality specified for the scheduled process, using computer simulation 
with heat transfer models;

• “Proportional correction,” using the strategy described in this research with 
look-up tables; and,

• “Commercial correction,” using current industry practice with look-up tables 
(manually or computerized).

The heat transfer models were explicitly chosen to simulate the two extreme heat 
transfer cases encountered in thermal processing of canned foods. The rationale 
behind this decision was that canned foods possess heating characteristics between 
these two extreme situations. Conclusions extracted from these simulations will be 
extended to all canned foods. First was the case of pure conduction heating of a solid 
product under a still-cook retort process. The second was the case of forced convec-
tion heating of a liquid product under mechanical agitation. In both cases, the con-
tainer shape of a finite cylinder was assumed, typical of a metal can or wide-mouthed 
glass jar. However, suitable models appropriate for true container shapes can be used 
as required for this purpose. Examples of such models can be found in the literature 
(Teixeira et al., 1969; Manson et al., 1970; Manson et al., 1974; Datta et al., 1986; 
Simpson et al., 1989; Simpson, 2004). The product and process conditions chosen to 
carry out the demonstrated simulations for each case are given in Table 22.1.
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22.2.4.  Task 3—Demonstration of Safety Assurance 
by Complex Optimization Search Routine

This on-line correction strategy was validated and tested for safety assurance by 
executing a strict and exhaustive search routine with the use of the heat transfer 
models selected in Task 2 on a high-speed computer.

The problem to be solved by the search routine was to determine whether the 
minimum final lethality delivered by all the corrected processes that could be 
found among all the various types of deviations and process conditions consid-
ered in the problem domain met the criterion that it had to be greater than or equal 
to the lethality specified for the original scheduled process. This criterion can be 
expressed mathematically:
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where Fproportional is the F-value calculated with the proportional correction, FTol 
is the F-value specified for normal scheduled process, and U is the universe of 
feasible process conditions in the search routine.

The search routine was designed as an attempt to find a set of conditions under 
which the required search constraint was not met.

22.3. Results And Discussions

22.3.1. Equivalent Lethality Curves

Look-up tables were used to find the alternative process time for the corrected 
process and can be presented graphically as “equivalent process lethality curves” 
for each scheduled product/process. Therefore, equivalent process lethality curves 
were constructed. An example for pure conduction is shown in Fig. 22.1.

Table 22.1. Product and process conditions used for on-line correction strategy 
simulations

Product simulated

Dimensions (cm)
Properties Normal Process

Alfa 
(m2/s)

fh 
(min)

Time 
(min)

TRT 
(°C)Major Intermedium Minor

Pure conduction 
can, Biot > 40

11.3 - 7.3 1.70E-07 44.4 64.1 120

Forced convection 
can, Biot<1

11.3 - 7.3 -  4.4 15.6 120
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22.3.2. Performance Demonstration

Figures 22.2 and 22.3 show results from the product/process simulations car-
ried out to demonstrate the performance of these strategies. The figures contain 
retort temperature profiles resulting from on-line correction of process deviations 
occurring at early times during the process to both solid and liquid canned food 
products.

Each figure shows the “normal” constant retort temperature profile expected 
for the originally scheduled process, along with the occurrence of a deviation 
(sudden step-drop in retort temperature for short duration) relatively early in the 
process.

In addition, for each deviation (one in each figure), three different alternative 
corrected process times are shown resulting from different strategies: “exact cor-
rection,” “proportional correction” and “commercial correction.”

In both cases, the extended process time required by the “commercial cor-
rection” strategy is far in excess of the extended times called for by the other 
two strategies. Moreover, the new “proportional correction” strategy results in 
extending process time only slightly beyond that required for an “exact correc-
tion,” and will always do so. These results are summarized in Table 22.2, along 
with results from predicting the outcomes of each corrected process in terms of 
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Fig. 22.2. Pure conduction simulation for on-line correction of an unexpected retort tem-
perature deviation occurring early into the scheduled process for a cylindrical can of solid 
food under still cook
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final process times required and final lethality and quality retention achieved 
(using product/process data presented in Table 22.1).

It is interesting to compare the improvement in nutrient (quality) retention 
resulting from the commercial correction (current industry practice) to the dramatic 
improvement resulting from either of the other two strategies.

22.3.3.  Demonstration of Safety Assurance 
by Complex Search Routine

This on-line correction strategy was validated and tested for safety assurance by 
executing an exhaustive search routine with the use of the heat transfer models. 
Recall that the problem to be solved by the search routine was to determine if the 
minimum final lethality delivered by all of the corrected processes that could be 
found among the various types of deviations and process conditions considered 
in the problem domain met the criterion that it had to be greater than or equal to 
the lethality specified for the original scheduled process.

The search routine was designed to find a set of conditions under which the 
required search constraint was not met. No such conditions could be found.

22.4. Conclusions

This study has described a practical, simple and efficient strategy for on-line cor-
rection of thermal process deviations during retort sterilization of canned foods.

The strategy is intended for easy implementation in any cannery around the 
world. This strategy takes into account the duration of the deviation in addition 

Table 22.2. Outcomes of each corrected process deviation described in Figs. 22.2 and 
22.3 in terms of final process time, lethality and quality retention for the three different 
alternative correction methods

Early deviation Late deviation

Time 
(min) F0 (min)

Nutrient 
retention 
(%)

Time 
(min) F0 (min)

Nutrient 
 retention 
(%)

Pure conduction
Scheduled process 64.1  6.0 72.7 64.1  6.0 72.7
Exact correction 66.3  6.0 72.9 66.8  6.0 72.7
Proportional correction 67.5  6.5 72.2 67.5  6.2 72.3
Commercial correction 86.2 16.3 62.3 86.2 14.4 62.8
Forced convection
Scheduled process 15.6  6.0 92.4 15.6  6.0 92.4
Exact correction 18.4  6.1 91.5 19.6  6.0 90.9
Proportional correction 20.8  8.0 89.7 20.8  7.0 89.9
Commercial correction 25.6 11.8 86.2 30.6 14.7 82.8
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to the magnitude of the temperature drop. It calculates a “proportional” extended 
process time at the recovered retort temperature that will deliver the final speci-
fied target lethality with very little over-processing in comparison to current 
industry practice.

Results from an exhaustive search routine using the complex method support 
the logic and rationale behind the strategy by showing that the proposed strategy 
will always result in a corrected process that delivers no less than the final target 
lethality specified for the originally scheduled process.
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23
Effect of Capsicum Extracts and 
Cinnamic Acid on the Growth of Some 
Important Bacteria in Dairy Products

L. Dorantes, J. Araujo, A. Carmona, and H. Hernández-Sánchez

23.1. Introduction

Capsicum species have been the object of different studies (Dorantes et al., 2000; 
Careaga et al., 2003; Acero-Ortega et al., 2005) in order to determine their antimicro-
bial activity, the compounds that would be responsible for it, and the microorganisms 
that could be affected by it, finding that Staphylococcus aureus, Salmonella tiphy-
murium, Listeria monocytogenes, Pseudomonas aureaginosa and Bacillus cereus 
are susceptible to inhibition by Capsicum extracts. Some of the active compounds 
responsible for the inhibitory action are t-cinnamic acid and its derivatives, which are 
intermediate compounds in phenylpropanoids pathway. Capsicum annuum oleores-
ins are “generally recognized as safe” (GRAS) by the FDA, and so their use as natural 
antimicrobials is safe. However, it is important to know through predictive microbiol-
ogy and modeling the quantitative effect of the Capsicum extracts, the active com-
pounds, and the interactions with other factors such as pH and temperature.

One of the food products that has been involved in outbreaks is fresh rennet-
curdled cheese, which has a rich nutrient content, a high water activity and low 
acidity, which make it an adequate culture medium for the growth of a wide variety 
of bacteria. Some of these bacteria are known to cause food-borne illness, such 
as Staphylococcus aureus. It has been estimated that consumption of foods con-
taminated by this microorganism is responsible for 185,060 illnesses, 1,753 hos-
pitalizations and two deaths per year in the United States. In the United Kingdom 
since 1980, numbers of reported cases have not exceeded 189 per year, although 
this is only a small percentage of actual cases (Sutherland and Varnam, 2002). 
S. aureus has also been involved in food-borne diseases in México, especially in 
the consumption of milk products. Staphylococcal enterointoxication (staphyloco-
ccal food poisoning) results from the ingestion of enterotoxins that are synthesized 
during growth of S. aureus in foods. S. aureus is capable of producing an entero-
toxin in conditions such as: water activity >0.85, a range of pH between 4 to 9.8, 
temperatures from 10 to 48 °C and a good nutrient supply such as that provided by 
fresh cheese and other milk products (Halpin-Dohnalek and Marth, 1989).

Another pathogenic bacteria causing food-borne illness is Listeria  mono-
cytogenes. In an outbreak that occurred in Los Angeles, 181 mother-infant pairs 
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were involved; the vehicle was determined to be Mexican-style cheese (Jones, 
1992). Listeria is able to grow in wide ranges of temperature (−1.5 to 45 °C), pH 
(4.39–9.4) and osmotic pressures (NaCl concentrations over 10%), besides being 
an anaerobic facultative microorganism. The pathogen is particularly problematic 
for the food industry because of its wide environmental distribution, since it has 
been found in humans, waste water and milk (Acero-Ortega et al., 2005).

On the other hand, lactic acid bacteria are considered beneficial to humans, due 
to the production of lactic acid, which helps in the preservation of foods, maintaining 
of the gut microbiota and promotion of good digestion of foods. They also enhance 
the flavor and texture of milk products. Lactobacillus plantarum is a widespread 
member of the genus Lactobacillus, commonly found in sauerkraut, pickles and 
other fermented or decaying plant material. L. plantarum and related lactobacilli 
are unusual in that they can breathe oxygen but have no respiratory chain or cyto-
chromes; the consumed oxygen ultimately ends up as hydrogen peroxide.

The peroxide probably acts as a weapon to exclude competing bacteria from 
the food source. In place of the protective enzyme superoxide dismutase, which is 
present in almost all other oxygen-tolerant cells, this organism accumulates mil-
limolar quantities of manganese polyphosphate. Because the chemistry by which 
manganese complexes protect the cells from oxygen damage is subverted by iron, 
these cells contain virtually no iron atoms; in contrast, a cell of Escherichia coli 
of comparable volume contains over one million iron atoms (CDC, 2006).

Given the fact that food safety is required for the well-being of humans, the 
present study implies three aspects: 1) The first objective of this work was to use the 
principles of “hurdle technology” to inhibit the growth of Staphylococcus aureus 
in fresh cheese (stored at a non-shock temperature) by adding Capsicum extract 
and modifying the pH value. The cheese was stored at a non-shock temperature 
to enhance the risk in the challenge test, since we know that in developing coun-
tries there is lack of refrigeration in small towns. A response surface analysis was 
employed to have a secondary modeling of the effect of the two factors involved 
in the experiment; 2) The second aspect implied the evaluation of survival of a 
beneficial bacteria such as Lactobacillus plantarum when inhibitory concentration 
(as determined by response surface) of Capsicum extract was present; 3) The third 
objective was the evaluation of the effect of concentration of t-cinnamic acid on the 
survival of the pathogenic bacteria Listeria monocytogenes and a non-pathogenic 
bacteria (Lactobacillus plantarum).

23.2. Materials And Methods

23.2.1.  Inhibition of Staphylococcus aureus by Capsicum 
Extracts at a Non-shock Temperature Using 
Response Surface Analysis

Staphylococcus aureus (ATCC 29213) was obtained from the Medical Bacteriology 
Laboratory at the Instituto Politécnico Nacional, México City, México. The Capsicum 
extract was obtained from fresh bell peppers, as described by Dorantes et al., 2000. 
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The cheese was elaborated in the following manner: pasteurized milk was adjusted 
to the desired value of pH with lactic acid, then the Capsicum extract and the 
Staphylococcus aureus (100 cells/mL) were added. The inoculated milk was 
heated to 30 °C and rennet was added to achieve coagulation. The curd was cut and 
allowed to stand at 30 °C for 1.5 h; after this, the whey was drained, 2% (w/w) salt 
was added and then the curd was pressed at 5 °C for 20 h. The final product was 
stored in hermetically sealed polyethylene bags for 7 days at 20 °C. Colony counts 
for S. aureus were made at days 0, 3, 5, and 7. For the pH test the procedure was 
the same, except for the addition of a sterile solution of lactic acid 1 M to the milk, 
in the amounts required to achieve the following pH values: 5.0, 5.5, and 6.0. By 
surface response experimental design, 13 runs with different combinations of pH 
and extract concentration were obtained, as follows (pH: % extract):

pH % Repetitions

5.0 1 2
5.5 1 2
6.0 5 2
5.5 5 2
5.5 3 2
5.0 3 2

The adequate amount of bacteria to be used as a starter culture in the cheese 
was determined to be 100 bacteria/mL in the inoculum. This amount was calcu-
lated from preliminary tests. 

23.2.2.  Survival of a Beneficial Bacteria at Inhibitory 
Concentration of Capsicum Extract 

Lactobacillus plantarum NRRL B-4496 (originally isolated from pickled cab-
bage) was used. To standardize the inoculum, the bacterium was cultured in 
Mann Ragosa Sharpe Agar (MRS, Difco, México City, México) for 18 h at 
32 °C. Aliquots were taken and serial decimal dilutions were carried out using 
fresh broth until an absorbance of 1.3 at 590 nm was reached, to give a standard 
inoculum of about 107 CFU/mL. Mixture of MRS and 5% Capsicum extract was 
sterilized at 121 °C for 15 min and cooled at room temperature. The mixture was 
then inoculated with Lactobacillus plantarum, followed by incubation at 32 °C. 
Serial dilutions of samples were plated on MRS, incubated at 32 °C for 24 h and 
typical colonies were counted.

23.2.3.  Effect of the t-cinnamic Acid on the Growth Curve 
of the Test Microorganisms

Listeria monocytogenes Scott A was obtained from the Sanitary Microbiology 
Laboratory of the Instituto Politécnico Nacional, México City, and was main-
tained on trypticase soy agar plates (TSA, Difco, Mexico City, México) at 
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4 °C until use. Flasks containing 99 mL of TSB and different concentrations of 
t-cinnamic acid (0 to 1.5%) were prepared, sterilized at 121 °C for 15 min and 
cooled down to 35-37 °C. The media were inoculated with 1 mL of the bacterial 
culture that contained 107 CFU/mL, followed by incubation at 35-37 °C for 24 h. 
Afterwards, colonies produced by L. monocytogenes were counted. All experiments 
were done in triplicate.

23.3. Results and Discussion

Regarding the inhibition of Staphylococcus by Capsicum extracts at 20 °C in 
fresh cheese, we found that the equation from the surface response analysis, 
which describes the growth of S. aureus (log (N/No) ) under the different condi-
tions of the experiments is the following:

Log
N

N
pH extract

0

1 39 3 12 4 84
⎛
⎝⎜

⎞
⎠⎟

= + −. . . (% )

The effect of pH values 5 and 5.5, on S. aureus is significant. In fresh cheese with 
no Capsicum and pH 6 the number of Staphylococcus aureus increased rapidly. 
The first day of storage, the number of cells increased from 2 to 6 logs. The 
optimum pH value for its growth is 6 to 7, as reported in the literature. As pH 
decreases, the microbial growth slows down. On the other hand, the C. annuum 
concentration that resulted in the strongest inhibition was 5% of extract in cheese 
(w/w), as observed in Fig. 23.1. The surface response analysis (Fig. 23.1) shows 
that when pH values are low and concentrations of extract are high, the maximum 
inhibitory effect is achieved. Such results are probably due to the inhibitory action 
of the active compounds that include t-cinnamic, o-cumaric, m-cumaric, ferulic, 
and caffeic acids, which can be classified as weak lipophilic acids. The antimi-
crobial activity of these compounds is due to their non-dissociated molecules. 
Rico-Muñoz et al. (1987) emphasized the effect of some phenolic compounds on 
the membrane-bound adenosine triphosphatase of Staphylococcus aureus.

All the combinations of pH and Capsicum extract showed some antimicro-
bial effect, the most effective being the combination of pH 5 and 5% Capsicum 
extract, showing a significant inhibitory effect along seven days of storage at 
20 °C, when compared with the blank. According to the above, there is a syner-
gistic effect between pH and the extract concentration. Such an effect has been 
observed on other natural compounds by some researchers (Acero-Ortega et al., 
2005; Rauha et al., 2000).

It may be concluded from this challenge test that the Capsicum annuum extract 
at pH5 showed a bacteriostatic effect against Staphylococcus aureus in fresh 
cheese, after three days of storage, at a non-shocking temperature of 20 °C. This 
is important when no refrigeration is available, and hence the period of consump-
tion must be short.
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23.3.1.  Survival of Lactobacillus plantarum at Inhibitory 
Concentration of Capsicum Extract

With the aim of knowing if the conditions that inhibit Listeria would affect the 
growth of beneficial bacteria, the survival of the Lactobacillus was determined at 
5% Capsicum extract and pH5. A control (without Capsicum extract added) was 
run at the same time. Mean of triplicates of log CFU versus time, is shown in 
Fig. 23.2. It may be observed that Lactobacillus plantarum was not significantly 
(α > 0.05) inhibited by Capsicum extract. These results suggest that bell pepper 
extract may be used to inhibit Listeria monocytogenes, without affecting the 
growth of the beneficial lactic bacteria.

23.3.2.  Effect of the Concentration of t-cinnamic Acid 
on the Survival of Listeria monocytogenes and 
Lactobacillus plantarum

Given the results described above, it was interesting to find out if one of the active 
compounds (t-cinnamic acid) found in bell pepper extracts affect in different form 
the growth of the pathogenic bacterium and the beneficial one. The population 
of Listeria in the control after 24 h of incubation was of 1011 CFU/mL. The acid 

Fig. 23.1. Response surface of the effect of Capsicum extract concentration (%) and pH on 
the growth of Staphylococcus aureus
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proved to have a strong inhibitory action against L. monocytogenes, as shown in 
Fig. 23.3. The bacterial population decreased in direct proportion with the active 
compound concentration, as reported by Acero-Ortega et al. (2005). Kouassi 
and Shelef (1998) found that t-cinnamic acid had a higher antilisterial activity 
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than benzoic acid. As it is known, benzoic acid and its salts are widely used as 
preservatives in foods.

Given the results described above, it was interesting to find out if one of the 
active compounds (t-cinnamic acid) found in bell pepper extracts affects in 
different form the growth of the pathogenic bacterium and the beneficial one. 
The population of Listeria in the control after 24 h of incubation was of 1011 
CFU/mL. The acid proved to have a strong inhibitory action against L. mono-
cytogenes, as shown in Fig. 23.3. The bacterial population decreased in direct 
proportion with the active compound concentration, as reported by Acero-Ortega 
et al. (2005). Kouassi and Shelef (1998) found that t-cinnamic acid had a higher 
antilisterial activity than benzoic acid. As it is known, benzoic acid and its salts 
are widely used as preservatives in foods.

On the other hand, no inhibition of the growth of Lb. plantarum by t-cinnamic 
acid was found. This is very important, because it supports the idea of using this 
active compound in preserving dairy products, without the inhibition of beneficial 
bacteria such as L. plantarum. Among the cinnamic acids, t-cinnamic is the one 
with the lowest toxicity, it has an acceptable daily intake level of 1.25 mg/kg, and 
it has been approved for food use by the FDA (2003).
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24
Predictive Equations to Assess the 
Effect of Lactic Acid and Temperature 
on Bacterial Growth in a Model Meat 
System

F. Coll Cárdenas, L. Giannuzzi, and N.E. Zaritzky

24.1. Introduction

Meat microflora is mainly composed of Acinetobacter, Moraxella, Brochothrix 
termosphacta, Lactobacillus, Pseudomonas and Enterobacteriaceae family 
genera, such as Klebsiella sp. and E. coli. In natural conditions meat pH can 
range from about 6.0 (being close to the optimum level for most pathogenic and 
alteration-causing bacteria) to values close to 5.5, at which microbial growth 
rate decreases significantly. Combining low pH with other factors such as low 
temperatures can almost completely prevent microbial growth from occurring. 
Muscle pH variation is highly dependent on the tissue glycogen level at the time 
of slaughter.

Weak organic acids tend to be more effective as antimicrobials than strong 
acids because they acidify the interior of the cell (Anderson et al., 1987). 
Antimicrobial activities exerted by organic acids depend upon i) pH reduction, 
ii) minimizing dissociation of the acid and iii) maximizing toxicity of the acid 
molecule (Anderson et al., 1987). Lactic acid produces an inhibitory effect 
because of the decrease in pH; this acid could act both on the meat muscle flora 
itself and on that of the fat, although such antimicrobial effect varies, not only 
according to the type of acid used, but also according to the microbial variety to 
be treated. Sometimes it could be bacteriostatic and sometimes it could have a 
bactericidal action. High efficiency in meat surface sanitization due to lactic acid 
addition has been widely reported (Nakai and Siebert, 2004).

The use of organic acids as decontaminants is an emerging preventive proce-
dure, despite the fact that this application is not new. However, for reasons of 
solubility, taste and low toxicity, the short chain organic acids are more com-
monly used as preservatives or acidulating systems. Nevertheless, despite its 
effectiveness as a decontaminant, acetic acid has been considered unacceptable 
because of its pungent odor and its discoloration of the meat surface. Gil and 
Badoni (2004) have studied the effect of a 0.02% peroxyacetic acid solution, 
0.16% sodium chloride with 2% and 4% lactic acid on the natural flora of the 
distal surfaces of chilled beef carcasses.
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Peroxyacetic acid and the acidified sodium chloride solution had little effect 
on the number of aerobes, coliforms or E. coli on meat, and were less effective 
than 4% lactic acid for reducing the number of bacteria on meat. Lactic acid 
is an acceptable decontaminant because it is a natural, non-toxic, physiologi-
cal product produced naturally in meat products, and it offers the possibility of 
reducing the contamination of carcasses, cuts and products. According to Snijders 
et al. (1984), the use of lactic acid as a terminal decontaminant in combination 
with perfect slaughter line hygiene produces both bactericidal and bacteriostatic 
effects that result in extended shelf life of meat.

Cudjoe (1988) studied the effect of lactic acid sprays on meat keeping qualities 
during storage. The spraying of the meat surface of a skinned cow head with 1% 
V/V lactic acid resulted in a significant reduction in total viable counts of bacteria 
during storage at 4°C, 15°C and 20°C. The shelf life of all sprayed heads was 
observed to have been extended to about three days at 4 °C and to one day at both 
15°C and 20°C.

Predictive microbiology is a powerful tool for predicting microorganism 
growth rate under ambient conditions, with the aim of guaranteeing food quality 
and thereby determining its effective life. One of the most frequently used math-
ematical models is that of Gompertz (Gibson et al., 1988; Giannuzzi et al., 1998), 
which describes the microorganism response under different combinations of 
factors (Andrés et al., 2001). This model permits estimate parameters such as lag 
phase duration (LPD), specific growth rate (µ) and maximum cell concentration 
(MDP) of microorganisms under such conditions.

The objective of this work is to analyze and mathematically model the effect 
of storage temperatures (0°C, 4°C and 10°C) on the growth of three microorgan-
isms isolated from beef samples: Klebsiella sp., E. coli and Pseudomonas sp., 
inoculated in a culture broth with different concentrations of lactic acid leading 
to pH values ranging between 5.6 and 6.1.

24.2. Materials and Methods

24.2.1. Isolation and Identification of the Microorganisms

Isolations were carried out using beef samples (about 100 g each), obtained in local 
markets, aseptically treated and collected in sterile bags. The samples were imme-
diately carried to the laboratory, where 20 g of sub-samples were aseptically and 
randomly taken. Sub-samples were placed in sterile bags with 180 ml peptone water 
in 0.1% w/v solution (Merck KGaA, Darmstadt, Germany) and were homogenized 
for 1 min in Stomacher equipment (Model 400, Seward Medical, London, UK).

The isolations were performed using: i) bile agar red violet glucose culture 
medium (37°C for 24 h), and characterized through Gram coloration, catalase 
and oxidase, plus biochemical tests: Sensident EM-Iden Enterobacteriaceae 
(Merck KGaA, Darmstadt, Germany), according to MacFaddin (1979); ii) 
Agar Masurovsky (Masurovsky et al., 1965). The microorganisms were then 
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 characterized through Gram coloration, oxidase test and oxide fermentation 
assay; iii) AOAC Method 46016 (AOAC, 1984), and isolated in lauril sulfate 
triptose (Merck KGaA, Darmstadt, Germany) at 37 °C for 48 h. Microorganisms 
giving positive results with the above techniques were inoculated in MacConkey 
broth (Merck KGaA, Darmstadt, Germany) as well as in EC (Escherichia coli) broth 
(Merck KGaA, Darmstadt, Germany), with incubation at 37 and 44.5 °C, respec-
tively, for 48 h. Positive tubes were spread with EMB (Eosyn methylene blue) 
(Merck KGaA, Darmstadt, Germany) (37 °C, 48 h); typical metallic brightness 
colonies were isolated in nutritive agar (37 °C, 48 h) which were then identified 
through corresponding biochemical tests (IMViC) Indole, methyl red, Voges 
Proskauer, and Citrate (MacFaddin,1979).

24.2.2. Meat Model Broth System

A model system was prepared from a 2% meat extract solution (Merck), to 
which different lactic acid volumes were added to reach lactic acid concentra-
tions of 0.28, 0.39 and 0.58 M. After sterilization, the pH values were 6.10, 5.80 
and 5.60, respectively. The control medium at pH=7 (without acid addition) was 
also inoculated. Cell suspensions between 107 and 108 CFU/ml from each of the 
isolated bacteria were inoculated separately in 50 ml of the model system reach-
ing up to concentrations ranging between 104 to 106 CFU/ml. Inoculated culture 
media were incubated at three storage temperatures (0°C, 4°C and 10°C) without 
agitation; at different storage times, aliquots were taken and microbial counts 
were determined in Agar Plate Count (37 °C, 48 h).

24.2.3. Mathematical Modeling

Mathematical models allow description of the effect of the main factors affecting 
microbial growth parameters. One of the most recommended models (Gibson et al., 
1988; Andrés et al., 2001) is the Gompertz modified equation, the  expression of 
which is:

 log N = a + c exp (-exp (-b(t-m)))  (24.1)

where log N is the decimal logarithm of microbial counts [log (CFU.ml−1)] at 
time t, a is asymptotic log count as time decreases indefinitely (approximately 
equivalent to log of the initial level of bacteria) [log(CFU.ml−1)], c is log count 
increment as time increases indefinitely [log (CFU.ml−1)], b [log (CFU.ml−1 
days−1)] is the maximum growth rate at time m, and m is the time required to 
reach maximum growth rate (days). From these parameters, the following derived 
parameters were obtained: specific growth rate µ = b.c/e [log (CFU.ml−1) days−1] 
with e = 2.7182; lag phase duration LPD = m - (1/b) [days], maximum population 
density MPD= a + c [log (CFU.ml−1)].

The Gompertz model was fitted to experimental values using a statistical 
software package (Systat Inc., 1990). The Systat software calculates the set of 
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parameters with the lowest residual sum of squares (RSS) and their 95% confi-
dence interval.

The log linear regression model was applied when microbial counts in food 
remained constant or decreased during storage, as follows:

 log N = log N  + t0 µ  (24.2)

where log N [log (CFU.ml−1) is the logarithm of the microbial counts at time 
t [days], N0 is the initial microbial count, and µ is the regression slope [(CFU.
ml−1)−1days−1] (Whiting, 1995), which is negative when there is a bactericidal 
effect. It was considered that microorganisms are in the lag phase when the slope 
gets a value lower than 0.01(CFU.ml−1)−1days−1, or when the difference between 
the final and the initial counts is lower than 0.5 logarithm cycle. Lag phase was 
calculated as the time necessary to increase initial microbial counts in 0.5 log 
cycle (LPD = 0.5/µ).

24.2.4. Experimental Design and Statistical Analysis

A full factorial analysis (4×3×3) was performed using four pH values in the meat 
broth (7.0, 6.1, 5.8 and 5.6), three storage temperatures (0°C, 4°C and 10°C) 
and three different inoculated microorganisms. Each set of experiments was run 
on duplicate samples. Analysis variance and comparison tests according to the 
Fisher significant differences table (LSD) were applied, with significance levels 
of 0.05 and 0.01.

24.3. Results and Discussion

24.3.1. Identification of the Isolated Bacteria

Isolated bacteria were identified as: i) Klebsiella sp., growing in bile agar red 
violet glucose culture medium, Gram negative, positive catalase, negative oxidase 
and subsequent identification through biochemical tests; ii) Pseudomonas sp., 
growing in Masurovsky agar, Gram negative, positive oxidase, not fermentative 
and with an oxidative metabolism; and iii) E. coli growing in EMB agar, Gram 
negative, lactose and glucose fermentative and characterized on the basis of bio-
chemical tests IMViC.

24.3.2.  Modeling of Klebsiella sp., Escherichia coli and 
Pseudomonas sp. Growth in Meat Broth Systems

Figure 24.1a, b and c shows an example of microbial counts of Klebsiella sp. 
inoculated in the meat broth with different added lactic acid concentrations 
and stored at 0°C, 4°C and 10°C. As can be observed, linear and non linear 
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(Gompertz) regressions applied to the bacterial count. Gompertz, derived param-
eters, and linear regression coefficients for the three bacteria are shown in Table 
24.1. In all cases, the decrease in temperature and the added lactic acid led to a 
decrease in growth rate (µ), as well as a decrease in maximum population density 
(MPD) and a progressive increase of the lag phase (LPD).

Growth rate values for Klebsiella notably decreased along with the decrease in 
temperature; at pH 5.6 and at 10°C, a µ value of 0.60 log (CFU/ml) days−1 was 
obtained; at 4°C such value decreased 3 times, and at 0°C a maximum reduction 
in growth rate of up to 10 times was observed for this bacterium.

Lag phase values range proximately 33.3 days at 0°C; at 4°C, lag phase ranged 
between 2.51 and 2.62 days, and at 10°C it ranged from 0.62 to 4.14 days for the 
different pH values assayed. E. coli did not grow at 0°C and 4°C; at 10°C, lag 
phase varied between 3.00 and 6.57 days at pH 7.0 and 5.6, respectively.

Fig. 24.1. Effect of temperature and pH 
(reached by addition of lactic acid) on the 
growth of Klebsiella sp. in a meat model 
system. Full lines correspond to Gompertz or 
linear model at a) 0°C, b) 4°C;c) 10°C, at dif-
ferent pH values: ♦7.0, ■ 6.10,  5.80, ▲ 5.6
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MPD values for the two Enterobateriaceae (Klebsiella sp. and Escherichia 
coli) diminished with decrease in temperature and pH; thus, for Klebsiella sp. at 
pH 5.6 and at 10°C, LPD was 7.92 log (CFU/ml), decreasing to 6.66 log (CFU/
ml) at 4°C. Pseudomonas also showed low µ values at 0°C increased between 4 
and 10 times at 4°C and between 7 and 18 times at 10°C; for the lag phase, values 
between 11.2 and 15.0 days at 0°C were obtained, decreasing between 5.00 and 
6.45 days at 4°C and reaching the lowest values of 0.04 and 4.15 days at 10°C.

In addition, both at 10°C and at 4°C, maximum population densities did not 
show great variation between them, ranging between 8.30 and 9.59 log (CFU.
ml−1). None of the tested conditions showed bactericidal effect.

24.3.3. Effect of Temperature on Specific Growth Rate (µ)

The effect of temperature on specific growth rate (µ) was modeled through an 
Arrhenius type equation:

 µ µ= A.exp (-E /RT) (24.3)

where T is the temperature in °K, Eµ is the activation energy (KJoule/mol), A is a 
pre-exponential factor and R is the gas constant (8.31 KJoule/°K mol). Activation 
energy (Eµ) can be considered as sensitivity of specific growth rate to thermal 
changes. Eµ values and regression coefficients for Klebsiella sp., E. coli and 
Pseudomonas sp. at the different tested pH are shown in Table 24.2.

Table 24.2. Application of the Arrhenius type equation to evaluate the effect of tem-
perature on the specific growth rate (µ) of Klebsiella sp., Pseudomonas sp. and E. coli at 
different pH values
   R2 coefficient of
pH LnA[ln(CFU/ml)days−1] Eµ[KJoule/mol] determination

Klebsiella sp.

7.0 90.55 210.8±8.8 0.89
6.1 137.9 320.2±1.5 0.99
5.8 149.1 347.4±4.2 0.99
5.6 178.1 416.5±1.1 0.96

Escherichia coli

7.0 105.1 244.4±6.1 0.96
6.1 104.3 242.4±7.3 0.95
5.8 140.1 332.4±9.0 0.99
5.6 194.2 451.4±5.9 0.99

Pseudomonas sp.

7.0 120.54 279.3±8.2 0.99
6.1 106.11 257.8±10.5 0.94
5.8 117.23 273.4±8.8 0.93
5.6 94.07 277.2±12.1 0.99
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Activation energy values (Eµ) for each microorganism were affected by the 
different pH, thus obtaining the lower Eµ values at pH 7 for E. coli and Klebsiella 
sp. Eµ values for Pseudomonas sp. did not show significant variations at the 
different pH values, ranging between 257.8 and 279.3 KJoule/mol. The effect 
of pH on decreasing Eµ was more notable for the Enterebacteriaceae than for 
Pseudomonas sp.

24.3.4.  Effect of Undissociated Acid Concentration 
on the Derived Parameters m and LPD

Antimicrobial effect of organic acids is mainly due to its undissociated fraction 
rather than hydrogen ions. Undissociated acid concentration (uac) from a mono-
protic acid such as lactic acid can be calculated through the following expres-
sion:

 
[uac] = Ca [H ]/ ([H ] + K)+ +

 (24.4)

where Ca is the added acid total concentration (0.29, 0.39 and 0.58M), [H+] is the 
proton concentration and K the lactic dissociation constant (103.86); uac values, 
calculated by applying Eq. (24.4) for the different pH (6.10, 5.80 and 5.60) are 
1.66.10−3, 4.42.10−3 and 1.01.10−2 M, respectively; at pH = 7, without added lactic 
acid (Ca=0) and uac =0.

Fig. 24.2a, b and c shows the effect of uac on µ values at the three studied 
temperatures for Klebsiella sp., E. coli and Pseudomonas sp., respectively. In 
all cases the parameter µ decreased when uac increased. It can be observed that 
for the three microorganisms Klebsiella sp., E. coli and Pseudomonas sp. at 0°C 
and 4°C, there were no variations in µ values with an increase of the undissoci-
ated acid concentration (uac), whereas at 10°C a variation in the µ values was 
evidenced with an increase in uac. A linear regression was applied to µ values as 
a function of the undissociated acid concentration (uac) according to the following 
equation:

 
m = p + q . (uac)

 (24.5)

A linear correlation between µ values and uac was obtained for the three bacteria. 
The coefficients p and q of Eq. (24.5) and the determination coefficients (R2) for 
each linear regression are shown in Table 24.3. It can be observed that the specific 
growth rate values of the analyzed enterobacteria (Klebsiella sp. and E. coli) were 
more dependent on pH than in the case of Pseudomonas sp., which is in agree-
ment with the results reported by Gill and Newton (1982), who used lactic acid 
for adjusting pH to 5.5 and 6.0 with an incubation temperature of 2 °C; the values 
measured in the present work were 0.01 log (CFU/ml) days−1 at pH 5.6 and 0.03 
log (CFU/ml) days−1 at pH 6.1 for the particular case of Klebsiella sp., while µ 
values ranged between 0.003 and 0.006 log (CFU/ml) days−1 at pH 5.6 and 6.1, 
respectively, for E. coli.
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Fig. 24.2. Effect of the undissociated acid concentration (uac) on µ values at differ-
ent temperatures: ● 0°C, ■ 4°C, ▲ 10 °C; a) Klebsiella sp., b) Escherichia coli, 
c) Pseudomonas sp.

The parameter LPD increased along with the increasing of uac for the 
three bacteria. The highest LPD values were obtained for E. coli, followed by 
Pseudomonas and Klebsiella. At 0°C Klebsiella sp. was the most affected by pH 
variation; thus, at pH 7, LPD value was 2.1 days, whereas with 10.1 mM undis-
sociated lactic acid (pH=5.6), LPD value was 33.3 days. For this microorganism 
lag phase duration was the most affected by lactic acidity. A linear regression 
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between LPD values and the undissociated acid concentration (uac) was applied 
according to the following equation:

 LPD = p + q  (uac)¢ ¢  (24.6)

Satisfactory linear regressions between LPD and uac values were obtained 
for the three bacteria. The coefficients of the linear regressions (p′, q′) for each 
microorganism are shown in Table 24.3. As can be observed, LPD values of 
Klebsiella sp. and E. coli were the most sensitive to the pH given by added lactic 
acid.

The simultaneous effects of both storage temperature and undissociated acid 
concentration (uac) on µ values for each microorganisms are shown in Fig. 24.3a, 
b, and c. From the obtained Gompertz parameters it was possible to estimate the 
time necessary to reach microbial counts of 106 CFU/ml under different tested 
conditions, noting that a temperature of 0°C and pH of 5.6 by addition of lactic 
acid extends this time to more than 50 days.

24.4. Conclusions

In the present work, the growth of three isolated bacteria from beef (Klebsiella 
sp., Escherichia coli and Pseudomonas sp.) were analyzed in a meat broth system 
and modeled at different temperatures (0°C, 4°C and 10°C) and pH levels (7.0, 
6.1, 5.8 and 5.6) reached by adding different concentrations of lactic acid. The 

Table 24.3. Coefficients of the linear regressions obtained for µ (specific growth rate, p, q) 
and LPD (lag phase duration, p′, q′) as functions of the undissociated lactic acid concentra-
tion (uac) at 0°C, 4°C and 10°C for Klebsiella sp., Escherichia coli and Pseudomonas sp. 
p and q are the coefficients of the linear regression given by Eq. (24.5). p′ and q′ are the 
coefficients of the linear regression given by Eq. (24.6)
Temperature (°C) p q R2 p′ q′ R2

Klebsiella sp.

0  0.09 −0.008 0.86 8.21 2.64 0.86
4  0.20 −0.008 0.89 2.51 0.01 0.97
10 1.15 −0.057 0.93 0.36 0.35 0.95

Escherichia coli

0  0.94 −0.048 0.94 44.72 0.69 0.67
4  0.43 −0.048 0.77 10.02 1.48 0.99
10 0.038 −0.004 0.79 2.47 0.37 0.87

Pseudomonas sp.

0  0.56 −0.002 0.96 10.80 0.38 0.91
4  0.35 −0.001 0.98 4.89 0.15 0.98
10 0.059 −0.002 0.73 0.35 0.35 0.89
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highest values of µ and LPD were observed for Klebsiella sp. and Pseudomonas 
sp., respectively. LPD of Klebsiella sp. was the most affected by lactic acidity.

The effect of temperature on µ values was modeled through an Arrhenius type 
equation, determining the corresponding activation energies. The highest activa-
tion energy was obtained for Klebsiella sp. at pH 6.1 and 5.6.

Satisfactory correlations between µ and LPD with the undissociated acid concen-
tration were obtained for the three microorganisms at the tested  temperatures.
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Lactic acid is a natural non-toxic decontaminant that can be applied in the food 
industry for the sanitization of meat surfaces.
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25
Free-Choice Profiling of Passion Fruit 
Juice Processed by High Hydrostatic 
Pressure

R. Deliza, L.H.E.S. Laboissiere, A. Rosenthal, 
A.M. de B. Marcellini, and R.G. Junqueira

25.1. Introduction

High hydrostatic pressure (HHP) refers to the process that subjects food to 
 pressures ranging from 100 MPa to 900 MPa and, in commercial systems, between 
300 MPa and 700 MPa (San Martín et al., 2002). The use of HHP has been 
explored extensively in the food industry and related research institutions due to 
increased consumer demand for improved nutritional and sensory characteristics 
of food without loss of “fresh” taste (Rosenthal and Silva, 1997; Tewari et al., 
1999; Deliza et al., 2005). Heat leads to quality deterioration in certain foods by 
producing undesirable changes in their sensory and nutritional characteristics 
due to the slow heating and cooling rates (Thakur and Nelson, 1998). At ambient 
temperatures, application of pressures in the range of 300–500 MPa inactivates 
vegetative microorganisms and reduces the activity of enzymes, combined with 
the retention of small molecules responsible for taste, color and many vitamins. 
This process yields a pasteurized product that can be stored for a considerable 
time at 4–6 °C (Cheftel, 1995). The non-thermal pasteurization of fruit products 
using HHP offers the chance of producing food of high quality, greater safety and 
increased shelf-life (Butz et al., 2003).

Passion fruit is an ovoid shaped fruit that yields a juice with a very strong, 
exotic flavor and a bright orange color. Despite being marketed worldwide, few 
articles on this fruit have been reported in the literature (Deliza et al., 2004). 
The evaluation of the sensory quality of passion fruit is essential to facilitate 
its use in juice formulations. This evaluation can be carried out using conven-
tional profiling techniques, such as Quantitative Descriptive Analysis (QDA), 
or,  alternatively, Free Choice Profiling (FCP). QDA involves discriminating 
and description of both the qualitative and quantitative sensory components 
of a product by trained panels of judges (Stone and Sidel, 2004). The qualita-
tive aspects of a product include appearance, aroma, flavor and texture. By 
using Quantitative Descriptive Analysis (QDA), trained panelists characterize 
and quantify the sensory properties of a food. However, this methodology 
is time consuming because assessors are trained to use a  common “frame 
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of  reference” to define product attributes (Jahan et al., 2005). Free Choice 
Profiling (FCP) is a sensory methodology where untrained assessors are 
allowed to use their own vocabulary for characterizing and scoring samples 
(Williams and Langron, 1984). FCP is a sensory methodology developed to 
avoid two major conventional flavor  profiling disadvantages: the necessity of 
having a common vocabulary of attributes to describe the samples, and a 
pre-established measure of agreement among the panelists on their interpreta-
tion and meaning of the terms they will employ. The terms used by panelists 
vary, based on individual experience and familiarity with the product. FCP 
is similar to traditional profiling in the sense that assessors must be able 
to detect differences between the samples, verbally describe the perceived 
attributes, and quantify them (Oreskovich et al., 1991).

FCP was created to assist the demands of marketing and product development 
teams, which required information on consumers’ perceptions of a product rather 
than the more technical description typically produced by trained panels (Murray 
et al., 2001). Several studies on different products have been carried out using 
this method (Deliza et al., 2004; Jahan et al., 2005; Vi as et al., 2001; Piggott 
et al., 1991). The aim of this study was to obtain a consumer vocabulary from 
FCP of natural and HHP processed passion fruit juices as well as five commercial 
thermally treated juices.

25.2. Passion Fruit Purée High Pressure Processing

Passion fruit purée was collected in a fruit juice factory before any thermal treat-
ment, and conditioned in 500 mL plastic bottles. The purée was immediately 
transported to Embrapa Food Technology at 5 ± 2°C, and the bottles were stored 
in the freezer at −18°C after arrival, until the day before the beginning of the 
study. Commercial sugar was added to the passion fruit purée to obtain the basis 
for a ready-to-drink juice. Fruit juice consumers determined the optimum pas-
sion fruit juice sugar level according to Deliza (2001). The sweetened purée was 
packed in polyethylene bags, heat sealed (Fig. 25.1) and stored at 4 ± 2°C until 
the pressurization treatment.

Pressurization of samples at 300 MPa for 5 min at room temperature was car-
ried out using a Stansted Food Lab 9000 (Stansted Fluid Power Ltd., England) 
isostatic high-pressure chamber and yielded the sample designated “pressurized.” 
Details of the process can be found in Rosenthal et al. (2005).

25.3. Free-Choice Profiling

Seven fruit juice samples comprising pressurized passion fruit juice, non-treated 
passion fruit juice (from the non-pressurized purée), and five commercial ther-
mally processed juices available in the Brazilian market were evaluated using 
FCP. The commercial products were coded as C1, C2, C3, C4 and C5.



25. Free-Choice Profiling of Passion Fruit Juice    361

HHP treated passion fruit purée was diluted with water at a previously  determined 
ideal dilution level (Laboissiere et al., 2005). The FCP was carried out in two  sessions. 
During the first session, eight consumers (two males and six females recruited from 
the Embrapa Food Technology staff) were asked to observe, smell and taste the seven 
different passion fruit juices and to describe, using their own words, the appearance, 
aroma, flavor and consistency of samples. Samples were served at 8 ± 1°C in 50 mL 
transparent plastic cups. During the second session, each consumer was asked to 
define the list of descriptive terms created in the first session, and to evaluate samples 
using his/her own terms. Individual score cards were prepared, and each assessor 
evaluated the intensity of each descriptor by placing a mark in an unstructured 9 cm 
line scale, anchored with the words “weak” and “strong” (Oreskovich et al., 1991). 
In profiling, seven juices were scored monadically per session in sensory booths, in 
triplicate, using a balanced presentation order design (MacFie et al., 1989) over three 
days. Samples were presented at 8 ± 1°C in 50 mL transparent plastic cups coded 
with three digit numbers. Water and unsalted biscuits were provided for cleansing 
the palate.

Generalized Procrustes Analysis (GPA) was carried out on the consumer 
data using the XLSTAT software, and a consensus matrix was obtained by 
 mathematical data operations (translation, rotation/reflection and scaling analysis) 
 according to Arnold and Williams (1986). The optimum consensus is the average 
of all transformed configurations that show minimum overall deviation. It sum-
marizes the information about samples and replaces the panel mean (Deliza et al., 
2004; Langron et al., 1984).

Participants in this study generated 1 to 6 attributes for appearance, 1 to 10 for 
aroma, 2 to 9 for flavor, and 1 to 4 for consistency. The most cited attributes were: 

Fig. 25.1. Detail showing heat-sealing of polyethylene bags with passion fruit purée
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orange color and presence of particles for appearance; natural and artificial for 
aroma; and natural, artificial, characteristic, sweet and sour for flavor.

Figures 25.2 and 25.3 show the results for the aroma and flavor evaluation, 
respectively. First and second dimensions explained 83.9% total variance for 
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aroma. Looking at the attribute space (Fig. 25.2a) and the product space (Fig. 
25.2b) for aroma, one can see that the juices prepared with the pressurized 
purée and the non-treated purée were perceived as having aroma character-
istics of passion fruit and natural aroma. On the other hand, all commercial 
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juices (C1–C5) were described by assessors as artificial, cooked, stale, and 
having off-aroma.

Regarding the flavor results, the first and second dimensions accounted for 
86.2% of the variance. Figure 25.3 shows that pressurized and non-treated juices 
were described with the attributes of acid taste, unripe, astringent, characteristic of 
 passion fruit, and passion fruit. The commercial heat-treated passion fruit juices were 
 perceived as artificial, having a stale flavor, cooked, and off-flavor. Juice C4 presented 
flavor attributes more similar to the pressurized and natural juices.

Taking into account the appearance and consistency product attributes, the 
results have shown high similarity between the juice prepared with the pressu-
rized purée and the non-treated passion fruit juice. Sensory differences among 
these two juices and the commercial juices were perceived and described by 
consumers.

The results of this study allow one to conclude that samples were well sepa-
rated in the plan defined by the first and second dimensions, demonstrating that 
assessors could discriminate pressurized and natural juices from the commercial 
thermally treated juices. This result suggests that FCP was an adequate tool to 
describe and quantify yellow passion fruit juice sensory attributes. Pressurized 
juice presented sensory attributes similar to the natural sample, ratifying the 
advantage of using high pressure on the product sensory attributes.
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26
Effect of High Temperature on 
Shrinkage and Porosity of Crispy 
Dried Bananas

K. Hofsetz, C. Costa Lopes, M.D. Hubinger, L. Mayor, 
and A.M. Sereno

26.1. Introduction

The most common drying method employed for food materials is hot air drying. 
This process involves high temperatures and long drying times, which can lead 
to considerable shrinkage of the final product.

Freeze-drying yields products with high quality and little or no shrinkage, but 
it is more expensive than hot air drying (Ratti, 2001; Lozano and Saca, 1992; 
Jayaraman and Das Gupta, 1992).

Another alternative, and a cheaper one, for producing materials with quality 
similar to freeze-dried products is called “puffing.” A puffing process involves 
the release or expansion of a vapor or gas within a product, either to create an 
internal structure or to expand or rupture an existing one.

Methods to obtain puffing include explosion puffing, high temperature fluid-
ized beds, extrusion, the application of vacuum drying and a high temperature 
pulse combined with conventional hot air drying.

During high temperature application, the moisture turns into vapor that builds 
up pressure, forcing the walls from the inside out, creating a porous structure 
and increased volume (Varnalis et al., 2001; Payne et al., 1989), which must be 
further air-dried to reduce water activity to the range of values that does not allow 
microbiological activity and where the chemical and biochemical reactions rates 
are reduced to their minimum (Toledo, 1991; Katz and Labuza, 1981).

Therefore, the objectives of this work were: (1) to study the effect of HTST 
pulse on shrinkage and porosity of bananas; (2) to study the effect of the con-
ventional air drying process (ADP) on shrinkage and porosity of bananas and 
to compare with the results obtained in (1); (3) to observe structural changes 
in the banana for both processes, and to try to relate these changes to shrink-
age-porosity interaction.
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26.2. Methodology

26.2.1. Materials

The equipment consisted of a stainless steel tray dryer with a 0.17 m inner diam-
eter and a capacity to accommodate one circular tray with 0.15 m diameter. An 
upward air flux flowed perpendicularly on the tray. An electric resistance block 
heated the air with a variable input from 2 kW to 18 kW. A thermostatic controller 
controlled the air temperature from 30 °C up to 180 °C. A 0.5 Hp centrifugal fan 
controlled the air speed. Experiments were done at 3 m/s.

Banana fruits, originally from Madeira Island (Portugal), with an initial moisture 
content of 70–75% (kg water/100 kg wet solid) and 20° Brix were used in this 
study. Both ends of the fruits were removed and discarded. Bananas were peeled 
and cut into discs with a thickness of one centimeter; each disc was cut in quarters 
and placed in the tray dryer in a single layer.

26.2.2. Drying Experiments

Based on previous experiments (Hofsetz and Lopes, 2005), a drying time of 
12 min at 150 °C for HTST pulse was chosen and used. The total drying time 
required to produce crispy banana pieces was reached with a cooling period (from 
the end of the HTST pulse up to the beginning of the AD stage) of 25 min, and 
finally an AD stage (70 °C) of 5 h. For the conventional air drying process (ADP), 
samples were dried at 70 °C for eight h. At the end of the process, equilibrium 
was attained and water activity (aw) was below 0.3. Four samples were taken out 
at different drying times for physical characterization (Table 26.1).

26.2.3. Experimental Determinations

Soluble solids of fresh samples were determined with an Abbe refractometer 
(Abbe-3L, Bausch and Lomb, Rochester, NY, USA) at 25 °C. Dried banana aw 
was determined with a Decagon CX-2T hygrometer (Aqualab-Decagon Devices 
Inc., Pullman, WA, USA) at 25 °C. The particle volume (Vp [m

3]) was measured 
in a gas pycnometer, built to work with wet solids, according to methodology 
proposed by Sereno et al. (2007). The bulk volume (Vb [m3]) was determined 
from the buoyant forces of the samples when immersed in n-heptane (Lozano 
et al., 1980). Porosity was calculated from the bulk and particle volume, as shown 
in Eq. (26.1).

 Porosity (%) = [1-(Vp /Vb)]*100 (26.1)

Volume change was expressed as a bulk shrinkage ratio of the sample volume 
at a certain drying time to its initial volume, as in Eq. (26.2). The subscript 0 
refers to the fresh sample, Vb.

 Shrinkage = Vb/Vb0 (26.2)
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The solids content was determined in a vacuum oven (Vaciotem J.P. Selecta 
S.A. Abrera, Barcelona, Spain) at 70 °C for 48 h, following AOAC methods 
(AOAC, 1984). Microimages of the samples were taken with a stereomicroscope 
(Olympus SZ-11, Tokyo, Japan) and were calibrated with a stage micrometer of 
2 mm length and divisions of 0.01 mm (Leitz Wetzlar, Germany). Paint Shop Pro 
4.12 software was used for image processing.

26.3. Results and Discussion

Figure 26.1 presents the time dependence of experimental normalized mois-
ture content of bananas for the two tested drying treatments. The combined 
HTST/ADP required 5.6 h of total drying time (aw = 0.276; standard devia-
tion of 0.003); this association saved at least 30% in drying time. The ADP 
samples presented surface hardening, probably caused by a too long drying 
time, and aw values did not reach a reduction below 0.3 after 8 h of processing 
(aw = 0.386; standard deviation of 0.001). In the dehydration process for 
bananas by explosion puffing pulse (Lozano and Saca, 1992), the final drying 
stage was twice as fast as the conventional air drying (4.4 h for the first and 
2 h for the last). Kim and Toledo (1987), observed a similar behavior using 
high temperature fluidized bed (HTFB) drying for rabbiteye blueberries (1.1 h 
for HTFB and 12.5 h for air dehydration).

Table 26.1. Drying conditions and sampling times for the HTST/AD and for the ADP
HTST/AD ADP

Drying condition
Sampling 
Times Drying condition

Sampling 
Times

Fresh 0 min Fresh 0 min

15 min
30 min
45 min
1 h
1 h 15 min

HTST pulse (150 °C 
−12 min)

1 min
3 min
7 min
9 min
12 min

Cooling period (25 min) 17 min
22 min
27 min
32 min
37 min

Air Drying Process 
(ADP) (70 °C −8 h)

1 h 30 min
1 h 45 min
2 h 15 min
3 h

AD stage (70 °C −5 h) 1 h 37 min 5 h
2 h 37 min 6 h
3 h 37 min 7 h
4 h 37 min 8 h
5 h 37 min -



370    K. Hofsetz et al.

Figure 26.2 shows the experimental shrinkage data as a function of dimension-
less moisture. Initially, the volume decreased linearly, then increased again and 
finally decreased up to the end of the process, reaching 60% of the initial volume. 
The volume shrinkage of bananas during the ADP decreased almost linearly with 
the decrease in moisture content. This linear behavior was also reported for fresh 
apples (Mayor et al., 2005), air-dried bananas (Katekawa and Silva, 2004), as 
well as in many other food materials.
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Figure 26.3 shows the porosity average values for bananas during the drying 
process. It can be seen that the increase in this parameter was more intense 
during the final part of HTST pulse (0.5 to 0.3 X/Xo), from 10% to 50%. This 
increase in porosity continued, due to a very low shrinkage, during the cooling 
and AD stage, and porosity rose from 50% to 70% at the end of the process. 
During ADP treatment, this property progressively increased, attaining a value 
of 40% at the end of process. Observing HTST/AD curves from Fig. 26.2 and 
26.3, it can be seen that there was a continuous increase in porosity until after 
the HTST pulse, due to very low shrinkage (1 to 0.82 Vb/Vb0), with an important 
increment of porosity as drying proceeded.

In general, porosity increases as moisture is removed at high drying rates, 
leading to a more porous structure; however, lower drying rates result in a more 
compact and denser product (Aguilera, 2003). Moreover, in the early stages of 
drying, the cellular tissues are elastic enough to shrink into the space left by the 
evaporated moisture. As the drying process proceeds, structural changes in the 
cellular tissue result in a more rigid skeleton, thus favoring the development of 
porosity (Mayor and Sereno, 2004; Krokida et al., 1997). In this work, during the 
HTST/AD treatment, volume decreased initially because of the loss of water and 
the collapse of the material. As the drying proceeded, the puffing effect started to 
occur and volume started to increase, partially compensating for the initial shrink-
age. The puffing effect ended in the cooling period; there was no volume increase, 
and the development of a crust began, which retained the shape and volume of the 
sample. However, this crust cannot totally avoid the shrinkage in the AD stage, 
since a slight decrease in the volume was observed until the end of the drying. 
This can be verified in Figs. 26.4 and 26.5: the HTST pulse developed a crust that 
retained the shape and volume of the sample and formation of big pores can be 
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observed (Fig. 26.4); for ADP there is no crust formation and medium size pores 
can be observed (Fig. 26.5).

26.4. Conclusion

The combined HTST/AD treatment of bananas showed non-linear shrinkage 
behavior in the HTST pulse. Bananas shrank up to around 60% of their original 
volume, and porosity reached 70%.

In the ADP treatment, the volume decreased linearly with moisture content 
during drying to around 32% of their initial volume, and porosity progressively 
increased, reaching a value near 40% at the end of process.

The HTST/AD treatment resulted in the saving of at least 30% in total drying 
time and in higher porosity and less shrinkage when compared with the ADP 
dried product. However, energy and economic studies were not done in this work 
to compare both processes. These tasks will be completed in future work.

(a) (b) (c) (d)
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Fig. 26.5. Microstructural changes of banana pieces during ADP treatment at 70 °C a) after 
1 h; b) after 3 h; c) after 6 h; d) after 8 h.

Fig. 26.4. changes of banana pieces during HTST/AD treatment. a) after 3 min at HTST 
pulse; b) after 12 min at HTST pulse; c) after 25 min at the cooling period; d) after 4 hours 
at AD stage (70 °C)
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27
Isolation, Purification and Partial 
Characterization of Laccase from 
Ustilago maydis

R.M. Desentis-Mendoza, H. Hernández-Sánchez, 
and M.E. Jaramillo-Flores

27.1. Introduction

Huitlacoche is a fungus that has been consumed in Mexico since prehispanic 
times. This Aztec name is given to the galls or tumors that form in corn cobs by 
the fungus scientifically known as Ustilago maydis. When infection takes place, a 
great mass of mycelium is formed in different zones in the corn plant. In the end, 
a great mass of black spores replaces the mycelium, and it is at this stage that the 
product is consumed as food (Valverde et al., 1995). Laccase (p-diphenol oxygen 
oxidoreductase, E. C. 1.10.3.2) catalyzes the oxidation of p-hydroxyphenols. Its 
activity depends on copper, oxidizes o- and p-dihydroxyphenols and compounds 
such as p-phenylendiamine and syringaldazine to color final products. Laccases 
differ from p-diphenol oxidases in their ability to hydroxylate monophenols 
(Walker, 1995; Palmieri et al., 1997). The objective of this work was to isolate, 
purify and partially characterize (biochemically and physico-chemically) the lac-
case from U. maydis.

27.2. Methodology

Corn cobs infected with Ustilago maydis were bought at a local market in Mexico 
City. A raw extract was obtained by fractional precipitation (Valero et al., 1988) 
and the purification was done by molecular exclusion (Pharmacia Biothech, 
1995) and affinity (Ganem and Martín, 2000) (concanavalin A) chromatography. 
Protein was quantified by the Lowry method (Lowry et al., 1951), and the enzyme 
activity was measured with different substrates (diammonium 2,2 -azinobis
(3-ethyl-benzothiazoline-6-sulfonate) or ABTS, hydroquinone, p-phenylendiamine, 
and syringaldazine) (Kimberly and Lee, 1980). The maximal activity pH 
(Kimberly and Lee, 1980), the molecular weight evaluated by SDS-PAGE Bio-
Rad Laboratories, 1998, the isoelectric point (Righetti, 1983) and denaturation 
temperature (Floury et al., 2002) were also determined.

375
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27.3. Results and Discussion

Table 27.1 shows the degree of purification attained in each of the stages. It 
can be observed that the highest enzyme activity (2.380 U/ml) is reached in the 
Sephadex G-150 stage, which has 1.42 mg of protein/ml. However, in the case 
of the Con A (2) stage, the specific activity rose to 9.82 U/mg with a very small 
amount of protein (0.081 mg/ml).

The above mention indicates that the protein is molecularly homogeneous, 
since a small amount of protein has a very high enzyme activity. It can also be 
observed that the specific activity increased ten times during the purification 
process. This same trend in purification has also been observed in other studies 
(Palmieri et al., 2000; Edens et al., 1999).

The SDS-PAGE indicated that the enzyme has a 99 kDa molecular weight 
and the measured isoelectric point and denaturation temperature were 5.5 and 
99.31 °C, respectively.

Laccase activity was measured with the above mentioned substrates (see also 
Fig. 27.1) at a 2 mM concentration and at different pH values (3, 4, 5, 6, 7, 8 and 9). 
The results are shown in Figs. 27.2 and 27.3.

It can be observed in Fig. 27.2A that the enzyme activity with ABTS as sub-
strate is higher in the pH range from 3 to 4, whereas in the range from 6 to 9 
the activity is very low. In the case of hydroquinone (Fig. 27.2B), the range of 
higher activity is also from 3 to 4 with the peak in 3. No activity could be detected 
in the pH range from 8 to 9. It can be seen that p-phenylendiamine (Fig. 27.2C) 
is a substrate that can be used by the enzyme at almost any pH but with a better 
activity from 7 to 8.

For every substrate, the feasibility of the reaction depends on the pH due to 
changes in the charge or in the structure of the enzyme and/or the substrate. It is 
well known that this enzyme has a positive charge at pH values below 5.5 (the 
isoelectric point) and has a negative charge at higher values.

Similar changes at different pH values also occur for the substrates. In the case 
of the syringaldazine (Fig. 27.2D) the peak of activity occurs at pH 3; however, 
this activity is 60% lower than the one presented with the other substrates.

Figure 27.3A shows that at pH 3 there are peaks of activity for ABTS and hyd-
roquinone, less activity for syringaldazine and almost nil for p-phenylendiamine. 

Table 27.1. Stages in the purification of the Ustilago maydis laccase
 Total activity   Specific  Fold purification
Work stage (u/ml) Protein (µg/ml) activity (u/mg) (times)

Corn smut 0.112 4.7 0.023 -
(NH4)2SO4 2.380 1.42 1.67 1

(95% saturation)
SEPHADEX G-150 3.041 0.53 5.66 3.38
CON A 1.250 0.20 6.25 3.74
CON A (2) 0.796 0.081 9.82 5.88
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Fig. 27.1. Chemical structures for p-phenylendiamine, syringaldazine, ABTS and hydro-
quinone
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At pH 4 (Fig. 27.3B) the behavior is similar; however, in this case, the activity 
is higher in p-phenylendiamine than in syringaldazine. At the pH values of 6 
(Figure 27.3C), 7 (Fig. 27.3D), 8 (Fig. 27.3E) and 9 (Fig. 27.3F) p-phenylendi-
amine is the only substrate with significant activity, having a peak at pH 7. It was 
also observed that this enzyme has very little activity toward ABTS and almost no 
activity toward hydroquinone and syringaldazine at pH values of 7, 8, and 9.

The highest laccase activity was registered for the ABTS at pH 3, followed by 
hydroquinone at pH values of 3 and 4, p-phenylendiamine at pH 7 and syringal-
dazine at pH 3. These activity peaks can be observed more clearly in Fig. 27.4.

Fig. 27.5. pH-related changes in structure of the molecules of p-phenylendiamine (A), 
hydroquinone (B), syringaldazine (C) and ABTS (D)
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Figure 27.5A shows that at a low pH the p-phenylendiamine molecule is com-
pletely protonated and therefore unavailable for the laccase. However, at higher 
pH values the structure becomes adequate for the enzyme activity. This could 
explain the higher activity of laccase toward this substrate in the pH range of 6 to 
9 with a peak at 7 (Fig. 27.4).

In the cases of hydroquinone (Fig. 27.5B) and syringaldazine (Fig. 27.5C), at 
lower values of pH, there are two free hydroxyl groups which form an adequate 
structure for the action of laccase. At higher pH values the hydroxyl groups are 
in their ionized form and cannot be used by the enzyme. This fact can explain the 
higher activity of laccase towards these molecules at pH 3.

27.4. Conclusion

A 99 kDa laccase with an isoelectric point of 5.5 and a denaturation temperature 
of 99.31 °C was purified from Ustilago maydis. Maximal activity was registered 
at pH 3 in the cases of ABTS, hydroquinone and syringaldazine and at pH 7 for 
p-phenylendiamine. The best substrate for the laccase was ABTS at pH 3.
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28
Phase Behavior of Phospholipid-
Cholesterol Liposomes Stabilized 
With Trehalose

S. Ohtake, C. Schebor, and J.J. de Pablo

28.1. Introduction

Achieving long-term stability in biological systems has been a long-standing 
goal of the food, pharmaceutical, and biomedical industries. Avoiding the 
need for refrigeration would reduce production and storage costs drastically. 
The desiccation of phospholipidic vesicles has been studied in an effort to 
understand biological membranes under low water content conditions (Crowe 
and Crowe, 1988; Ohtake et al., 2004).

Trehalose is effective in protecting biological membranes upon freeze-drying, 
and it has been widely used to preserve the integrity of phospholipid liposomes 
(Crowe and Crowe, 1988; Ohtake, et al., 2004; Crowe et al., 1986). Despite 
the abundance of cholesterol in mammalian plasma membranes (Rouser, et al., 
1968), studies examining the effects of dehydration on cholesterol-containing 
model membranes are scarce (Van Winden and Crommelin, 1999; Harrigan, et al., 
1990). Furthermore, the ability of well known lyoprotectants, such as trehalose, to 
stabilize cholesterol-containing liposomes has not been examined in detail. The 
aim of this work is to understand how cholesterol containing liposomes behave 
upon lyophilization.

28.2. Methodology

Liposomes were obtained by extruding (through 100 nm membrane filters) 
mixtures consisting of 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), 
1,2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine (DPPE) and cholesterol 
(Ch) at a temperature above the phase transition temperature, Tm, of the respec-
tive mixtures. Cholesterol molar ratios ranged from 0% to 41%. Samples were 
freeze-dried for 48 h in a Virtis Genesis 12EL (New York, USA) freeze-dryer at a 
pressure of 30 mtorr and a condenser temperature of −80 °C. The samples under 
vacuum were transferred to a glove box (Vac, Nexus One, Hawthorne, CA) and 
then loaded into pre-weighed DSC pans and sealed for calorimetric analysis. 
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Fully hydrated samples were also analyzed by DSC, for which the DSC pans 
were loaded immediately following extrusion.

DSC was used to determine the Tm of the phospholipids. Tm represents the 
peak temperature of the endotherm for the lipid gel-to-fluid phase transition 
recorded during the heating scan. The instrument used was a TA Q100 DSC (New 
Castle, DE). All measurements were made at 10 °C/min, using sealed aluminum 
pans (crimped pans, TA), and an empty pan was used as a reference. The average 
value of at least three replicate samples was reported. Data was analyzed using 
Universal Analysis.

Residual water contents for the dehydrated samples were analyzed using a Karl 
Fisher Coulometer Metrohm, Model 737 (Herisau, Switzerland).

28.3. Results and Discussion

The thermotropic phase behavior of liposomes composed of DPPC, DPPE 
and their mixtures with cholesterol was studied using differential scanning 
 calorimetry (DSC). Thermograms of fully hydrated DPPC-cholesterol liposomes 
containing cholesterol at molar ratios ranging from 0% to 41% (molar) are 
shown in Fig. 28.1. The phase transition temperature (Tm) of DPPC in the fully 
hydrated state is 42 °C, which is in agreement with previous reports (McMullen 
et al., 1993; Ohtake et al., 2005). The addition of cholesterol to DPPC liposomes 
did not change the Tm significantly. The enthalpy of the transition, however, 
decreased considerably, until it became negligible at 41% cholesterol, consist-
ent with  literature data (McMullen et al., 1993; Vist and Davis, 1990). Addition 
of trehalose did not significantly alter the melting behavior of cholesterol-
 containing liposomes in the fully hydrated state (data not reported). The addition 
of  cholesterol to DPPE and DPPE-DPPC mixtures exhibited behavior similar to 
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cholesterol molar ratios



28. Phase Behavior of Phospholipid-Cholesterol Liposomes    385

that observed for DPPC, namely a decrease in the enthalpy of transition. The tran-
sition temperature decreased for DPPE (data not reported), as was also reported 
previously (Blume, 1980).

Figure 28.2 shows the thermograms of freeze-dried DPPC-cholesterol lipo-
somes with (solid lines) and without (dotted lines) trehalose. The Tm of DPPC 
increased from 42 °C to 105 °C upon dehydration, in accordance with previous 
studies (Crowe and Crowe, 1988; Ohtake et al., 2004). The increase in phase 
transition temperature was caused by the decrease in the spacing between the 
headgroups, which allowed for increased van der Waals interactions between 
the lipid hydrocarbon chains (Crowe et al., 1998). The transition peak observed 
at 105 °C for dehydrated DPPC decreased dramatically, both in magnitude and 
in temperature, as the proportion of cholesterol in the liposomes increased 
(Fig. 28.2, dotted lines). The intercalation of cholesterol between the phos-
pholipids destabilized their packing in the gel phase, leading to a depression in
 the Tm of the dehydrated samples. A second broad endothermic transition, 
 having a main peak at 70 °C, became observable at 23% cholesterol (Fig. 
28.2, dotted line). The peak corresponding to this transition increased as the 
 cholesterol proportion increased, and at 41% cholesterol the two transitions 
merged. The presence of the two endothermic peaks can be explained by the 
existence of Ch-rich and Ch-poor domains, as described for these same sys-
tems in the fully hydrated state (McMullen et al., 1993; Vist and Davis, 1990). 
In the presence of trehalose, the phase transition temperature of dehydrated 
DPPC dropped by 80 °C, to 25 °C (Fig. 28.2, solid line), as was reported pre-
viously (Crowe and Crowe, 1988; Ohtake et al., 2004). This Tm depression 
has been ascribed to hydrogen bond formation between the sugar molecules 
and the phospholipid headgroups, allowing the phospholipids to maintain an 
intermolecular spacing similar to that present in the hydrated state (Crowe 
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and Crowe, 1988; Ohtake et al., 2004; Tsvetkova et al., 1998). In the presence 
of trehalose, cholesterol addition did not have a significant effect on the Tm, 
although the enthalpy of the transition decreased monotonically as the propor-
tion of cholesterol increased (Fig. 28.2, solid lines), as was observed in the 
fully hydrated state (Fig. 28.1).

Figure 28.3 shows the thermograms of freeze-dried DPPE–Ch mixtures 
with (solid lines) and without (dotted lines) trehalose. Two transitions at 52 °C 
(corresponding to the gel-to-liquid crystalline phase transition) and 94 °C (cor-
responding to the crystal-to-liquid crystalline phase transition) are observed for 
dehydrated DPPE (Fig. 28.3, bottom dotted line), which are in accordance with 
previously reported data (Handa et al., 1985). All of the DPPE–Ch mixtures 
exhibit multiple transitions: (i) the phase transition at approximately 94 °C was 
always present, irrespective of the proportion of cholesterol; (ii) the transition at 
52 °C decreased both in magnitude and in temperature with increasing choles-
terol content; and (iii) a new transition at approximately 72 °C appeared upon the 
 addition of cholesterol, and was present at all of the cholesterol concentrations 
examined in this work. The consistency of the peak observed at 94 °C suggests 
that the crystalline phase of DPPE does not incorporate cholesterol. The gel 
phase, however, is more prone to interact with cholesterol, as the enthalpy of the 
peak at 52 °C diminished considerably with increasing cholesterol proportion. 
We  speculate that the transition at 72 °C represents an intermediate DPPE phase 
(between gel and crystal) enriched in cholesterol. In the presence of trehalose, only 
one transition can be observed, and the Tm reduced from 52 °C to 39 °C for pure 
DPPE (Fig. 28.3, bottom solid line). The Tm further reduced upon the  addition 
of cholesterol to approximately 21 °C (Fig. 28.3, solid lines). Tm  corresponds to 
the melting of neighboring phospholipid molecules. As  previously described, 
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cholesterol addition can affect its surrounding environment, which in turn can 
affect the Tm. The decrease in Tm observed for DPPE-Ch mixtures suggests that 
trehalose is better able to interact with the PE molecules upon the intercalation of 
cholesterol between phospholipid molecules, which most likely results from the 
perturbation of the PE–PE hydrogen bonding network by cholesterol. This is in 
contrast to DPPC–Ch mixtures, in which the PC–PC headgroup interactions are 
not significantly modified with cholesterol incorporation. Trehalose interaction 
with DPPC molecules, hence, is not affected by the presence of cholesterol 
(Fig. 28.2, solid lines).

A freeze-dried DPPE–DPPC mixture (1:1 molar ratio) exhibited a single 
transition at 83 °C (Fig. 28.4, bottom dotted line). In the hydrated state, the 
DPPE–DPPC mixtures were miscible, exhibiting a single transition peak (54 °C) 
(Blume, 1980; Blume and Ackerman, 1974). This suggests that the two phospholi-
pids remain miscible upon dehydration. Upon the addition of cholesterol, the 
Tm at 83 °C decreased both in temperature and in magnitude. A new transition 
at 60 °C appeared above 9 mol% Ch and grew in magnitude with increasing 
cholesterol content (Fig. 28.4, dotted lines). As was previously described for 
DPPC–Ch  systems (Fig. 28.2), the two peaks can be ascribed to Ch-rich and 
Ch-poor regions. It has been reported that cholesterol does not interact prefer-
entially with either PE or PC in the DPPE–DPPC–Ch mixtures in excess water 
(Blume and Ackerman, 1974). As we did not observe phase separation of DPPC 
from DPPE upon dehydration, we expect the two peaks in the DPPE–DPPC–Ch 
mixtures to contain a constant DPPE/DPPC ratio (although containing  different 
amounts of cholesterol). In the presence of trehalose, a decrease in Tm can be 
observed, from 83 °C to 21 °C (Fig. 28.4, bottom solid line). Note that DPPE–
DPPC–Ch mixtures show a more pronounced depression of Tm by the addition 
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of cholesterol (Fig. 28.4, solid lines) than that observed for DPPC (Fig. 28.2, 
solid lines), but less than that observed for DPPE (Fig. 28.3, solid lines). This 
suggests that DPPC is able to disrupt the strong PE–PE interaction, thereby 
facilitating the interaction with trehalose.

28.4. Conclusion

The phase behavior of various freeze-dried mixtures of DPPE, DPPC, and cho-
lesterol has been analyzed. As the cholesterol proportion is increased, the phase 
behavior becomes more complex owing to the inhomogeneous mixing of cho-
lesterol with the phospholipids. The effects of trehalose addition have also been 
examined. The main focus of the use of trehalose has been to reduce the Tm of 
phospholipids upon dehydration. This is an important aspect, since liposomes 
undergoing phase transition during rehydration can lead to leakage of encapsu-
lated components. In this study we show that for dehydrated systems containing 
cholesterol, trehalose is also necessary to limit phase separation. Despite the 
abundance of reports examining the Ch-containing liposomes in the fully hydrated 
state, there is a shortage of studies on these systems in the dried state. Examination 
of cholesterol-containing model membranes may offer a more realistic view of 
how mammalian cells behave upon dehydration, and may aid in evaluating the 
effectiveness of lyoprotectants in conferring stability.
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29
Zeta-Potential as a Way to Determine 
Optimal Conditions During Fruit Juice 
Clarification

M.V. Fillipi, D.B. Genovese, and J.E. Lozano

29.1. Introduction

Cloudy fruit juice is caused by colloidal suspension where the continuous 
medium is a solution of pectin, sugars and organic acids, and the dispersed matter 
is mainly formed by cellular tissue comminuted during fruit processing. To obtain 
a clear juice, these suspended particles have to be removed. This process is known 
as clarification or fining, one of the most important unit operations in apple juice 
processing. The procedure helps also to remove active haze precursors, and thus 
decreases the potential for haze formation during storage, while providing a 
more limpid juice (Hsu et al., 1987; 1989; 1990). Therefore, the fining step is an 
important procedure that must be carefully controlled during the processing of 
clarified apple juice.

Genovese et al. (1997) determined that cloudy apple juice particles 
measure 450 nm diameter on average. If particles in a cloudy juice adhere 
together and form aggregates of increasing size (flocculation), they may 
 settle due to gravity. If flocks change to a much denser form, it is said to 
undergo coagulation, which is an irreversible process. It may seem simple 
merely to filter them out, but unfortunately some soluble pectin remains in the 
juice, making it too viscous to filter quickly. A dose of commercial enzyme is 
the accepted way of removing unwanted pectin. Enzyme depectinization has 
two effects: It degrades the viscous soluble pectin, and it also causes the aggre-
gation of cloud particles.

In an acidic environment such as that of apple juice (pH = 3.5- 3.7), the 
nucleus of apple particles is a protein that carries a positive charge, coated by 
pectin and other carbohydrates that carry negative charges. The dispersed phase 
is so small (~1-1000 nm) that gravitational forces are negligible and short-
range forces, such as Van der Waals attraction and surface charges, dominate 
 interactions. The inertia of the dispersed phase is also small enough to exhibit 
random Brownian motion, driven by momentum imparted by collisions with 
molecules of the suspending medium. Conventional enzyme clarification 
appears to be a critical processing step which, if excluded, may result in the 



392    M.V. Fillipi et al.

 formation of larger quantities of haze (Tajchakavit et al., 2001). Enzymatic 
treatment also allows efficient use of clarifying agents to assist with cloud 
removal. Addition of  fining or clarifying agents is intended to modify clarity, 
color, flavor and/or stability of juices. They are grouped according to their gen-
eral nature in (i) Minerals (bentonite, kaolin); (ii) Proteins (gelatin, isinglass, 
casein, albumen); (iii) Polysaccharides (agars); (iv) Carbons; (v) Synthetic 
polymers (PVPP, nylon); (vi) Silicon dioxide (kieselsols); and (vii) Others, 
including metal  chelators, enzymes, etc. (Zoecklein, 1988).

Clarification or fining of apple juice with gelatin and bentonite is a common 
industrial practice (Peterson and Johnson, 1978; Stocké, 1998). These fining 
agents work either by sticking to the particles or by using charged ions to cause 
particles to stick to each other, in any case making them heavy enough to sink 
to the bottom by the action of gravity. What is left is a transparent though not 
clear juice. Subsequent filtration operations are needed to obtain a crystal-clear 
product. Differences in the nature of ionic charges of protein, polyphenols and 
the fining agents induce flocculation and sedimentation, resulting in the removal 
of these potential haze precursors from the solution.

Determination of appropriate doses of clarifying apple juice agents (bentonite, 
gelatin) is usually made in the industry by trial and error; in a matrix of test tubes 
filled with enzymatically treated juice, increasing quantities of bentonite and 
gelatin are added in rows and columns, respectively. The dose that in a shorter 
time gives the most compact flocks and transparent supernatant is selected for the 
bulk treatment of juice.

It is known that electrically charged particles in aqueous media are surrounded 
by ions of opposite charge (counterions) and electrolyte ions, namely, the electrical 
double layer (Fig. 29.1).

The quantity UE represents the energy of repulsion due to the interaction of 
the electrical double layers. The expression for UE depends on the ratio between 
the particle radius and the thickness of the electrical double layer, k −1, called the 
Debye length. For k.a > 5 (Quemada and Berli, 2002):

 UE = 2p e0 ery 20 a ln[1+exp(-kH )] (29.1)

where e0 is the permittivity in vacuum, er is the relative permittivity (=dielectric 
constant) of the medium, y0 is the surface potential of particles. The value of y0 
is often unknown; however, the potential to be used in calculating the repulsion 
is the potential in the Stern plane (plane of closest approach of counterions to the 
surface), yd , rather than y0. In most cases, the nearest practical approximation 
to y is the zeta-potential (ζ), and this presupposes that the Stern plane and the 
 slipping plane are nearly identical.

As previously mentioned, when two particles come so close that their double 
layers overlap, they repel each other. The strength of this electrostatic force 
depends on the zeta potential. If the zeta potential is too small (typically less than 
about 25 mV in magnitude), the repulsive force will not be strong enough to over-
come the Van der Waals attraction between the particles, and they will begin to 
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agglomerate. The suspension is said to be unstable when this happens, and other 
repulsive forces, such as hydration, are insignificant. A high zeta potential will 
prevent particle-particle agglomeration and keep the dispersion uniform and free 
flowing. The adding of clarifying agents such as gelatin is supposed to reduce the 
net surface charge and the thickness of the double layer, reducing the electrostatic 
repulsion and favoring flocculation.

Therefore, it is interesting both from a technological and scientific point of 
view to study the effect of pectolytic enzymes on apple juice flocculation and 
precipitation, and to explain on a more systematic basis (essentially through 
the determination of zeta-potential and particle size) the empirical test used to 
determine gelatin and bentonite doses during conventional clarification.

29.2. Clarification Studies

Juice was manufactured from the Granny Smith apple variety. Fresh pressed 
(NJ) and pasteurized-enzymatically treated juice (PJ) was left to flocculate in 
a thermally isolated glass settling column. The enzymatic treatment (Rohapect 
1,5 mg/L; 2 h; 50 °C) was done following the hot technique. Commercial 
sodium bentonite type I (La Helcha) and gelatin (Cristagel Stauffer, Type A, 
175 bloom; 180 mg/L) were used as clarifying agents. Conventional method 
for bentonite and gelatin dosage was made with an array of 12 × 8 50 mL 
apple juice assay tubes with increasing gelatin and bentonite content addition. 
Turbidity was determined with a PC Compact Turbidimeter (Aqualitic, 
Germany) as (NTU). Particle size distribution (PSD) and Zeta-potential (ξ) 
were determined by photon correlation spectroscopy in a Malvern Zetasizer 
3000 (Malvern Instruments Inc., London). All results reported are means of 
replicate measurements.

+ +

+

+

+

+

+

+

+
+

Pectin
Nerst
layer 

Shear
planeDiffuse

layer 

+
+

+

+

+

+

+

+

+
+

+

+

Fig. 29.1. Electrical double layer representation in an apple juice cloud particle
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29.2.1.  Behavior Of Enzymatically Treated Apple Juice 
In The Settling Column

Settling column assays of NJ indicated that during the first 20 min, a distribution of 
particles by size occurred along the column, from particles about 1500 nm on top, 
to particles with diameter near 2000 nm at the bottom. The only exception was less 
dense particles floating on the surface, which had an intermediate size (1700 nm). 
On the other hand, Zeta-potential (ξ) remained practically constant at −9 mV 
(± 3,2 MV). Turbidity, as NTU, also showed a rapid decrease for the period of sedi-
mentation of NJ during the first 45 min. However, natural juice did not sediment 
by itself, remaining turbid all the time along the column. When an appropriate 
dose of pectolytic enzyme was added to a pasteurized cloudy juice, Zeta-potential 
(ξ) remained practically constant at −9 mV, as in the previous assay with natural 
juice. Particles increased their size (Ps) during the first 10 min, starting from a 
lower value as compared with the natural juice, and then reaching a maximum, 
a phenomenon attributed to the effect of pectinase on particle structure. It was 
speculated that enzyme depectinization had three effects on cloudy juice:

● Destruction of the weak soluble pectin net, reducing juice viscosity (This 
favored Brownian and convection movement inside the column);

● Aggregation of cloud particles, at least during the first 10 min in this assay 
(Pectinase degrades pectin and partially exposes the positively-charged protein 
beneath, reducing electrostatic repulsion between cloud particles);

● Finally, it seems that after most of the native pectin is destroyed, aggregation 
structures collapsed, increasing the number of small particles and resulting in 
the decrease in size and increase in turbidity observed.

These facts, associated with a negligible variation in ξ, explain the need for 
other clarifying agents, like bentonite and gelatin, to reach flocculation condition.

29.2.2. Fining Reactions

A type A gelatin is a protein (collagen) usually derived from acid-pretreated pigskin, 
and has isolectric point (pI) between 6 and 9. The significance of pI is that the higher 
the pI, the greater the cationic charge on the molecule at the juice pH. At the apple 
juice pH (~ 3.6), all gelatins would be positively charged (Cole, 1986).

The primary reaction occurring with gelatin is a complex formation between 
polyphenols in the juice and the protein of gelatin to give the desired precipitate. 
The second reaction, less well understood, but equally important, is the complex 
formation between the natural proteins of the juice and the added protein, gelatin 
finally. A third reaction occurs after addition of bentonite (which should be added 
after the gelatin) which absorbs or complexes with any residual dissolved protein, 
either gelatin or any other natural protein in the juice (Cole, 1986). Bentonite is an 
industrial mineral, rich in montmorillonite. Montmorillonite is a clay consisting 
of aluminum silicate anions (Al2O3.SiO2)(H2O)n neutralized by cations such as 
sodium, calcium, potassium and magnesium. High-swellable sodium bentonite is 
more difficult to handle. Sodium bentonite offers high adsorption of proteins and 
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good clarification capacity, although it may produce a high volume of sediments. 
Alternatively, a sodium calcium bentonite with average properties is also commer-
cialized (Herbslöh, 2005). The microscopic structure of bentonite consists of many 
plates that position in such a way as to swell considerably when absorbing water. 
The mechanisms of protein removal are absorptive interactions between positively 
charged proteins and negatively charged plate surfaces. Some bentonite absorption 
of uncharged molecules also occurs. Bentonite may indirectly adsorb some phenolic 
compounds via binding with proteins that have complexed with phenolics. Bentonite 
is known to affect juice color directly by binding with positively charged anthocy-
anins (Zoecklein, 1988). However, the amount of phenols and anthocyanins removed 
is usually not great. The interaction of bentonite with proteins occurs within minutes. 
Bentonite is used to counterfine residual gelatin haze and creates high quantities of 
light sediment. However, excessive dosage can impart an earthy taste to juice.

It was observed that the particle size (Ps) of a depectinized cloudy apple juice was 
drastically reduced after the addition of at least 0.02% gelatin. This phenomenon was 
attributable to the effect of gelatin on the flocculation of particles sized 1.6 µm and 
higher. This fact was also visually observed as the formation of compact sediments. 
Particles smaller than 1.6 µm remained in suspension. On the other hand, ξ reduced 
its absolute value from the original −9 mV to the isolectric point (ξ = 0) corresponding 
to a gelatin concentration of 0.02%. This value should correspond with the  minimum 
electrostatic repulsion force among particles, facilitating flocculation.

From the results obtained through turbidity determinations as NTU (Fig. 29.2), 
two regions of optimal clarifying dose of bentonite-gelatin were found in the 
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range of ξ −0.5 to 0.0 mV: (i) a dose of 0.01% gelatin- 0.02% bentonite, obtain-
ing a supernatant juice of 60 NTU; and for (ii) a dose of 0.02% gelatin–0.09% 
bentonite, obtaining a supernatant juice averaging 55 NTU. These are very good 
clarification values, considering that after finishing (filtering through diatoma-
ceous earth and/or cellulose filters) an acceptably transparent apple juice counts 
up to 5 NTU units (TREETOP, 1999).

It must be noted, however, that ξ was practically at the isolectric point among 
0.01 and 0.02% gelatin, when low doses of bentonite were used (< 0,05%). 
Moreover, excessive fining may result in haze precursors in the juice, and lower 
doses of clarifying agents are recommended.

29.3. Conclusions

Experiments were conducted to study the colloidal behavior of turbid apple juice, 
and to evaluate the efficacy of using Zeta-potential (ξ) as a test for determining 
optimal doses of gelatin and bentonite as clarification agents. When fresh pressed 
apple juice (NJ) was allowed to settle in a sedimentation column, partial clarifi-
cation occurred, determined as a reduction in turbidity from 1900 to 100 NTU. 
Average particle size also reduced from approximately 1.9 µm to 1.3 µm. After 
juice was pasteurized and subjected to enzymatic treatment (pectinase) in the 
sedimentation column, a maximum particle size was observed. This phenomenon 
was attributed to the partial degradation of the negative charged pectin. Adding 
0.02% gelatin to the juice reduced its ξ absolute value from the original −9 mV 
to almost the isolectric point (ξ = 0). When 0.03% bentonite was added, the ξ 
= 0 point was reached with 0.01% gelatin. Higher doses of bentonite required a 
higher dose of gelatin. Turbidity determinations as NTU indicated that at least 
two regions of optimal clarifying doses of bentonite-gelatin occur.
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30
Engineered Food/Protein Structure 
And Bioactive Proteins And Peptides 
From Whey

I. Recio, M. Ramos, and A.M.R. Pilosof

30.1. Introduction

Traditionally, whey was considered a by-product in the manufacturing of cheeses 
with little or no commercial value. This view is changing as novel technical and 
nutritional applications are being discovered for whey or whey components. 
The composition of whey depends on the method of cheese manufacture, but the 
major components are proteins, lactose and minerals. Some whey constituents have 
unusual properties that make them valuable commercially as sources of flavor 
enhancers, fat substitutes, food binders, and recently, as functional ingredients 
with biological activities. This contribution summarizes some of the biological 
activities attributed to whey proteins and peptides derived thereof and advances 
in the use of whey proteins in biopolymer mixtures for engineered food structure 
development.

30.2. Biological Functions of Whey Proteins

The primary functions of dietary proteins, and hence of whey proteins, is to supply 
the body adequately with indispensable amino acids and organic nitrogen; some 
of these proteins also have a specific biological activity.

The bovine whey protein fraction consists of α-lactalbumin, β-lactoglobulin, 
bovine serum albumin, immunoglobulin, lactoferrin, transferrin and the proteose-
peptone fraction. In addition, cheese whey contains caseinmacropeptide (CMP), 
which is the product of milk κ-casein hydrolysis with chymosin. The concentra-
tions of these proteins in milk, together with their attributed biological functions, 
are shown in Table 30.1. In addition to these biological functions, which will be 
briefly reviewed, whey proteins are of high nutritional value because they con-
tain all of the essential amino acids, and in higher concentrations compared to 
various vegetable protein sources such as soy, corn, and wheat gluten (Walzem 
et al., 2002).

399
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Table 30.1. Concentration and biological functions of major milk proteins (adapted from 
Séverin and Wenshui, 2005)

Concentration (g/l)

Protein Bovine Human Function

Total caseins 26.0 2.7 Mineral carrier, precursor of bioactive peptides
Total whey proteins 6.3 67.3
β-Lactoglobulin 3.2 Retinol carrier, binding fatty acids, antioxidant
α-Lactalbumin 1.2 1.9 Lactose-synthesis in mammary gland, Ca carrier, 

immunomodulation, anticarcinogenic
Immunoglobulins (A, 

M and G)
0.7 1.3 Immune protection

Serum albumin 0.4 0.4
Lactoferrin 0.1 1.5 Antimicrobial, antioxidative, immunomodulation, 

iron absorption, anticarcinogenic

Lactoperoxidase 0.03 Antimicrobial
Lysozyme 0.0004 0.1 Antimicrobial
Proteose-peptone 1.2
Caseinmacropeptide 1.2 Antiviral, bifidogenic
Others 0.8

Lactoferrin plays an important role in iron uptake in the intestine (Hutchens et al., 
1994; Viljoen, 1995) and is thought to play a role in innate defense. Its broad anti-
microbial spectrum (including Gram-positive and Gram-negative bacteria, yeasts 
and fungi), and the recently discovered antiviral activity (including cytomegalo-
virus, herpes, influenza, HIV, rotavirus, hepatitis C) support this envisaged role 
(Floris et al., 2003; Berkhout et al., 2004). Lactoferrin has proven to exert other 
biological activities such as antioxidant, immunomodulatory, modulation of cell 
growth, and binding and inhibition of several bioactive compounds (lipopoly-
saccharide and glycosaminoglycan) (Baveye et al., 1999; Chierici, 2001). The 
pepsin-hydrolysate of lactoferrin has more potent antimicrobial activity than 
the native protein, and a peptide, called lactoferricin, which also exhibits vari-
ous biological activities, has been purified. Recently, it has been recognized that 
oral administration of lactoferrin exerts various beneficial health effects such as 
anti-infective activities, not only in infants, but also in adult animals and humans 
(for a recent review see Wakabayashi et al., 2006). Current commercial applica-
tions of bovine lactoferrin include infant formulas, nutritional iron supplements 
and drinks, fermented milks, chewing gums, immune-enhancing nutraceuticals, 
cosmetic formulas, and feed and pet care supplements (Jan, 2001).

The enzyme lactoperoxidase is a glycoprotein member of the mammalian 
peroxidase family. The lactoperoxidase system consists of three primary com-
ponents: the lactoperoxidase enzyme, thiocyonate and hydrogen peroxyde. The 
lactoperoxidase system has been demonstrated to be very effective in inhibiting 
the growth of Gram-positive foodborne organisms, including Staphylococcus 
aureus. Gram-negative, catalase-positive organisms such as pseudomonas, col-
iforms, salmonellae and shigellae are not only inhibited by the lactoperoxidase 
system, but, depending on the medium conditions, lactoperoxidase may also show 
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bactericidal activity. Lactoperoxidase may be a useful additive for infant formulae 
because human milk contains very little or no lactoperoxidase (Fox, 2001).

Lysozyme is known to be a powerful antibacterial protein widely distributed 
in various biological fluids and tissues, hen egg white and human milk and 
colostrum being especially rich sources. The enzyme hydrolyses bacterial cell 
walls, resulting in cell lysis. Milk lysozyme is active against a number of Gram-
positive bacteria and some Gram-negative bacteria that are completely resistant 
to egg-white lysozyme (Floris et al., 2003). There seems to be a synergistic 
action of lysozyme and lactoferrin against Escherichia coli, as the latter dam-
ages the outer membrane of Gram-negative bacteria and the organism becomes 
susceptible to lysozyme.

The antibacterial activity of lysozyme was first exclusively attributed to its 
catalytic function. In the last two decades, the literature abounds with evi-
dence implicating a non-enzymatic mechanism of action (Ibrahim et al., 2002; 
Ibrahim, 2003; Masschalck and Michiels, 2003). Aside from its antibacterial 
activity, it has been demonstrated that lysozyme may exert other functions 
including inactivation of certain viruses, enhancement of antibiotic effects, 
anti-inflammatory and antihistaminic action, activation of immune cells and 
antitumor activity.

Recent progress in the fractionation technologies has enabled large-scale 
isolation of immunoglobulins from bovine colostrum and milk for commercial 
purposes. Subsequently, immunoglobulin concentrates derived from colostrum, 
cheese whey or blood serum have been developed and launched on the market for 
neonatal calf, lamb or piglet feeding. Such immune milk preparations have been 
found to be effective in the prevention or treatment of various enteric diseases in 
animals and humans (Pihlanto and Korhonen, 2003).

The biological activity of bovine caseinmacropeptide has received much atten-
tion in recent years. It corresponds to the C-terminal hydrophilic peptide released 
by the action of chymosin on κ-casein. Physiological functions attributed to 
CMP include binding of cholera and Escherichia coli enterotoxins, inhibition 
of bacterial and viral adhesion, suppression of gastric secretions, promotion of 
bifidobacterial growth and modulation of immune system responses (Manso and 
López-Fandiño, 2004; Brody, 2000).

The physicochemical and functional characteristics of β-lactoglobulin (β-Lg) 
are well known, but its biological function is not yet clear. It is the major whey 
protein in ruminants, and its ability to bind a variety of small hydrophobic 
molecules, such as retinol, lipids and fatty acids, is well documented. Intestinal 
receptors specific for β-Lg and the protein’s resistance to proteolytic activity in 
the stomach might indicate that it is involved in retinol transport from mother to 
neonate. In addition, β-Lg has been shown to exhibit different mitogenic activi-
ties in vitro and immunomodulatory properties (Pihlanto and Korhonen, 2003).

α-Lactalbumin (α-La) is a subunit of lactose synthase, and is a calcium-bind-
ing metalloprotein of major importance from a nutritional point of view. In 
addition, it has been suggested that it possesses immunomodulatory and anticar-
cinogenic properties (Parodi, 1998). Interestingly, Håkansson et al. (2000) have 
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found an α-La folding variant from human milk with bactericidal activity against 
antibiotic-resistant and susceptible strains of Streptococcus pneumoniae, but this 
variant had little or no activity against other bacteria. The active form contained 
α-La in a partially unfolded molten globule-like state. Tumor cells and immature 
cells were also sensitive to this fraction and were shown to undergo apoptosis, but 
this α-La variant leaves normal differentiated cells unaffected (Håkansson et al., 
1995; Svensson et al., 1999). This molecular complex of human α-La and oleic 
acid with antitumor activity has been designated HAMLET (human α-La made 
lethal to tumor cells), and has received much attention due to its potential use as 
a new therapeutic agent against tumour cells (Gustafsson et al., 2005).

30.3. Bioactive Peptides

During the last two decades, besides the high functional value of various milk 
proteins, such as lactoferrin or immunoglobulins, the presence of other compo-
nents with biological activity, such as peptides, has been demonstrated. These 
peptides are hidden in a latent state within the precursor protein sequence but can 
be released by enzymatic proteolysis during gastrointestinal digestion in vivo, or 
during the manufacture of milk products. Enzymatic hydrolysis of milk proteins 
can release fragments able to exert specific biological activities, such as antihy-
pertensive, antimicrobial, opioid, antioxidant, immunomodulant, or mineral binding. 
Due to the increasing production of whey as a byproduct of cheesemaking, the 
development of processes to isolate or concentrate added-value molecules with 
biological activity, which can be used as ingredients in functional foods, has 
acquired a special relevance. The biological properties of peptides derived from 
whey proteins, focusing special attention on studies carried out on antihyperten-
sive, and antioxidant peptide, are discussed below.

30.3.1. ACE-Inhibitory Peptides

Hypertension, which is estimated to affect one third of the Western population, is 
a risk factor for cardiovascular disease. The renin-angiotensin-aldosterone system 
is a key factor in the maintenance of arterial blood pressure. One of the main com-
ponents of this system is angiotensin-converting enzyme (ACE) [EC 3.4.15.1], 
which catalyzes the conversion of angiotensin I, an inactive decapeptide, into 
angiotensin II, an octapeptide with a potent vasoconstrictor action (Ondetti 
et al., 1977). Moreover, ACE catalyzes the inactivation of bradykinin, which has 
an important vasodilator activity. Therefore, inhibition of this enzyme results 
in a lowering of blood pressure. Several proteins from different foods, such as, 
eggs, tuna, and soy sauce, have been identified as precursors of ACE-inhibitory 
peptides but, to date, milk proteins are the main source of this kind of bioactive 
peptides. These fragments have been generated from the precursor proteins by 
enzymatic hydrolysis, fermentation, combined processes and/or chemical synthesis 
based on combinatorial library designs of peptides.



30. Engineered Food/Protein Structure And Bioactive Proteins    403

The ACE-inhibitory peptides derived from milk caseins are known as 
casokinins, while the peptides derived from whey proteins are generally called 
lactokinins. Due to the relevance of this group of peptides, extensive research has 
been aimed at identifying novel peptide sequences and elucidating the structure-
activity relationships, production methods, etc. These results have been recently 
reviewed (Korhonen and Pihlanto., 2006; Gobetti et al., 2004; Silva and Malcata, 
2005). Even more recently, aspects related to the bioavailability of ACE inhibi-
tory peptides and other aspects related to the physiological, chemical and techno-
logical properties of peptides have been reviewed by other authors (Fitzgerald et 
al., 2004; Vermeirssen et al., 2004; Meissel., 2005; López-Fandiño et al., 2006).

Concerning the whey proteins, hydrolysis with a combination of digestive 
enzymes or with highly proteolytic and less specific enzymes, such as thermolysin 
or proteinase K, resulted in digests containing a number of potent ACE-inhibitory 
peptides (Mullally et al.,1997; Abubakar et al., 1998; Pihlanto-Lepälä et al., 2000; 
Fitzgerald and Meissel, 1999; Nurminen et al., 2000; Hernández-Ledesma et al., 2002). 
However, peptides with an ACE-inhibitory activity in vitro do not necessarily exert 
an antihypertensive effect after oral ingestion. To exert an antihypertensive effect, 
they must be able to survive gastrointestinal digestion, be absorbed, and reach the 
cardiovascular system in an active form. For instance, studies made on the stability 
in vitro of a tryptic fragment of β-lactoglobulin (β-Lg f (142-148) with sequence 
ALPMHIR with potent ACE-inhibitory activity demonstrated that this peptide is 
probably not sufficiently stable to gastrointestinal and serum proteinases to act as 
a hypotensive agent in humans following oral ingestion (Walsh et al., 2004). On 
the contrary, the action of gastrointestinal enzymes can release the active form of 
peptide. Interestingly, a shorter fragment corresponding to the same region of β-Lg 
(β-Lg f(142-145), ALPM) has demonstrated antihypertensive effects in spontane-
ously hypertensive rats (SHR), although the IC50 value of this β-Lg fragment was 
not high. Therefore, the active form of this peptide can be produced by the action 
of gastrointestinal enzymes, or other mechanisms can be involved in the antihy-
pertensive activity of ALPM (Murakami et al., 2004).

Other multifunctional peptides have been reported from whey proteins: α-
lactorphin, α-La f(50-53), and β-lactorphin, β-Lg f(102-105), which showed 
opioid-like activity (Yoshikawa et al., 1986) and ACE-inhibitory activity with 
IC50 (concentration needed to inhibit 50% of the ACE activity) values of 733 and 
172 µM, respectively (Mullally et al., 1996). These opioid peptides improved vas-
cular relaxation in SHR, and α-lactorphin improved vascular relaxation in SHR 
(Sipola et al., 2001; Nurminen et al., 2000).

Hernández-Ledesma et al. (2002) have carried out studies on the ACE-inhibi-
tory activity of hydrolysates of β-Lg from ovine and caprine milk with enzymes of 
digestive and microbial origin. The results suggested a more efficient cleavage of 
milk proteins by microbial enzymes for the formation of ACE-inhibitory peptides. 
Four new caprine β-Lg derived peptides with ACE-inhibitory activity were puri-
fied and identified from the hydrolysate prepared with thermolysin (Table 30.2). 
These peptides corresponded to β-Lg fragments f(46-53), f(58-61), f(103-105), 
and f(122-125), and their IC50 values ranged from 34.7 to 2470 µM. Of special 
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Table 30.2. ACE-inhibitory and/or antioxidant activity of peptides derived from whey 
proteins

Peptide Fragment Sequencea IC50 µMb Orac-Value Origin Reference

α-La f(50-53) YGLF 733 - Hydrolysis with 
gastric and 
pancreatic 
enzymes

Nurminen et al., 
2000

β-Lg f(78-80) IPA 141 - Hydrolysis with 
proteinase K

Abukakar et al., 
1998

β-Lg f(142-145) ALPM 928 - Commercial 
whey product

Murakami et al., 
2004

β-Lg f(103-105) LLF 79.8 - Hydrolysis with 
Thermolysin

Hernández-Ledesma 
et al.,2002

β-Lg f(58-61) LQKW 34.7 - Hydrolysis with 
Thermolysin

Hernández-Ledesma 
et al.,2002

β-Lg f(142-148) ALPMHIR 42.6 - Hydrolysis with 
Trypsin

Mullally et al., 1997

β-Lg f(145-149) MHIRL - 0.306 Hydrolysis with 
Corolase PP

Hernández-
Ledesma et al., 
2005

β-Lg f(42-46) YVEEL - 0.799 Hydrolysis with 
Corolase PP

Hernández-
Ledesma et al., 
2005

β-Lg f(19-29) WYSLAMAASDI - 2.61 Hydrolysis with 
Corolase PP

Hernández-
Ledesma et al., 
2005

β2-m
c f(18-20) GKP 352 - Hydrolysis with 

proteinase K
Abukakar et al., 

1998
BSA f(221-222) FP 315 - Hydrolysis with 

proteinase K
Abukakar et al., 

1998
a One letter amino acid sequence
b Peptide concentration needed to inhibit 50% of the original ACE activity
c β2-microglobulin

interest is peptide LLF, included within the sequence of the opioid peptide β-
lactorphin (YLLF), which is considered a “strategic zone” partially protected from 
digestive breakdown.

The most potent caprine β-Lg fragment found in this study corresponded to 
LQKW, β-Lg (58-61) with IC50 values of 34.7 µM. LLF and LQKW peptides 
also showed an antihypertensive activity in spontaneously hypertensive rats 
(Hernández-Ledesma et al., 2007a). More recently, Hernández-Ledesma et al. 
(2006) have evaluated the effect of heat denatured treatments on the release 
of new and potentially ACE-inhibitory peptides from bovine β-Lg during the 
hydrolysis with thermolysin. For this purpose, the peptides released from this 
whey protein at different incubation temperatures and times are identified by 
HPLC-MS/MS, and their potential biological activity is discussed in relation 
to their structure. In this work, a more rapid release of some peptides of inter-
est at increasing temperatures was found. Moreover, novel cleavage sites for 
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thermolysin localized inside the most buried zones of the β-Lg monomer have 
been found. In general, heating of β-Lg during enzyme treatments enhanced 
the formation of peptides with ACE-inhibitory activity. Concretely, one of the 
peptides released under heat-denaturing conditions was LQKW, which had 
previously been described as a potent ACE inhibitor.

Manso and López-Fandiño (2003) evaluated the ACE-inhibitory activities of 
bovine, caprine and ovine kappa-caseinmacropeptides and their tryptic hydro-
lysates. The results indicated that kappa-caseinmacropeptides exhibit moderate 
ACE-inhibitory activity that increased considerably after digestion under simu-
lated gastrointestinal conditions.

The active peptides could be produced from CMPs via proteolysis with trypsin. 
Peptides MAIPPK and MAIPPKK, corresponding to κ-CN fragments f (106-111) 
and f(106-112), respectively, were identified, and the latter significantly reduced 
blood pressure of model animals (Miguel et al., 2007). These peptides showed a 
moderate activity, but their digestion under simulated gastrointestinal conditions 
allowed the release of potent ACE-inhibitory peptide IPP (IC50 value of 5 µM). 
These findings might help to promote further exploitation of kappa-casein-mac-
ropeptides as multifunctional active ingredients, broadening the potential uses of 
rennet whey from various sources.

30.3.2. Antioxidant Peptides

Reactive oxygen species (ROS) are produced as part of normal cell metabo-
lism. However, an abnormal increase in their production can be caused by some 
external agents. A high level of ROS can perturb the redox balance and promote 
“oxidative stress” in cells. This situation is implicated in the etiology of age-
associated chronic diseases, such as cardiovascular diseases, cancer, diabetes, 
cataracts, neurodegenerative disorders, and aging (Ames et al., 1993). In addi-
tion to the endogenous defense systems, the organism can also defeat ROS by 
exogenous antioxidants provided by the diet. Although antioxidants of vegetable 
origin have attracted the interest of researchers and consumers, antioxidants from 
animal sources are also consumed in the diet. Recent studies have focused on 
searching for antioxidant peptides derived from casein and whey proteins (Peña-
Ramos and Xiong, 2001).

Few studies about the antioxidant properties of peptides derived from whey 
proteins have been performed (Table 30.2). Oxygen radical antioxidant capac-
ity (ORAC) was shown by several peptides identified in a β-Lg A hydrolysate 
with Corolase PP (Hernández-Ledesma et al., 2005). In addition, some of these 
peptides exhibit a synergistic effect with other well-known antioxidants, such as 
ascorbic acid (Hernández-Ledesma et al., 2007b). The presence in their sequence 
of certain amino acids such as Trp, Tyr and Met has been found to be the most 
important structural characteristic for their antioxidant activity. The ORAC value 
of the most active peptide was 2.62 µmol Trolox equivs/µmol peptide, and its 
sequence was WYSLAMAASDI. The antioxidant activity of this peptide was 
slightly higher than that of butylated hydroxyanisole (BHA) currently used in the 
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food industry as a synthetic antioxidant (2.43 µmol Trolox/µmol BHA) (Dávalos 
et al., 2004).

30.4.  Whey Proteins in Biopolymer Mixtures for Food 
Structure Development

In recent years, considerable interest has been devoted to study the gelation of 
whey proteins in presence of polysaccharides (Galazka et al., 1999; Capron et al., 
1999a; Eleya and Turgeon, 2000; Beaulieu et al., 2001; Baeza et al., 2002; Baeza 
et al., 2003; Tavares and Lopes da Silva, 2003). The results obtained from these 
studies are important contributions to the adequate manipulation of the rheologi-
cal properties of biopolymer mixtures, and they support the attractive concept of 
engineered food structure development since mixed gels can be viewed as self-
assembling systems, and the control of morphologies would allow designing of 
their properties (Turgeon et al., 2003).

The presence of unfavorable repulsive interactions between segments of chem-
ically different polymers (i.e., proteins and polysaccharides) in solution leads to 
a high probability of the mutual exclusion of each polymeric solute component 
from the local vicinity of the other. At a sufficiently high polymer concentration, 
the net repulsion between the two species at the molecular level causes the system 
to separate spontaneously into two distinct phases. This phenomenon, known as 
thermodynamic incompatibility, is commonly exhibited by semi-dilute or con-
centrated mixed solutions of protein + polysaccharide and is the main cause of 
synergistic effects. Incompatibility mainly occurs at pH higher than the protein 
isoelectric point and/or at high ionic strengths (Grinberg and Tolstoguzov, 1997). 
The protein and polysaccharide structures (molecular weight, size and conforma-
tion) have a strong influence on the intensity of the interactions.

Phase separation of protein-polysaccharides occurs above a critical concen-
tration. At lower concentrations, they co-exist in a single phase, containing the 
biopolymers in domains in which they mutually exclude one another, which 
increases the thermodynamic activity of a protein and results in specific changes 
in functional properties (Carp et al., 2001; Sánchez et al., 1995; Tolstoguzov, 
1997). Polysaccharides under conditions of limited thermodynamic compatibility 
(below minimal total concentration for phase separation) can be viewed as modi-
fiers of the kinetics of whey protein aggregation, of the size of aggregates and of 
the degree of association of particles in the gel network mechanical properties of 
protein. A consequence of polymer incompatibility is the lowering of the critical 
concentration for gelation of the components and the acceleration of the aggrega-
tion (Capron et al., 1999b; Ould Elaya and Turgeon, 2000; Baeza et al., 2002; 
Baeza et al., 2003; Renard et al., 2006).

Several microstructures, ranging from a fine to a coarse particulate, may be 
induced in mixed β-Lg/non-gelling gum gels by varying the type of gum, the 
proportion of the components and pH (Baeza and Pilosof, 2001; Monteiro et al., 
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2005; Tavares et al., 2005). Photomicrographs of mixed β-Lg/gum gels (Baeza 
and Pilosof, 2001) revealed particulate microstructures, except for β-Lg/ pro-
pyleneglycol alginate (PGA) gel at pH 7, that showed a smooth and continuous 
microstructure (Fig. 30.1a). At pH 7 the β-Lg aggregated in the presence of λ-
carrageenan into large, almost smooth spherical particles of approximately 8 µm 
in diameter packed with few junctions between them (Fig. 30.1b). β-Lg/xanthan 
gel at pH 7 showed a dense microstructure formed of smooth clusters of irregular 
shape of about 2 µm in diameter consisting of fused particles (Fig. 30.1c). More 
regular gel networks were formed at pH 6 in presence of λ-carrageenan and 
xanthan. The particles forming β-Lg/PGA gels at pH 6 showed a flat irregular 
flake-like shape, fused together in a dense structure.

Large deformation tests have proved to be more correlated to microstructure 
of particulate gels than small deformation tests. Hardness and cohesiveness of 
β-Lg/ polysaccharide gels increased in the order λ-carrageenan < xanthan < PGA 
(Baeza and Pilosof, 2001). It appears that the size of particles forming the gel 
structure and the size of voids between them are related to texture parameters. 
In fact, β-Lg/ λ-carrageenan gels consisting of large, loosely packed particles, 
with large voids between them (Fig. 30.1b) showed the lowest texture properties. 
Contrarily, β-Lg/PGA gels consisting of a continuous and dense structure without 
apparent pores (Fig. 30.1a) showed the highest values for texture parameters.

It appears that a delicate balance between β-Lg and polysaccharide concentra-
tion is needed to obtain gels with good mechanical and water holding properties. 
This implies that polysaccharides should promote a limited aggregation of the 
protein. In this sense, PGA showed an outstanding performance as induced gels 
with a fine dense structure and very good properties.

The role of propyleneglycol alginate on the dynamics of gelation and proper-
ties of β-Lg gels under conditions where the protein alone does not gel (6% wt) 
has been analyzed by Baeza et al. (2003). To this end, the kinetics of gelation, 
aggregation and denaturation of β-Lg in the mixed systems (pH 7) were studied at 

Fig. 30.1. SEM micrographs of 6% β-Lg + 0.5% gum gels at pH 7: (a) β-lg/PGA; (b) 
β-Lg/λ-carrageenan;(c) β-Lg/xanthan
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different temperatures (64–88.8 °C). It was found that the extent of polysaccharide 
induced protein aggregation and the type of interactions involved prior to dena-
turation are very important in determining the gel structure and its properties.

The role of propyleneglycol alginate on the dynamics of gelation and properties 
of β-Lg gels under conditions where the protein alone does not gel (6% wt) has 
been analyzed by Baeza et al. (2003). To this end, the kinetics of gelation, aggrega-
tion and denaturation of β-Lg in the mixed systems (pH 7) were studied at different 
temperatures (64 – 88.8 °C). It was found that the extent of polysaccharide induced 
protein aggregation and the type of interactions involved prior to denaturation are 
very important in determining the gel structure and its properties.

Dynamic light scattering has been used for studying the heat-induced aggrega-
tion of β-Lg over a wide range of medium conditions (Hoffmann et al., 1996; 
Verheul et al., 1998). This technique gives quantitative and qualitative informa-
tion about the aggregates formed during heating, as well as on the rate of particle 
formation.

The effect of PGA concentration on the size and scattered intensity of β-lg 
aggregates is shown in Fig. 30.2, where the mean hydrodynamic diameter (dh) 
and the scattered intensity (Is) of aggregates formed during heating at 72 °C are 
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Fig. 30.2. Effect of PGA concentration on the aggregation of β-Lg (6%)/PGA solutions 
at neutral pH. Aggregation was carried out at 72 °C. (A) apparent mean diameter, dh (nm) 
and (B) scattered intensity, Is (a. u.) versus time. PGA concentration: (�) 0%, (•) 0.25%, 
(•) 0.75%, (n) 1%



30. Engineered Food/Protein Structure And Bioactive Proteins    409

plotted as a function of heating time. The presence of PGA promoted the formation 
of large β-Lg aggregates that, upon heating, continued to grow over time. In the 
pure β-Lg solution (6% wt) the aggregates formed were small (40-60 nm), and 
after a short time reached a constant value. Both dh and Is increased with PGA 
concentration, indicating that higher amounts of PGA enhanced the formation of 
larger particles and accelerated the aggregation process. The initial increase of the 
scattered intensity (dIs/dt)0, taken from the initial slope of the curves, describes 
the rate of protein aggregation during the formation of the primary gel structure. 
Hoffman et al. (1996) obtained similar results by increasing β-Lg concentration 
in pure β-Lg solutions. The results obtained in the presence of the polysaccha-
ride might be explained by a more pronounced thermodynamic incompatibility 
between both biopolymers with higher PGA concentrations.

The diameters of protein aggregates increased with heating temperature, but a 
change in temperature dependence of the particles’ size was observed at around 
80.8 °C, which is close to the onset temperature of protein denaturation (77.9 °C). 
In the presence of 0.5 % wt PGA, the mean diameter of these aggregates increased 
up to 600 nm for heating temperatures up to 85 °C (Baeza et al., 2003).

A similar behavior has been reported for β-Lg in the presence of other polysac-
charides. Xanthan increased diameters of β-Lg aggregates (Baeza and Pilosof, 
2001), k-carrageenan accelerated the aggregation of small β-Lg particles to larger 
fractal constituents (Capron et al., 1999), λ-carrageenan (0.5%) promoted the 
formation of very large particles (8 mm) in β-Lg gels (6%) (Baeza and Pilosof, 
2001), and amylopectin accelerated the particle aggregation of β-Lg because of 
phase separation between the protein and the polysaccharide rich phases (Olsson 
et al., 2002).

Different gel structures can be obtained by using hydroxypropylmethylcellu-
lose (HPMC) in combination with whey proteins (Perez et al., 2006). HPMC is 
used in the food industry, printing technology, and has pharmaceutical applica-
tions because it is nontoxic and possesses good mechanical properties.

In the pharmaceutical industry, HPMC has acquired special interest for con-
trolled drug-release matrices (McCrystal, et al., 1997; Ford, 1999). The useful-
ness of HPMC is essentially based upon four key attributes: efficient thickening, 
surface activity, film forming ability, and the capacity to form gels on heating that 
melt upon cooling.

The phase diagram for WPC/HPMC mixtures, recently reported by Perez 
et al. (2006), show that the binodal curve is very close to axis, which means the 
compatibility zone is relatively small and phase separation takes place in a broad 
range of biopolymer concentrations. Mixtures of whey proteins and HPMC at 
neutral pH and 25 °C rapidly separate in an upper HPMC rich phase and a lower 
WPC rich phase (Fig. 30.3) above a minimal total concentration of 5%. Upon 
heating mixtures of WPC and HPMC at neutral pH, several complex events 
can take place, some of them simultaneously: a) HPMC chains dehydration, 
hydrophobic groups exposition and their interaction; b) aggregation/gelation of 
dehydrated HPMC; c) denaturation of WPC; d) aggregation/gelation of WPC; e) 
phase separation. The dynamics of gelation and gel macrostructure upon heating 
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and cooling point out that there are two competitive phenomena: phase separation 
and gelation of both biopolymers.

By heating WPC/HPMC mixtures at 90 °C, non-self supporting gels are 
obtained at 8% wt WPC, and self-supporting gels are obtained when WPC con-
centration is ≥ 12% wt. The self-supporting gels showed a core-shell structure 
that consisted of an external shell of gelled protein and a core of gelled HPMC 
that did not melt upon cooling (Fig. 30.3). The rigidity and the thickness of the 
protein shell, as well as the solid character of the HPMC core, increased with 
WPC and HPMC concentration in the mixture.

Core-shell macrostructure of gels should be related to the competition between 
gelation and phase separation that results in a very interesting macrostructure at 
WPC concentrations equal or above 12% and variable HPMC concentration (1-4 %). 
This structure could find potential applications in the design of microcapsules or 
controlled delivery systems, in which an active component could be partitioned 
between the separated phases, or to develop new structures and food products.

In conclusion, the practical consequence of using whey proteins in admixture 
with polysaccharides in conditions of thermodynamic incompatibility is the 
design of new gel structures with a lower amount of protein, whose properties 
may be manipulated by selecting the appropriate polysaccharide at adequate 
concentrations. The time/ temperature as well as the heating rate of the gelation 
process also appear as important variables to be controlled in order to meet the 
desired final structure.

HPMC 

WPC 

Phase separation at
room temperature  

WPC      +    HPMC
12 -20% +      1-4% 

Initial Mixture

15 min, 908C

Core- shell gels

Fig. 30.3. Phase separation and gelation of whey protein/HPMC mixtures
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31
Whey Proteins: Bioengineering 
and Health

M. García-Garibay, J. Jiménez-Guzmán, 
and H. Hernández-Sánchez

31.1. Introduction

Whey, obtained mainly from cheese production, has been considered for a 
long time as a low added value byproduct. It is a highly polluting material 
with a biological oxygen demand (BOD) of 30,000 to 50,000 mg l−1, and it has 
been used as a low cost raw material for the production of several commodities 
(Marwaha and Kennedy, 1988; Garcia-Garibay et al., 1993). Whey production 
worldwide has for years represented a challenge to find interesting ways for its 
utilization. During the last 10 or 20 years, it has been difficult to economically 
dispose of whey, even in developed countries, due to the increase in cheese 
production and the installation of larger cheese factories. Although whey 
utilization has been the subject of much research, very few processes have led 
to economically attractive ways for its utilization. The most successful proc-
esses for its utilization are those that have led to the elaboration of products 
with a high added value. For instance, whey proteins have high nutritional 
value and very good functional properties, leading to the interest in developing 
ultrafiltration techniques in order to recover such proteins without losing their 
functional properties (Trejo-Vázquez et al., 1995).

Proteins that are found in whey are too diluted (in a concentration less than 
10 g l−1); on the other hand, they have high nutritional value, unique functional 
properties and nutraceutical or bioactive characteristics that are worth their 
recovery from this byproduct. From the beginning of the 1980s, the develop-
ment of ultrafiltration and other membrane processes has allowed the efficient 
recovery of whey proteins; the further advance of this technology improved 
the concentration process and reduced the cost of the equipment, opening new 
alternatives for the utilization of these proteins. Whey proteins recovered by 
ultrafiltration with different degrees of concentration are known as whey protein 
concentrates (WPC), and they are currently used in many applications in the food 
industry (Morr, 1989; Mulvihill and Ennis, 2003).

The technology for whey proteins recovery has been developed beyond 
the conventional membrane processes, allowing the separation or concentra-
tion of specific fractions such as α-lactalbumin, β-lactoglobulin, lactoferrin, 
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lactoperoxidase and glycomacropeptide for particular uses or nutraceutical 
applications (Mulvihill and Ennis, 2003). This implies the development of 
selective transfer membranes and great scale emerging technologies such as 
ionic exchange chromatography and gel permeation (Morr, 1989; Pearce, 1992; 
Foegeding and Luck, 2003). Research investigating more selective techniques 
at great or small scales is currently being conducted, such as affinity chroma-
tography (Mulvihill and Ennis, 2003), affinity/selective membranes (Chiu and 
Etzel, 1997; Mulvihill and Ennis, 2003), molecular imprinting (Mendez-Palacios 
et al., 2006) and colloidal gas aphrons (Fuda et al., 2004; 2005).

The utilization of whey proteins as food ingredients in many products due to 
their unique nutritional and functional properties and, even more, due to their 
bioactive characteristics, has been the driving force for research on the develop-
ment of new techniques for their concentration, recovery and fractionation.

In the present chapter, a review of the most important characteristics of whey 
proteins, together with the techniques for their separation, is presented. Table 31.1 
shows some important biochemical characteristics of major or important whey 
proteins.

31.2. Functional Properties

Whey proteins have been used since long ago as food ingredients in several 
applications. Of all food proteins, they are of the proteins with the highest 
nutritional value (Renner, 1989; Hambræus and Lönnerdal, 2003), but in the 
past, this was not enough to attract the interest of food technologists in order to 
use them extensively as food ingredients. However, today we know that whey 
proteins have excellent functional properties, such as high solubility (even at 
low pH), foaming capability, water binding capacity, emulsifying properties, gel 
formation ability, etc.; these characteristics are highly appreciated when they are 
used in food formulations (Mulvihill and Fox, 1989), and they have made possible 
a wide variety of uses for whey proteins in different degrees of concentration 
and purity (WPC, WPI, WPF).

Table 31.1. Composition and biochemical characteristics of major whey proteins (Data 
from Fox, 2003)
  Molecular Concentration Total protein
Protein Amino acids mass kDa in milk g/L in milk (%)

β-Lactoglobulin (β-lg) 162 18 2-4 12
α-Lactalbumin (α-la) 123 14 1-1.5 3.5
Bovine serum albumin (BSA) 582 66 0.1-0.4 1
Proteose peptone (PP) — — 0.6-1.8 2
Immunoglobulins (Ig; specific — 1000-1430 0.6-1 2

Ig: IgG, IgA, IgM)
Lactoferrin (LF) 689 80 0.1 —
Lactoperoxidase (LP) 612 78 0.01-0.03 —
Glycomacropeptide (GMP) 64 7 — —
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In order to keep their functional properties, whey proteins must retain 
their native conformation. Heat coagulation processes allow the recovery 
of whey proteins with practically unaffected nutritional value with respect 
to native proteins; however, their functional properties are lost with  thermal 
 treatment due to configuration changes. This is why the possibility of 
 recovering native proteins by means of membrane or other non-denaturing 
processes has greatly expanded the use of whey proteins as food ingredients. 
No other  proteins are equal in terms of functional properties; therefore, their 
 utilization in food technology and food products development is certainly 
the most important in terms of food proteins utilization. For instance, native 
whey proteins are soluble under acid, neutral and alkaline conditions, which 
is unusual in proteins, allowing them to be used in many liquid foods and 
beverages (Mangino, 1992).

The characteristics known as functional properties are related to physico-
chemical parameters of proteins when they are found in aqueous solution, 
and are particularly useful to predict the utility of proteins when they are 
used as food ingredients (de Wit, 1989). The functional properties arise from 
the interaction of proteins with water and other food components, and rather 
than precise physicochemical characteristics, are just practical parameters 
that allow researchers, under limited conditions, to obtain some information 
about the performance of the proteins in food formulations. For instance, the 
interaction of whey proteins with water is responsible for many of their func-
tional properties; this property, generally referred to as hydration, is related to 
solubility, dispersibility, swelling, water absorption, viscosity, etc. (Mulvihill 
and Fox, 1989). Additionally, proteins contain hydrophobic and hydrophilic 
dominions; this amphipathic nature is important in properties such as emulsi-
fying and foaming capacities, coagulation, and their utilization as cosolvents 
of hydrophobic compounds, such as β-lg as a carrier of liposoluble vitamins 
(Mulvihill and Fox, 1989; Mangino 1992). Table 31.2 shows some applica-
tions of whey proteins in relationship to their functional properties.

31.3. Effect of High Pressure Processing on Whey Proteins

Currently, there are many processes, such as drying, freezing, irradiation, pasteuri-
zation and sterilization, for increasing the shelf life of foods. Traditional thermal 
processing has the inconvenience of slow rates of heating and cooling, which can 
adversely affect the products. An alternative to these processes has been recently 
applied for the preservation of a whole range of foods. High hydrostatic pressure 
(HHP) processing has been used commercially to pasteurize guacamole, ham, 
fruit juices and oysters, and experimentally to homogenize and pasteurize milk. 
At nearly room temperature, the application of 400–600 MPa has been effective in 
inactivating microbial vegetative cells and spores, as well as enzymes (Matser et al., 
2004). HHP results in shorter processing times and lower maximal temperatures in 
the product. In the case of milk (2% fat), an average temperature change of 3 °C 
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per 100 MPa due to adiabatic compression has been recorded (Ting et al., 2002). 
Important parameters in HHP processing include initial temperatures of the product, 
container and pressurization liquid, work pressure, amount of pressure cycles and 
the increase in temperature during the treatment.

There are several HHP processes that have been reported in the case of milk, 
and good results have been obtained when two-pulse HHP treatments were used. 
In these cases, initial temperatures of 60 °C or 90 °C and pressures of 1700 and 
700 MPa, respectively, were used. Each pulse lasted 1 min, and the time between 
pulses was 30 s. However, pressures from 100 MPa to 600 MPa are also com-
monly used. In HHP-treated milk, changes in the proteins, such as disruption of 
the structure of casein micelles and denaturation of the whey proteins, have been 
reported. HHP also induces shifts in the mineral balance and crystallization of 
milk fat. However, some enzymes in the milk (alkaline phosphatase and plasmin) 
seem to be resistant to these treatments (Huppertz et al., 2002). López-Fandiño 
et al. (1996) studied the effects of HHP on cheese-making properties of milk and 
found that after a 300 MPa / 30 min treatment, the coagulation time was reduced 
by 19% and the firmness increased by 58%.

HHP treatments (600 MPa, 50 °C, 0 to 30 min) of whey protein concentrate 
(WPC80) solutions (0.2 or 1%) induced conformational changes and aggregation, 
affecting the hydrophobicity and binding properties, thus changing the functional 
properties of the product (Liu et al., 2005).

In the case of β-lg, Aouzelleg et al. (2004) studied pressures up to 294 MPa, 
temperatures up to 62 °C and processing times up to 30 min. These HHP treatments 
resulted in important effects on the secondary and tertiary structures, suggesting 
a transition to the molten globule state. This study suggested the  possibility of 
process optimization to obtain the best structure for different  applications. 

Table 31.2. Main applications of whey proteins related to their functional properties
Function Characteristics/mode of action Applications

Emulsification Amphipathic dominions/  Meat products, ice cream, saladdressings, 
  surface activity. Creates and   coffee whitener, mayonnaise, 
  stabilizes fat emulsions.  cakes, baked products, soups
  Dispersion of milkfat.

Foaming/ Amphipathic dominions/surface Baked products, cakes, whipped
whipping  activity. Forms stable films   toppings, icings, meringues,
  to entrap gas. Improves   ice cream/frozen desserts
  whip volume

Gelling Protein matrix formation  Meat and seafood products,  
  and entrapment of water  cheese foods, yogurt, 
   dairy desserts, baked goods

Solubility High hydration capability  Soft drinks, nutritional beverages, 
  leading to protein solvation  nutritional/sport powder products, soups

Water absorption  High hydration capability.   Sausages, meat and seafood products, 
and binding  Swelling  cakes, baked goods, dairy products

Viscosity  High hydration  Soups, gravies, salad dressings, 
development  capability. Swelling  beverages, coffee whitener
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Temperature is a very important parameter in these kinds of  processes, and care 
must be taken to control it. It has been observed that when β-lg is heated between 
70 °C and 75 °C, the native dimers begin to dissociate into monomers, and further 
heating leads to the formation of aggregates via sulfhydryl–disulfide interchange 
reactions and hydrophobic interactions (Sava et al., 2005). Anema et al. (2005) 
studied the effect of pressures from 100 MPa to 600 MPa and temperatures from 
10 °C to 40 °C on β-lg in skim milk. They found that at 100 MPa no denaturation 
was observed at any temperature or holding time. At higher pressures, dena-
turation increased with increasing temperatures and holding times. The authors 
suggested that a transition is possible from an aggregation-limited reaction to 
an unfolding-limited reaction as the pressure was increased. A synergistic effect 
of pressure and temperature on the denaturation of β-lg has been observed. 
Almost total denaturation has been reached when raw milk was treated at 
300 MPa/50–60 °C or 400 MPa/40–60 °C (López-Fandiño and Olano, 1998). 
Differential scanning calorimetry (DSC) showed that the addition of dextran 
sulfate sensitized the β-lg structure to pressure. The species created by this 
process could be in the molten globule state and possessed improved functional 
properties (Aouzelleg and Bull, 2004).

Compared to β-lg, α-la is much more barostable. López-Fandiño and Olano 
(1998) concluded that α-la in raw milk is resistant to denaturation at pressures 
up to 500 MPa. These differences in stability could be due to the presence of four 
disulfide bridges and the absence of free thiol groups in the α-la, which results 
in a more rigid structure (Farrell et al., 2004). Some studies have found that the 
unfolding of α-la at high pressures (1000 MPa) is reversible even in alkaline 
media and at protein concentrations as large as 10%. The addition of low molecu-
lar weight thiol reagents (cysteine, 2-mercaptoethanol) significantly increased 
the aggregation rate (Jegouic et al., 1996). The HHP-induced oligomerization 
of mixtures of α-la and β-lg at 1000 MPa has also been studied. High-molecular 
weight oligomers are formed during the HHP treatments, and the free thiol group 
of the β-lg triggers the thiol–disulfide exchange reaction responsible for the 
 oligomerization (Jegouic et al., 1997).

Very little information is available for BSA. It has been reported that this 
protein, in raw milk, is resistant to pressures up to 400 MPa (López-Fandiño 
et al., 1996).

Further research is necessary to evaluate the full potential of HHP treatments 
to modify the functional properties of whey proteins. Few studies are available 
on concentrates (WPC) or isolates (WPI) and optimization research is lacking in 
this field.

31.4. Bioactivity of Whey Proteins

Bioactive substances of food origin are defined as food components that may have 
some regulatory functions in the human organism beyond basic nutrition. Many of 
these substances, which have little or no nutritional value, may be helpful in the 
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maintenance of human health (Meisel, 2002) and hence are the subject of many 
studies dealing with their origin and production, as well as the mechanism of their 
activity and their introduction as parts of functional foods.

Milk is a complete food for the newborn mammal. Its composition may vary 
depending on the species that produces it; cows’ milk for example, contains 
approximately 5% lactose, 3.2% proteins, 4% lipids and 0.7% minerals. Its high 
nutritive value is due to its complete composition, providing all the essential 
components in the necessary amounts required by the young animal. Milk is the 
only food for the new-born during a period of its life in which growth is most 
accelerated and its organism is still immature; therefore, it is not surprising to find 
that milk contains molecules with different physiological functionalities such as 
immunoglobulins, or other compounds that help prevent infections and favor the 
growth of the new-born.

Nowadays, it is widely recognized that milk provides a lot more than simple 
nutrition and passive immunity to the offspring; it contains a wide variety of 
bioactivities that range from the modulation and improvement of gastrointesti-
nal functions, essential for nutrient adsorption, to hemodynamic regulation or 
several hormone-like growth factors that influence the development of the gut; 
immunoregulation or active defense against infections including bactericidal 
or bacteriostatic effects, as well as a prebiotic one, have also been reported 
(Schanbacher et al., 1997; Shah, 2000; Meisel, 2002; Philanto-Leppälä, 2003).

Since the 1990s, several studies have established the important role of the pro-
tein system in milk’s biological activity. It has been demonstrated that some whey 
proteins such as α-la, β-lg or LF are physiologically active (Bos et al., 2000; van 
Belzen, 2002; Walzem et al., 2002). LF and β-lg, for example, have shown anti-
microbial and antiviral activities capable of inhibiting pathogens in the gut; they 
have also shown an enhancement of the immune response of the human organism 
(Meisel and Schlimme, 1990; Meisel, 1997; Schanbacher et al., 1997).

On the other hand, other bioactivities are latent within the peptide structure of 
the protein and become active as the peptide is released through the hydrolysis 
of the protein (mainly caseins) due to the action of either gastric enzymes or 
the proteolytic system of fermenting microorganisms (Meisel, 1997; Clare and 
Swaisgood, 2000; Shah, 2000; Philanto-Leppälä, 2001; Léonil and Maubois, 
2002; Meisel, 2002; van Belzen, 2002; Sava and Malcata, 2005). In this chapter, 
the biological effects of some native whey proteins will be reviewed.

The physicochemical characteristics of whey proteins are very different from 
those of casein. From the digestive point of view, they remain soluble at the acid 
pH of the stomach, unlike caseins, which easily coagulate under those conditions. 
This accelerates their transit through the stomach, allowing them to get to the gut 
practically intact; hence, their absorption in the intestine is very slow, facilitating 
a great variety of functions, for example, interactions with the gastrointestinal 
flora, having an inhibiting or selective effect on it; or with the minerals in the 
bollus, improving their absorption.

On the other hand, the amino acid composition of whey proteins gives them 
a very special physiological functionality: firstly, whey proteins contain a high 
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amount of sulfured amino acids, which contributes to their great nutritional 
quality (whey protein PER is 3.2, with respect to 2.0 for casein). Furthermore, 
sulfured amino acids seem to enhance the immune function of the organism, 
probably due to the regulation of glutation, a sulfured tripeptide which interacts 
with the cell membranes of microorganisms killing them.

Whey proteins, mainly α-la, are particularly rich in the branched amino acids 
isoleucine (CH3-CH2-CH(CH3)-CH(NH2)-COOH), leucine ( (CH3)2-CH-CH2-
CH(NH2)-COOH) and valine (CH3)2-CH-CH(NH2)-COOH). These are necessary 
in the muscle cells to promote protein synthesis. Even more, these amino acids 
are metabolized to generate energy in the muscle rather than in the liver, hence 
increasing the bioavailability of carbohydrates as an energy source and prevent-
ing muscle degradation under extreme conditions such as prolonged exercise. 
(Walzem et al., 2002). Diets supplemented with these kinds of proteins and light 
energetic restrictions have been tested in athletes, showing a selective diminution 
of adipose tissue while maintaining a high exercise yield in the athletes.

For some time now, various functions have been reported for whey 
proteins, from intestinal motility to immune responses; in the last decade 
different bioactivities have been reported such as antihipercolesterolemic 
and antiaging effects, as well as inhibition of cancerous cells (Shah, 2000; 
Walzem et al., 2002; van Belzen, 2002; Korhonen and Marnila, 2003). Some 
of these are reported in Table 31.3.

Milk contains different hormone-like stimulating growth factors (LF included) 
such as the epidermal growth factor (EGF), transformed growth factor (TGF) and 
insulin growth factor (IGF). The growth stimulation properties of these factors 
have been extensively studied, and several mechanisms have been proposed 
for their activity: 1) They help improve nutrient absorption such as calcium and 
other minerals; 2) They stimulate the controlled transport of essential amino 
acids to specific tissues; 3) They direct growth stimulation via receptor activation; 
and 4) They inhibit cytokines, avoiding cell destruction and indirectly diminishing 
growth. Nevertheless, given the importance of milk as a “growth stimulating 

Table 31.3. Biological functions of whey proteins (From Walzem et al., 2002)
Target Mechanism Example Implications

Growth Stimulation of  Insulin Growth  Promote tissue
  intestinal cells.   Factor (IGF-1)  repair
  Cell cycle.

Maturation Bind to, and activate Transformed Growth  Intestinal integrity
  natural receptors in  Factor β (TGFβ)
  intestinal cells

Protection Disrupt pathogenic Lactoferricin  Pathogen
  bacterial membrane  and LF  inhibition

Prevention Stimulate beneficial LG Prebiotic
  bacteria   effects

Elimination Endotoxin  Ig Toxina
  binding   excretion
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food,” it is very likely that there may be other stimulating mechanisms that have 
not been reported (Shah, 2000).

Milk’s growth factors have demonstrated a great importance as part of some 
adult therapies by helping calcium adsorption and bioavailability in patients with 
osteoporosis, increasing the rate of recovery of bone tissue, as well as helping the 
rege-neration of damaged tissues and in the treatment of some gastrointestinal 
disorders.

Another function associated with whey proteins is an increase in the recognition 
of contaminating bacteria in the organism. This interaction with the immune  system 
is of special importance in adults, in whom the immune response is stimulated. 
Furthermore, some whey proteins participate in more active defense systems by 
affecting the growth of contaminant bacteria, either by binding minerals essential 
for their development (for example, LF binds iron which is essential for bacteria 
like E.coli, Staphylococcus aureus, S. albus, and Vibrio cholerae), or by affecting 
the bacterial cell wall, facilitating the activity of the natural defense systems such 
as lisozyme or LP that kill microorganisms. Besides favoring the immune response 
of the organism, some whey proteins like LF, acting as a prebiotic, favor the growth 
of beneficial bacteria in the gut; this gives whey value as a prebiotic. (Bos et al., 
2000; van Bel-zen, 2002).

The most important bioactive proteins in whey are β-lg, α-la and LF; hence, 
they will be reviewed in more detail.

31.4.1. b-Lactoglobulin

This is the most abundant protein in the whey of most mammals, even 
though it is completely absent from human milk; one of the bioactivities 
that has been reported for this protein is mineral binding. The molecular 
structure of β-lg has a very charged locus with amino acids such as cysteine, 
lysine or methionine. This allows it to bind minerals and carry them through 
the intestinal wall. Besides its capacity for mineral binding, β-lg also has 
a slightly hydrophobic dominium, which helps bind and absorb liposoluble 
substances such as vitamins like retinol. Due to its high content of sulphured 
amino acids, β-lg participates in the active immune system favoring the 
action of glutation.

31.4.2. a-Lactalbumin

This protein also has some highly charged dominions, which facilitates 
calcium adsorption. It also has a high affinity for metal ions like zinc, man-
ganese, cadmium, copper and aluminum, all of which are essential for the 
human organism. Even more, due to its high content of long-chained amino 
acids, α-la has been used for diminishing muscle tissue damage caused by 
exercise or anoxia. Some studies also suggest that this protein could be of 
help in cancer treatments, since it may induce cell-apoptosis, a function 
which is lost in tumor cells.
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31.4.3. Lactoferrin (LF)

LF has very special characteristics; among the most studied ones are its anti-
bacterial and antioxidant properties. LF binds iron, thus helping to dissolve 
it in the blood serum, diminishing its availability for bacterial growth and at 
the same time making it available for intestinal adsorption. It has also been 
demonstrated that LF favors the immune response in the human organism by 
promoting: a) the proliferation of beneficial bacteria (acting as a prebiotic), 
b) lymphocyte proliferation and c) cell differentiation, thus helping the repair 
of damaged tissues (Walzem et al., 2002).

One of the most promising bioactivities of LF is based on its utility for 
cancer prevention. Several studies have demonstrated that it may be helpful in 
the treatment of this disease, and several mechanisms have been proposed for 
this bioactivity (Tsuda et al., 2002; van Belzen, 2002).

Some of the simplest mechanisms through which this protein might prevent 
cancer could be based on its antioxidant capacity, since this protein may turn 
off tumor promoting-free-radicals. Its bactericidal effect could also help prevent 
stomach cancer by acting against Helycobacter pylori bacteria, which have been 
associated with this disease. On a more general level, some studies have proposed 
that by stimulating the immune system, LF could promote the recognition of 
tumor cells by cytokines, thus preventing the growth of the tumor.

Preliminary studies demonstrate that LF could inhibit vascular growth 
 factors, which play an important role during tumor development. Studies 
 performed with rats fed with LF solutions have demonstrated that it diminishes 
the formation of capillary networks in the tumor, thus diminishing its growth 
rate (van Belzen, 2002).

It has been demonstrated that milk components, particularly proteins, have 
physiological functions beyond basic nutrition. There are several studies that prove 
the physiological activity of milk proteins, which has raised great expectations 
in terms of their health and technological applications, such as their commercial 
exploitation as bioactive substances, and their application as part of functional 
foods. More research is needed related to the physiological as well as the techno-
logical and functional aspects, in order to completely know the bioactive properties 
of milk and milk products, as well as their effects on consumers, and the effects of 
milk processing on their functionality as nutraceuticals.

31.5. Whey Proteins Separation

Thermocoagulation is an old way to recover whey proteins, which product is 
known as lactalbumin or just albumin. It consists of the acidification of whey, 
boiling it for several minutes, leading to denaturation and the precipitation of 
major whey proteins, and finally the separation of the precipitated proteins and 
drying (Pearce, 1992). This technique is suitable for the production of widely 
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accepted dairy products such as Italian ricotta cheese or the Mexican requeson, 
but the functional properties of the proteins resulting from this operation 
lead to a poor quality, low added value product (Garcia-Garibay et al., 1993). 
However, some functional properties, mainly solubility, of denatured proteins 
could be recovered or improved by hydrolysis with several proteases (Pearce, 
1992). Additionally, enzymatic hydrolysis of milk proteins may eliminate the 
sequential epitopes, resulting in a much less antigenic protein (Vázquez-Lara 
et al., 2003). The most allergenic fraction is β-lg, followed by caseins, α-la and 
BSA (Bahna, 1993). This approach is also valid for native proteins obtained by 
membrane processes.

The most successful processes for the recovery of whey proteins have been 
the membrane techniques, particularly ultrafiltration. These techniques are 
pressure-driven filtration processes in which tiny-diameter porous membranes 
are used as filtration media in order to separate small solid components from 
a liquid phase. Table 31.4 describes the membrane processes that are currently 
applied to milk and whey.

These processes have been used for whey treatment since the late 1970s and 
early 1980s, using cellulose acetate membranes in the early stages of develop-
ment, which were later replaced by more resistant and durable membranes made 
of polysulphones or polyetersulphones.

By means of ultrafiltration, one of the most successful efforts for the utilization 
of whey has been possible. This technique has allowed the use of whey protein 
concentrates (WPC) as food ingredients in many applications. The utilization of 
WPC is certainly the most successful example of the application of food proteins 
as ingredients in food technology, thanks mainly to their functional properties, 
which allow their utilization in many foodstuffs with several purposes.

In order to obtain WPC, good quality whey must be used as raw material, 
which also implies the use of milk of the highest possible quality. This means 
whey with low microbiological counts, particularly low psychrotrophic bacteria, 
because they produce proteases that can hydrolyze caseins, increasing the content 
of PP in whey and also hydrolyzing whey proteins, diminishing their functional 
properties (Fajardo-Lira and Nielsen, 1998).

Table 31.4. Characteristics and applications of membrane processes
   Retentated
 Nominal pore Molecular mass particles/
Technique diameter (µm) cutoff (kDa) molecules Application

Microfiltration 0.2-10.0 40-1000 Fat globules,  Skimming and
    suspended solids  casein particles
     separation

Ultrafiltration 0.001-0.1 1-200 Proteins Protein concentration: 
     WPC, MPC

Nanofiltration 0.0001-0.001 0.1-1 Multivalent ions Demineralization
Reverse Osmosis < 0.0001 < 0.1 Lactose Lactose recovery
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Commercial WPC can contain different concentrations of proteins, such as 
35%, 50%, 60%, 65%, 75% or 80%, but the most commercial ones are those 
which have 35% (WPC34) and 80% (WPC80) protein (Morr, 1989; Foegeding 
and Luck, 2003). Products with more than 85% protein (usually 92%) are known 
as whey protein isolates (WPI) (Foegeding and Luck, 2003). Obviously, the 
higher the protein content, the higher the cost of the product. The first step for 
WPC production is the removal of residual fine particles of casein or curd and 
fat. This can be done by centrifugal clarifier, rotary screen filter or microfiltra-
tion. The whey is then preheated at 50–65 °C to stabilize calcium phosphate to 
avoid or reduce fouling on the membranes, and then pasteurized at 72 °C for 
15 s. The ultrafiltration itself is done at 50 °C. Several equipment designs are 
available, including tubular, plate and frame, spiral wound, and hollow fiber. 
WPC containing more than 65% protein is processed by diafitration rather than 
by ultrafiltration, which is used only in WPC34, WPC50 and WPC60. Once the 
desired level of concentration is reached, the retentate may need to be cooled at 
4 °C during storage; the concentrated products to obtain WPC with high protein 
content such as WPC80 may require further pasteurization to reduce bacterial 
counts that are concentrated during the ultrafiltration. Finally, the retentate is 
concentrated before drying by means of a high-vacuum falling-film evaporator, 
which minimizes to 50 °C the boiling temperature; then the product is spray 
dried (Hobman, 1992).

Commercial WPIs contain between 88% and 95% protein. For the produc-
tion of these, whey has to be skimmed by microfiltration and demineralized 
by ionic exchange, electrodialysis or nanofiltration. The concentration of the 
proteins is done by diafiltration. Finally the retentate is concentrated and spray 
dried. Alternatively, WPI can be obtained by a combination of ion exchange 
chromatography (IEC) and ultrafiltration (Morr, 1989; Neville et al., 2001). 
WPIs obtained by the first technique contain the GMP, while those obtained by 
IEC do not (Neville et al., 2001).

WPIs are considerably more expensive than WPCs, but their uses are specific 
for high-added-value foods.

Table 31.5 shows the composition of commercial WPC and WPI of different 
protein concentrations.

Table 31.5. Composition of commercial WPC and WPI (Data 
from Mangino 1992; Foegeding and Luck 2003)
 WPC34 WPC65 WPC80 WPI

 Composition (%)

Moisture 3-5 3-5 3-5 3-5
Protein 34-36 65-68 80-82 90-95
Lactose 47-53 18-23 4-8 1
Fat 3-4 5-7 4-8 1
Ash 6-8 4-6 3-4 2-3
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Specific whey protein fractions (WPF) are also available at the commercial 
level. These are protein concentrates that are rich in some specific proteins, and 
are obtained by different techniques. The most important technique is separa-
tion by IEC. In this way, cationic resins (negatively charged) are used to retain the 
positively charged proteins at the pH of whey (LF and LP); at the same pH, the 
other major proteins, β-lg, α-la, and BSA, are negatively charged; thus, they are not 
retained by the resin, obtaining a fraction rich in these proteins. LF and LP are later 
released by elution with alkaline solutions. The fractions are finally washed and 
spray dried (Pearce 1992; Chiu and Etzel, 1997).

More selective ultrafiltration membranes, made with hydrophilic cellulose or 
other materials, have been developed in recent years (Cheang and Zydney, 2003). 
These membranes have wider pore size than conventional membranes, allowing 
the separation of smaller whey proteins (β-lg and α-la) from those of higher 
molecular mass (BSA, Ig and LF). This, similar to the fractions obtained by IEC, 
allows the separation of WPF with different proteins.

Techniques for the separation of β-lg from α-la have been developed based 
on the reversible thermocoagulation of the latter. The heat treatment of whey or 
a mixture of these two proteins at moderate temperatures (less than 55 °C) for 
several minutes at low pH, produces the reversible aggregation of α-la, which 
then can be separated from the mixture by microfiltration; the permeate, rich 
in β-lg, can be treated separately by ultrafiltration/diafiltration to concentrate 
the protein, while the α-la in the retentate can be redissolved at neutral pH 
and then concentrated by ultrafiltration (Bramaud et al., 1997; Gésan-Guizion 
et al., 1999).

High purity fractions of whey proteins can be obtained by these techniques or 
a combination of them. Additionally, as in the case of the GMP, the techniques 
can be combined by precipitation by alcohol.

Experimentally, several techniques are currently been explored; Two interesting 
cases in point are the following.

Colloidal gas aphrons (CGAs) have been explored as an alternative for whey 
protein fractionation. These are microbubbles created by intense stirring of sur-
factant solutions. Their large interfacial area per volume, short separation time 
from the bulk phase, and low viscosity make them particularly attractive for protein 
separation. Fuda et al. (2004; 2005) investigated the fractionation of whey proteins 
using CGAs generated with either the anionic surfactant sodium bis-2-ethylhexyl 
sulphosuccinate (Fuda et al., 2004) or cetyl trimethyl ammonium bromide (Fuda 
et al., 2005), and proved that CGAs can be analogous to ion exchangers when 
applied to whey; the selectivity of the process can be manipulated by changing 
the type of surfactant, pH and ionic strength. These authors demonstrated that 
the recovery and separation of LF and LP (Fuda et al., 2004) or β-lg (Fuda et al., 
2005) from whey can be done using CGAs.

Molecular imprinting is a method for preparing synthetic materials able 
to mimic the molecular recognition phenomena present in living systems. It 
consists of the selection of a template molecule (the target molecule specified 
for recovery by the polymer), which is later associated with some functional 
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monomers through non-covalent binds; then, a polymerization around the 
template-monomer complex is conducted, resulting in a molecularly imprinted 
polymer (MIP) that has a cavity that recognizes the template molecule, allowing 
its capture, specifically separating it from a complex mixture. This method was 
used to recover LF (Mendez-Palacios et al., 2006). Using vinylpiridin as a func-
tional monomer and etylenglycol dimetacrilate as a crosslinker, it was possible 
to create a specific cavity for LF. The polymers obtained, tested against a protein 
mixture containing LF, had an efficiency of 27%, while the control polymer 
retained only 1.6%, demonstrating that the retention of the protein is not due to 
an unspecific adsorption in the polymer, but rather to a selective retention in the 
cavity formed by the template.

31.6. Conclusions

The recovery and separation of whey proteins without losing their functional 
characteristics has allowed the successful utilization of whey, considerably 
increasing its added value. That is due to the possible use of whey proteins in 
many aspects of food formulation, food technology and nutraceuticals. However, 
more specific applications with special purposes in food formulations and func-
tional foods sometimes require more purity and the possibility of recovering 
specific proteins. Current processes do not allow a high degree of purification, 
which is why researchers are actively seeking new separation techniques, as well 
searching for new applications of whey proteins, particularly with improved func-
tional characteristics, and in the field of health.
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32.1. Introduction

Edible and biodegradable films can offer great potential to enhance food quality, 
safety and stability. The unique advantages of edible films and coatings may lead 
to new product developments, such as individual packaging of particulate foods, 
carriers for different additives, and nutrient supplements (Vermeiren et al., 1999). 
Composite films can be formulated to combine the advantages of each component. 
Proteins and polysaccharides provide the supporting matrix and are good barriers to 
gases, while lipids provide a good barrier to water vapor (Krochta and De Mulder 
Johnston, 1997). Over the last few years, there has been a renewed interest in biode-
gradable films and films made from renewable and natural polymers such as starch 
(Lawton, 1996; Vicentini et al., 2005). Several studies have been done to analyze 
the properties of starch-based films (Lawton and Fanta, 1994; Lourdin et al., 1995; 
Arvanitoyannis et al., 1998; Garcia et al., 1998a, 1998b, 2000a, 2000b, 2001; Mali 
et al., 2002; Vicentini et al., 2005). The use of a biopolymer such as starch can be an 
interesting solution because this polymer is quite cheap, abundant, biodegradable 
and edible. Amylose is responsible for the film-forming capacity of the starches.

Starches are polymers that naturally occur in a variety of botanical sources 
such as wheat, corn, potatoes and tapioca or cassava. It is a renewable resource 
widely available and can be obtained from different by-products of harvesting 
and raw material industrialization.

Grown in tropical areas (Latin America, Asia and Southern Africa) of the 
world, tapioca (cassava) is used in Latin America as a meal, as animal fodder, or 
cooked and eaten as a vegetable. The Food and Agriculture Organization (FAO) 
recently highlighted that tapioca is a good commercial cash crop and a major 
source of food security, and that it needs a competitive edge to thrive in the global 
starch market. Due to the shortage or high price of traditional starch sources, such 
as wheat and soybeans, tapioca starch is viewed as an alternative source by food 
companies for use as an ingredient (FAO, 2004).

Yam tubers (Dioscorea alata) are another potential starch source that could be 
used as a food ingredient, but that has not been explored commercially (Mali et al., 
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2002). Yam starch, although not commercially available, has some interesting func-
tional properties, as a function of its relatively high amylose content (approximately 
30%) and amylopectin chain structure (Mali et al., 2004). This high amylose con-
tent motivated the initial studies about yam starch films (Mali et al., 2002, 2004).

Banana is an edible fruit cultivated in the tropical and subtropical regions and 
is an important food crop. Banana fruits are included in the genus Musa of the 
family musaceae (Bello-Pérez et al., 2000). Starch is the principal component of 
green bananas, and this polysaccharide undergoes important changes during rip-
ening. Lii et al. (1982) investigated changes in physical and chemical properties 
of banana starch, as well as banana components, during ripening. Morphological 
studies showed that banana starch has an irregular and elongated oval with ridged 
shapes (Zhang et al., 2005). Gonzalez-Soto et al. (2006) reported 34.9% amylose 
content in starch isolated from Mexican plantain.

In film technology, starches can be used in their native form or modified. For 
example, the use of cassava starch acetate (CSA) to impregnate Kraft paper is a 
good alternative to improve the water vapor permeability (Kw) of this material. 
This barrier property depends on the water vapor diffusion coefficient (Deff) and 
on the material adsorptivity property (b). Kraft paper is used as a material for the 
manufacture of low cost packaging, which needs good mechanical properties. It 
is used as industrial packaging for products of great volume, due to its low cost 
and high mechanical resistance to tearing and to tension forces. On the other 
hand, the hygroscopic properties and the water vapor barrier of Kraft paper are 
not suitable for foodstuff storage in environments with high relative humidity, 
since this material is hygroscopic and porous (Sobral and Ocuno, 2000). To mini-
mize this problem, several techniques have been used with the aim of reducing 
the hygroscopicity and improving the water vapor barrier of papers, with a focus 
on the impregnation of papers with non-hygroscopic and biodegradable materials 
like starch acetate (Narayan et al., 1999; Larotonda et al., 2005).

In the absence of additives, films made from these polysaccharides are brittle. 
Plasticizers are necessary to enhance flexibility and to improve mechanical prop-
erties. Hydrophilic compounds such as polyols are commonly used as plasticizers 
in hydrophilic film formulations. At the same time, the use of hydrophobic sub-
stances is also proposed as a form to overcome the problem of instability of films 
when submitted to different ambient conditions (Petersson and Stading, 2005).

The objective of this work was to present and discuss some results obtained 
with coatings or films based on different starches.

32.2. Film Production and Characterization

32.2.1. Tapioca Films

Mixtures of tapioca starch, glycerol, potassium sorbate and water (5.0:2.5:×:92.2, 
in weight) with X taking values of 0.3 or 0.2, were used for filmmaking. Films 
were prepared according to different methods:
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a)  Method 1: heating at an initial rate of 1.6 °C/min for @ 25 min. Afterwards, 
heating was maintained at a lower rate @ 0.3 °C/min) for an additional period 
of 40 min. After gelatinization, films were cast over glass plates and dried 
at 50 °C (2 h). Drying was completed in a controlled temperature chamber 
at 25 °C (1 week).

b)  Method 2: heating at a constant rate of 1.8 °C/min for @ 30 min. The rest of 
the procedure was described above.

c)  Method 3: heating at a constant rate of 1.8 °C/min for @ 30 min. After gelati-
nization, films were cast over glass plates and dried at 50 °C (2 h). Drying 
was completed over CaCl2 at 25 °C (2 d).

Once constituted, films were conditioned at 25 °C, over a saturated solution of 
NaBr (water activity, aW @ 0.575).

Potassium sorbate content for films containing the preservative was determined 
through the oxidation technique, which involves distillation and a colorimetric 
reaction using thiobarbituric acid, as proposed by the AOAC (1990). A Philips 
X-ray diffracto-meter with vertical goniometer was used for effective percent 
crystallinity of films determination.

The viscoelastic properties of the studied material were carried out in a DMTA 
IV Rheometric Scientific equipment (Rheometric Scientific Inc., New Jersey). 
The samples were studied in the Rectangular Tension mode. Specimens for the 
tests were cut according to ASTM D4092 (1996), strain rate was fixed in a value 
of 5.10−3 sec−1 and stress (σ) - strain (ε) curves were recorded. Water vapor per-
meability (WVP) of films was determined gravimetrically at 25 °C using a modi-
fied ASTM E96-00 (2000) procedure.

32.2.1.1. Effect of Filmmaking Technique on Film Properties

For this part of the research, X took a value of 0.3. Method 3 showed the highest 
sorbate concentration two weeks after gelatinization (5.98 g/100 g film, dry basis 
vs. 4.00 and 4.51 for methods 1 and 2, respectively), a fact that can be attributed 
to the shorter gelatinization and drying process applied for its development.

Films showed a B-V crystalline pattern (Manzocco et al., 2003) and a crystal-
linity of 9.4, 8.4 and 6.4% for methods 1, 2 and 3, respectively. Slow drying could 
promote ordering of chains, causing a similar and higher crystallinity level for 
methods 1 and 2 compared to method 3.

Method 1 and method 2 produced films with significantly higher tensile stress 
than did method 3 for the formulation assayed (Fig. 32.1). Slow drying provided a 
longer time for the occurrence of network formation, further thickening and rigid-
ity development, contributing to a more elastic film and higher tensile stresses 
than when methods 1 or 2 were applied. It is important to remark that the films 
studied did not show a discernible maximum (rupture) in the force-displacement 
curve until 80% strain, which is the maximum strain attainable in the equipment 
for the geometry of the samples used.

Films made through method 3 resulted in the highest WVP value (16.1 × 10−10 
g / s m Pa) as the result of a less ordered starch network, practically doubling 
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the WVP value attained with method 1. It is well known that edible films tend 
to be poor moisture barriers due to abundant hydrophilic groups in the biopoly-
mer matrix; however, the technique applied to prepare films can help to improve 
moisture barrier properties.

32.2.1.1. Effect of Storage on Film Properties

For this part of the research, X took values of 0.2, and method 2 was used to make 
the films. Storage was performed at 25 °C and aW @ 0.575.

Crystalline degree increased from 22.2% after 2 weeks to 30.3% after 8 weeks. 
Tensile stress increased during storage, changing from 1.23 MPa for 2 weeks to 
2.8 MPa for 8 weeks of storage. These results are in accordance with the increase 
in crystalline degree with time and with the decrease in moisture content from 
36.0 to 24.8 g/100 g, dry basis, for times of storage of 2 weeks and 8 weeks, 
respectively.

In conclusion, it can be considered that different processing methods applied 
to obtain tapioca starch-glycerol edible films as well as storage affected physi-
cal properties. It was observed that to preclude antimicrobial destruction, it was 
better to apply short gelatinization and drying times; however, this technique 
produced films with poorer mechanical characteristics that may affect film per-
formance. The goal of film application will determine the method of obtention. 
The storage time produced a decrease in moisture and an increase in crystalline 
degree, increasing the stiffness of films.

32.2.2.  Corn Starch And Amylomaize Based Films 
And Coatings

Commercial corn starch (Molinos Río de la Plata, Argentina) with 250 g/kg amy-
lose and amylomaize (Amaizo, USA) with 650 g/kg amylose were used for film 
and coating formulations. Starch suspensions (2 g/L) were prepared as described 

Fig. 32.1. Effect of gelatinization/drying technique on stress-strain relationship of tapioca 
starch edible films. n Method 1 (Μ1), ∆ Method 2 (M2), ° Method 3 (M3)
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in a previous work (García et al., 1998a,b, 2000a,b). Either 20 g/L glycerol or 
sorbitol (Merk, USA) were added as plasticizers. Then, 2 g/L sunflower oil 
(AGD, Argentina) was added to the formulation. In all cases, to obtain films, 
40 g of solutions were poured on rectangular acrylic plates (10 × 20 cm). The 
solutions were dried at 60 °C in a ventilated oven to constant weight. Films were 
stored under controlled temperature and relative humidity conditions (20 °C and 
65% RH).

A tensiometer CSC-DUNOUY 70535 (USA) was used to determine the sur-
face tension of the formulations. Suspensions were analyzed at 20 °C using a rota-
tional viscometer Haake Rotovisko RV2 (Germany) with a sensor system MVIP 
of concentric cylinder. Shear stress was measured as a function of shear rate from 
0 to 692s−1. Power law model was applied to determine consistency index (k) and 
flow behavior index (n). Apparent viscosity was calculated at 692s−1.

Equilibrium moisture content: Water content of the films was determined 
measu-ring weight loss of films upon drying in an oven at 110 °C until constant 
weight (dry sample weight). Thickness of the films was determined using a 
digital coating thickness gauge Elcometer A 300 FNP 23 (England) for non-
conductive materials on non-ferrous substrates. Film solubility in water was 
determined using film pieces of 2 × 3 cm; samples were weighed to the nearest 
0.0001 g and placed into test beakers with 80 ml deionizated water. The samples 
were maintained under constant agitation at 200 rpm for 1 h at room temperature 
(approximately 25 °C). After soaking, the remaining pieces of film were collected 
by filtration and dried again in an oven at 60 °C to constant weight. The percent-
age of total soluble matter (% solubility) was calculated.

For film microstructure analysis, scanning electron microscopy (SEM) analy-
sis was performed with a JEOL JSPM 100 electron microscope (Japan). Film 
pieces were mounted on bronze stubs using a double-sided tape and then coated 
with a layer of gold (40–50 nm), allowing surface and cross-section visualization. 
All samples were examined using an accelerating voltage of 5 kV.

Film samples were analyzed between 2θ= 4° to 2θ= 60° with a step size 2θ 
= 0.02° in an X-ray diffractometer X’Pert Pro PANalytical Model PW3040/60 
(Almelo, The Netherlands) using a Cu Kα radiation, 40 kV and 40 mA. The 
 diffractometer was equipped with 1 ° divergence slit and a 0.3 mm receiving slit.

Differential scanning calorimetry (DSC): Film samples were tested in a 
Polymer Laboratories DSC (Rheometric Scientific, Surrey, UK) working under 
a PL-V5.41 software. Indium was used to calibrate temperature and heat flux. 
Samples of 1.5–2 mg were weighted in aluminum pans and were hermetically 
sealed; an empty pan was used as a reference. Samples were run between 0 and 
130 °C with 10 °C/min heating rate; then, pans were punctured and dried until 
constant weight at 100 °C to get sample dried weight. Enthalpies ∆H (mJ/mg), 
onset and peak transition temperatures were obtained from the thermograms.

Water vapor permeability tests were conducted using a modified ASTM (1996) 
method E96 as described in a previous work (García et al., 2004) using an espe-
cially designed permeation cell that was maintained at 20 °C. After steady state 
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conditions were reached (about 2 h), eight weight measurements were made over 
24 h. A driving force of 1753.55 Pa, expressed as water vapor partial pressure, 
was used.

CO2 and O2 permeabilities of the films were assessed by the accumulation 
method in a specially designed stainless steel cell (García et al., 2000b). The 
quasiisostatic method used was based on the measurement of the amount of gas 
diffusing through a film, which was quantified by a gas chromatograph (Varian 
Start 3400, USA). Gas permeability assays were performed in a room under con-
trolled conditions (20 °C and 65% RH) and expressed as cm3 m−1 sec−1 Pa−1.

Tensile tests were performed in a texturometer TA.XT2i—Stable Micro 
Systems (England) as described in a previous work (García et al., 2004) using 
a tension grip system A/TG and probes of 6 cm in length and 0.7 cm width. 
Puncture tests were performed using a cylindrical probe 2 mm in diameter at a 
constant rate of 1 mm/s. Tests were carried out with samples of 3 × 3 cm from 
each film formulation. Curves of force (N) as a function of deformation (mm) 
were automatically recorded by the Texture Expert Exceed software. Maximum 
breaking force (N), tensile strength (MPa), deformation at break (mm), percent of 
elongation at break (%) and elastic modulus (N/mm) were calculated according 
to the ASTM D882-91 method (1996).

32.2.2.1.  Characterization of Corn and Amylomaize Starch-Based Films 
and Coatings

Suspensions can be used to obtain either coatings or films. In the case of coat-
ings, surface tension becomes an important factor. Plasticizer and lipid addition 
decreased surface tension (Table 32.1), facilitating coating adhesion to foodstuffs. 
Power law model satisfactory fitted experimental data (r2 > 0.96).

All suspensions showed pseudoplastic behavior (n < 1). Plasticizer and lipid 
addition to corn and amylomaize suspensions decreased flow behavior index and 
increased consistency index (Table 32.1). ANOVA showed that apparent viscosity 
of amylomaize suspensions were significantly (P < 0.05) higher than corn starch 
suspensions; this was attributed to the higher amylose content of amylomaize. 
Apparent viscosity of corn starch suspensions with different compositions are 
shown in Table 32.1.

Table 32.1. Characterization of corn starch-based suspensions

Additives
Surface 
tension(dyn/cm)

Consistency index 
k (Pa.sn)

Flow behavior index 
n (dimensionless)

Apparent viscosity ηap 
at 692,48 s−1 (mPa.s)

WA 60.68 ± 0.120 0.09 ± 0.032 0.69 ± 0.064 12.85 ± 0.063
Glycerol  59.6 ± 0.764 0.12 ± 0.014 0.63 ± 0.024 11.95 ± 0.182
Glycerol + SO 59.08 ± 0.679 0.14 ± 0.026 0.60 ± 0.028 11.31 ± 0.092
Sorbitol 51.44 ± 0.082 0.13 ± 0.029 0.64 ± 0.037 12.59 ± 0.176
Sorbitol + SO 54.02 ± 0.266 0.21 ± 0.017 0.52   ± 0.011  9.64 ± 0.182

WA= Corn starch based suspension without additives
SO= Sunflower oil
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Film integrity is a critical factor, since pore presence could modify mechanical 
and barrier properties. Microscopic and SEM observations allow evaluation of 
film integrity. Films without plasticizer showed pores and cracks in the surface, 
while cross-sections evidenced a multilayer structure. Plasticized films with lipid 
showed smooth surfaces and a compact structure. These results indicated that 
lipids were homogeneously dispersed in the film matrix (Fig. 32.2).

X-ray diffraction analysis indicated that films exhibited an amorphous-
crystalline structure. Crystallinity degree of the films increased during storage, 
resulting in extremely brittle and rigid films. The addition of plasticizer increased 
the proportion of amorphous phase and facilitated the formation of a thermody-
namically more stable crystalline structure at short times. The diffraction pattern 
of plasticized films did not change with storage time; peaks only increased in 
intensity, maintaining the initial positions (Fig. 32.3). Lipid addition did not 
affect the crystalline structure developed in the films.

Fig. 32.2. SEM micrograph of the surface of corn starch-based films a) without plasticizer, 
b) with 20 g/L glycerol and c) with 20 g/L sorbitol and 2 g/L sunflower oil. Magnification: 
100 µm between marks
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Fig. 32.3. Diffractograms of amylomaize films plasticized with glycerol and with the addi-
tion of sunflower oil a) initial and b) stored during 60 days at 20 °C and 65% RH
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At initial storage time, corn starch and amylomaize films did not show any 
peak on DSC thermograms, indicating that starch gelatinization was complete. 
However, stored films showed an endothermic transition with a peak tempera-
ture between 50 °C and 54 °C. This thermal transition could be associated with 
crystal growth and recrystallization processes that take place during storage. 
Amylomaize-formulated films, due to a higher amylose content, showed higher 
∆H values compared to those of corn starch films along storage time. During stor-
age this structure is perfected, since the peak is narrower, increasing its tempera-
ture and enthalpy. These results correlated well with those of X-ray diffraction.

Plasticizers limit crystal growth and recrystallization because they interact 
with the polymeric chains, hindering their alignment and, thus, crystal formation. 
Thus, crystallization is produced in a lower degree (lower ∆H) and with lower 
peak temperatures than unplasticized films. Experimental results were modeled 
using the Avrami’s model, which is applied to crystallization polymers kinetics 
(Fig. 32.4).

Coating water vapor permeability was determined by application of the  coating 
on a model system with defined geometry (carrot slices). The WVP  values obtained 
with coatings and those obtained with films did not differ  significantly (P > 0.05). 
Plasticizer type and the presence of lipid significantly decreased (P < 0.05) the 
WVP of films (Table 32.2). McHugh and Krochta (1994), using similar  plasticizer 
concentrations, found similar results working with alginate and pectin films. The 
more effective films were those of high amylose content, since they presented a 
more compact matrix. Starch-based films showed WVP values an order lower 
than those reported for some protein films. With regard to synthetic polymers, 
the obtained WVP values were similar to those of cellophane and higher than 
those reported for low density polyethylene, a commonly used packaging mate-
rial (Table 32.2).
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Starch-based films have much lower O2 permeabilities than those for CO2, 
indicating a selective action of these films on gas permeabilities (Table 32.2). 
These effects can be attributed to a higher solubility of CO2 in the starch films 
(Arvanitoyannis et al., 1994). Films with sorbitol exhibited statistically lower 
(P<0.05) oxygen permeability values than films with glycerol. The type of both 
plasticizer and starch used in film formulations were significant factors (P < 0.05) 
on gaseous permeabilities. Sorbitol combined with the amylomaize film matrix 
gave the best results. Arvanitoyannis et al. (1994) found a similar trend for rice- and 
potato starch-based films. Lipid presence did not significantly modify (P > 0.05) 
CO2 permeability of plasticized films. Synthetic materials show lower gas perme-
abilities for CO2, but have low selectivity between CO2 and O2 (Table 32.2).

The development of edible films and coatings with selective gas permeability 
could be very promising for controlling respiratory exchange and improving 
the conservation of fresh or minimally processed vegetables (Cuq et al., 1998; 
García et. al, 1998 a and b). According to Donhowe and Fennema (1993 a and 
b), permeability increases with the decrease of crystalline/amorphous ratio. Thus, 
the increase in film crystallinity evidenced by X-ray diffraction and DSC analysis 
explains the observed decrease of CO2 permeability during storage (Fig. 32.5).

With regard to mechanical properties, films without additives showed rigid and 
brittle characteristics, evidenced by high elastic modulus and small elongation at 
break. The higher values of elastic modulus of amylomaize films were attributed 
to their higher amylose content (Fig. 32.6). Higher elongation and break and 
lower elastic modulus were obtained in films with plasticizer, enhancing film 
flexibility and tenacity. Mechanical properties of composite films highly depend 
on additive-matrix interaction. Plasticizer-matrix interaction showed a similar 
trend for both corn starch and amylomaize films, although plasticized corn starch 
films were more flexible (lower elastic modulus) than amylomaize films. Lipid 
addition increased film flexibility and reduced the effect of starch type. Similar 
results were reported by Cunningham et al. (2000) with soy protein films. 
Synthetic polymers like LDPE and HDPE exhibited high elongation values but 
similar tensile strength, while cellophane showed similar elongation values but 
higher tensile strength than those obtained with natural polymers.

Table 32.2. Barrier properties of edible starch based films and synthetic films

Film type Formulation

Water vapor per-
meability × 1010 
(gm−1s−1Pa−1)

CO2 Permeability 
× 1010 
(cm3m−1s−1Pa−1)

O2 Permeability 
×1010 
(cm3m−1s−1Pa−1)

Selectivity 
factor (PCO2/ 
PO2)

Edible S 2.62 280.5 26.45 10.59
S + G 2.14 38.5 3.21 11.99
S + G + L 1.76 43.9 2.36 18.60
S + Sorb 1.21 29.6 2.28 12.98
S + Sorb +L 0.97 34.3 2.18 15.73

Synthetic LDPE 0.00914 0.945 0.216 4.37
PVC 0.000308 0.000554 0.000128 4.33

S: amylomaize starch, G: glycerol, Sorb: sorbitol, L: lipid, LDPE: low density polyethylene, PVC: 
polyvinylchloride
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The starch formulations tested as films were also applied as coatings on refrig-
erated strawberries. Spoilage is the main factor that determines shelf-life of food 
products. The addition of potassium sorbate to film formulation increases the 
effectiveness of starch-based coatings as a barrier to microorganisms; moreover, 
the addition of citric acid enhances the action of the antimicrobial agent. Thus, 
when these coatings were applied on strawberries (Fragaria × ananassa) cv. 
Selva, fruit shelf-life, defined as the time needed to reach 106 CFU/g, was 21 days 
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for formulations with plasticizer and 14 days for the control fruits. Formulations 
with potassium sorbate extended the shelf life to 28 days, demonstrating the 
effectiveness of the coatings.

Water vapor barrier properties determine the capacity of coatings to control 
weight loss and texture of food products, since these parameters limit their shelf-
life, particularly that of vegetable products. The addition of lipid phase signifi-
cantly reduced (P < 0.05) weight loss of coated strawberries (García et al., 2001), 
leading to a reduction of 63.2% compared to the control fruits stored for one 
month at 0 °C. Besides, edible films and coatings with selective gas permeability 
allow modification of the internal atmosphere of packaged products. In the case 
of coated strawberries, this was evidenced by a reduction in the respiration rate 
and in the kinetics of physiological parameters development, such as reductor 
sugars, anthocyanin content and titratable acidity, during the refrigerated storage 
(García et al., 1998 a, b, 2001).

In conclusion, it can be considered that polysaccharides form a supporting 
matrix of films and coatings, giving selective barrier properties to gases. Native or 
modified starches are a natural mixture of compatible polysaccharides; amylose 
proportions determine the properties of films. These characteristics, in addition to 
their low cost and high availability, increase their potential applications.

Plasticizer and lipid addition allows the optimization of barrier and mechanical 
properties of starch-based films and coatings. In the formulation and application 
of an active film or coating, deteriorative mechanisms that limit the shelf-life of 
the substrate must be considered. On the other hand, film performance can be 
evaluated by microstructural analysis, transfer and mechanical properties, and 
their relation with film composition.

32.2.3. Acetate Starch Coating

Commercial Kraft paper with 75 g/m2 was impregnated with cassava starch 
acetate (CSA) with acetylation degree of about 1.4 (Larotonda et al., 2005). 
Paper samples were dried in an oven at 50 °C for 24 h. The solution used in the 
Kraft paper impregnations was prepared from the solubilization of starch acetate 
in chloroform at the ratio of 1:5. This solution was placed in a desiccator, where 
the samples of Kraft paper were immersed and kept for 10 min. Depending on 
the case, a vacuum of 600 mmHg was used. After impregnation, samples were 
dried at 50 °C for 24 h. Before mechanical tests, samples were conditioned for 
seven days at 25 °C and RH of 75%. The samples were codified in accordance 
with the following: Kraft paper (KP), impregnated Kraft paper (IKP) and vacuum 
impregnated Kraft paper (VIKP). The specific area and pore volume distribu-
tion were determined by N2 adsorption using equipment from Quantachrome 
Instruments, model Autosorb®-1-C. Specific area was determined by BET 
method, while pore volume as a function of pores diameter was determined by 
BJH method (Barrett et al., 1951). The specific gravity was determined by the 
relation r =m/(S×d), where m is the dried sample weight, and S and d are the 
sample area and average thickness, respectively. Water sorption isotherms were 
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determined by saline  solutions method. The water vapor permeabilities (Kw) 
were determined gravimetrically, based on ASTM standard method E96 (ASTM, 
1996). Pre-conditioned discs of paper (90 mm diameter) were placed in permea-
tion cells with saturated saline solutions (lower aw) and hermetically stamped on 
the edges. These permeation cells were placed in a glass chamber of dimensions 
400 × 400 × 250 mm3, with another saturated saline solution (higher aw). A small 
fan was installed inside the chamber to promote circulation of internal air. The 
experimental conditions used to determine the water vapor permeabilities of each 
sample are presented in Table 32.3.

The water permeability KW of the film, usually represented as [g water × mm 
/m2 × Pa ×h] Eq. (32.1).

 
K  = Dw s

effr b 
 (32.1)

On the other hand, the material sorption isotherm can be represented by 
the extensively used GAB model (Guggenheim, Anderson, de Boer), given 
in Eq. (2).
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where C, Xo and k are constants, with Xo representing the monolayer moisture 
content, on a dry basis. Differentiating equation 2 in relation to aw and divid-
ing the result by ps, the water adsorptivity in the film, b [kg water/kg dry 
solid × Pa], can be given by Eq. (3) (Larotonda et al., 2005). The modification of 
the hygroscopic and water permeability properties of Kraft paper following its 
impregnation with starch acetate was studied. The influences of the properties 
b and Deff on the Kraft paper permeability, before and after the impregnation, 
were evaluated.
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Table 32.3. Experimental conditions of essays performed to determine water vapor 
permeabilities of KP, IKP and VIKP (38 °C)

Water activity (aw) Interior of diffusion cell Exterior of diffusion cell (chamber)

0.02 – 0.33 Calcium chloride (CaCl2) Magnesium chloride (MgCl2)
0.33 – 0.62 Magnesium chloride (MgCl2) Sodium nitrite (NaNO2)
0.62 – 0.90 Sodium nitrite (NaNO2) Barium chloride (BaCl2)
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Micrographs of samples KP, IKP and VIKP, obtained with a magnification of 
100 ×, are presented in Fig. 32.7. The starch acetate coating the surface of the 
Kraft paper can be clearly observed.

The specific gravity values of KP, IKP and VIKP were 0.637 ± 0.032, 0.870 
± 0.037 and 0.919 ± 0.030 g/cm3, respectively. The specific superficial areas of 
samples, obtained by the BET method, were 2.999, 0.952 and 1.084 m2/g, for KP, 
IKP and VIKP, respectively. Starch acetate impregnation promoted an increase 
of around 40% in the paper specific gravity, while the specific superficial area of 
impregnated samples decreased to a third of the value of the original Kraft paper, 
due to the reduction of its internal and superficial porosity. These results are in 
agreement with the pictures obtained by SEM, indicating the filling of a consider-
able fraction of the Kraft paper pores.

The cassava starch isotherm presented the sigmoidal form (type II isotherm), 
while the isotherm of starch acetate presented a form characteristic of a type III 
isotherm, related to hydrophobic materials. This behavior also appears in the 
samples of impregnated Kraft papers IKP and VIKP, which were less hygro-
scopic than the original Kraft paper, although more hygroscopic than the starch 
acetate. There was a synergic effect between starch acetate and the porous matrix 
of KP that caused a great decrease of the paper moisture content at equilibrium. 
For example, at aw=0.95 the equilibrium moisture content of starch acetate, KP, 
IKP and VIKP were estimated by GAB equation as 0.3137, 0.007385, 0.1769 
and 0.1644 g water/g dry solid, respectively. On the other hand, the equilibrium 
moistures contents of IKP and VIKP calculated by means of a simple mixture 
law were 0.3278 and 0.3190 g water/g dry solid, respectively. The decrease of the 
superficial area of impregnated samples for a third of KP superficial area value 
can partially explain this behavior, given that starch acetate solution penetrated 

Fig. 32.7. Micrographs (100 ×) of Kraft paper samples: (left) non-impregnated, (mid-
dle) impregnated at atmospheric pressure and (right) impregnated under vacuum 
conditions
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and filled a great number of the paper pores. KP and VIKP adsorption cumulative 
pore volumes, before and after impregnation, are presented in Fig. 32.8.

These results showed that KP pores in the whole range of KP and VIKP 
pore diameters were filled by starch acetate, which decreased the total pore 
volume from 5.035 × 10−3 to 2.980 × 10−3 cm3/g. These results corroborate that 
Kraft paper impregnation with cassava starch acetate is a good alternative for 
obtaining a waterproof paper, as has been previously reported (Larotonda et al., 
2003). The moisture sorption isotherms and the behavior of the b parameter for 
the Kraft paper, in relation to the water activity, is presented in Fig. 32.9 a and 
b, respectively.

Fig. 32.8. KP and VIKP adsorption cumulative pore volumes before and after impregna-
tion, determined by BJH method.

Fig. 32.9. a) Adsorptivity (β) values of KP, IKP and VIKP; b) Comparison of average 
water vapor permeabilities of KP, IKP and VIKP, determined at different aw ranges
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For original Kraft paper, a b value close to 1×10−4 [g water/g dry solid × Pa] 
was calculated for water activity values tending toward zero. With the formation 
of the adsorbed molecular monolayer, typical of type II isotherms, the adsorptiv-
ity b falls to values close to 5×10−6 [g water/g dry solid × Pa], coinciding with 
the isotherms of IKP and VIKP, until aw values close to 0.63. From this point, 
the KP isotherm differentiates from the isotherms of IKP and VIKP, evidencing 
its greater adsorptivity. These behaviors will be useful in identifying the relative 
influences of b and Deff on the water vapor permeability of the KP.

The values for the water vapor permeability of the samples are presented in 
Table 32.4. KP permeability was always larger than IKP and VIKP permeability, 
increasing by around 17% when aw increased from 0.02-0.33 to 0.33-0.62 and 
about 20% when aw increased from 0.33-0.62 to 0.62-0.90. The overall increase 
in Kw, when aw increased from 0.02-0.33 to 0.62-0.90 was around 40%. The 
water vapor permeability for IKP and VIKP also increased with the increase 
in water activity, but they did not significantly differ from each other. It can be 
observed that the KP permeability was about 4.2 and 3.7 times greater than the 
IKP and VIKP permeability, respectively, for the experiment using aw values of 
0.02 and 0.33. This difference decreased with increasing aw values in the other 
experiments. For the experiments carried out with aw values of 0.33 and 0.62, 
the KP permeability was around 1.75 and 1.96 times greater than the IKP and 
VIKP permeability, respectively. For the essays with aw values of 0.62 and 0.90, 
KP permeability was about 1.20 and 1.24 times greater than the IKP and VIKP 
permeability, respectively. The effective mass diffusivities values calculated from 
the adsorptivity values and permeability data are presented in Table 32.4.

The Deff value for KP was around 1.8 times the Deff for IKP and VIKP. The 
calculation of Deff was performed with the average value of the adsorptivity b. 
Therefore, the numeric value of Deff needs to be analyzed carefully, in order to 
understand the mechanisms that control Kraft paper permeability variation with 
moisture content and with the starch acetate impregnation. For the values of aw 
used in the diffusion cell (0.02-0.33), the reduction in Kraft paper permeability 
after impregnation was due to the great decrease in its adsorptivity and also to a 

Table 32.4. Permeabilities, adsorptivity values and effective diffusion coefficient values 
for KP, IKP and VIKP
  KW (10−7 g w mm  b(10−5 g w g−1  
Water activity (aw) Sample h−1 cm−2 Pa−1) dm Pa−1) Deff (10−11 m2 s−1)

0.02 – 0.33 KP 2.901 2.201 5.791
  IKP 0.694 0.643 3.475
  VIKP 0.795 0.838 2.890
0.33 – 0.62 KP 3.398 1.296 11.521
  IKP 1.935 1.300 4.806
  VIKP 1.732 1.366 3.864
0.62 – 0.90 KP 4.073 14.556 1.229
  IKP 3.385 8.750 1.245
  VIKP 3.295 7.500 1.339
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Deff decrease, which was due to the Kraft paper’s impregnation with starch acetate 
(see Fig. 32.8). When aw values of 0.33 and 0.62 were used for the diffusion 
cells, the KP, IKP and VIKP β values were very close to each other (Table 32.4). 
However, the Deff value for IKP and VIKP was around 42% lower than that for 
KP. Therefore, for these aw values, the Kraft paper permeability reduction was 
due to the filling of the paper’s internal pores with starch acetate, reducing the 
area available for water diffusion and consequently reducing Deff. When KP, IKP 
and VIKP samples were submitted to the aw of 0.62 and 0.90 in the permeation 
cells, the results clearly indicated that the adsorptivity reduction promoted by 
impregnation controlled the paper’s permeability to water vapor. As shown in 
Table 32.4, there were no significant differences between the Deff values for KP, 
IKP and VIKP, while the average adsorptivity b decreased by around 80%, due 
to impregnation.

In conclusion, the results obtained in this work showed that significant reduc-
tions in water adsorptivity and water vapor permeability of Kraft paper might well 
be achieved through starch acetate impregnation, mainly in low relative humidity 
conditions. This is associated with two factors: a) the partial filling of the Kraft 
paper’s superficial and internal pores by the starch acetate impregnated, reducing 
the water vapor permeability; b) as starch acetate is much less hygroscopic than 
paper, its adsorptivity is reduced significantly by impregnation.

The KW values obtained varied greatly with a variation in aw, showing the 
importance of carrying out permeability essays with the diffusion cells simulat-
ing the atmospheric conditions close to the real case. Otherwise, large errors may 
be made. Therefore, the starch acetate impregnation of Kraft paper demonstrated 
here offers an interesting alternative for the improvement of the hygroscopic 
properties and water vapor permeability of Kraft paper. Moreover, the use of 
starch acetate in the impregnation of hygroscopic materials reveals an interesting 
alternative for the use of starch, adding value to this raw material.

32.2.4. Yam Starch Films

As a way to overcome the problem of instability of films when submitted to differ-
ent ambient conditions, the substitution of traditional plasticizers by monoglycer-
ide (glycerol-monoestearate) was studied in yam starch films (Ferreira, 2005).

Starch was extracted from fresh tubers of yam (Dioscorea alata) according 
to Alves et al. (1999) and presented the following composition on a dry basis: 
ash (0.21 ± 0.01%), protein (0.50 ± 0.01%), lipids (0.07 ± 0.02%) and amy-
lose (33.7%). Glycerol-monoestearate was supplied by Ceralit S/A (Campinas, 
Brazil).

Yam starch and monoglyceride (100:2 w/w) were complexed before film prep-
aration. The two substances were mixed (15 min) in an electric mixer and mois-
ture content was adjusted at 18% with distilled water. A single screw extruder 
(Cerealtec CT-L15, Campinas, Brazil) was used to produce the complex. The 
extruder worked with a barrel 420 mm in length and 19.4 mm in diameter, 1:2 
compression ratio screw and 5 mm die diameter. The extruder temperature was 
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maintained at 70-80 °C for the feeding section, and 145 °C for the mixing and 
metering sections. Screw speed was fixed at 120 rpm. Samples were collected and 
dried at 55 °C in a forced-air convection oven (Tecnal TE 394-3, Brazil) for 12 h 
and finely ground in a Quimis Mill (Q-298 A21, Brazil). The complex forma-
tion was confirmed by DSC analysis performed in a Shimadzu DSC, model 50 
(Shimadzu Corporation, Japan).

The films were prepared by mixing the starch-monoglyceride complex 
(4 g/100 g solution) with distilled water to make batches with a total weight of 
500 g. The film-forming solutions were transferred to a Brabender Viscograph Pt 
100 (OHG, Duisburg, Germany), and heated from 30 °C to 95 °C and maintained 
at 95 °C for 10 min, with regular shaking (75 rpm) and constant (3 °C/min) heating 
rate (this treatment did not disrupt the starch-monoglyceride complex, as proved 
by DSC tests).

The films were prepared by casting on rectangular acrylic plates (10 × 20 cm), 
where the starch suspensions were dried at 45 °C in a ventilated oven model TE-
394-3 (Tecnal, Piracicaba, Brazil) to constant weight (about 20 h). The result was 
translucent films, which could be easily removed from the plate. Starch films 
without monoglyceride (4 g starch/100 g filmogenic solution) and glycerol-starch 
films (4 g yam starch and 1.3 g glycerol/100 g filmogenic solution) were produced 
at the same conditions for comparative purposes. Glycerol and starch concentra-
tions were established in a previous study (Mali et al., 2002). All films were 
stored for 7 days before analysis; they were placed at 25 ± 2 °C over saturated salt 
solutions in separated desiccators having different relative humidity (11, 33, 54, 
75 and 81% RH) conditions (Rockland, 1960).

Water vapor permeability (WVP) tests were conducted using ASTM (1996) 
method E96. Each film sample was sealed over a circular opening of 0.00181 m2 
in a permeation cell that was stored at 25 °C in a desiccator. To maintain a 100% 
RH gradient across the film, anhydrous calcium chloride (0% RH) was placed 
inside the cell and distilled water (100% RH) was used in the desiccators. The 
water vapor transport was determined from the weight gain of the permeation cell. 
After steady state conditions were reached (about 2 h), eight weight measurements 
were made over 24 h. Changes in the weight of the cell were recorded to the nearest 
0.0001 g and plotted as a function of time. The slope of each line was calculated 
by linear regression (r2 > 0.99), and the water vapor transmission rate (WVTR) was 
calculated from the slope of the straight line (g/s) divided by the cell area (m2). 
After the permeation tests, film thickness was measured and WVP (g Pa−1 s−1 m−1) 
was calculated as WVP = [WVTR = S (R1 - R2)] d; where S is the saturation vapor 
pressure of water (Pa) at the test temperature (25 °C), R1, the RH in the desiccators, 
R2, the RH in the permeation cell and d is the film thickness (m).

Samples were analyzed between 2θ = 2° and 2θ = 60° with a step size 2θ = 
0.02° in an X-ray diffractometer Philips PW 1710 (The Netherlands) using a Cu 
Ka radiation (λ =1.543), and 40 kV and 30 mA. Relative crystallinity was calcu-
lated for B and VH crystals by dividing the area of the diffraction peaks at 2θ = 
17° and 22° (for B-type) and 2θ = 19.8° (for VH-type) by the total area of the 
diffractogram (Hullemann et al., 1999).
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The tensile properties of starch films were determined using a TA.TX2i Stable 
Micro Systems texture analyzer (Surrey, England) in accordance with ASTM D-
882-91 method (1996). The samples were clamped between pneumatic grips, and 
force (N) and deformation (mm) were recorded during extension at 50 mm.min−1 
and with an initial distance between the grips of 50 mm. The parameters deter-
mined were stress at break (MPa) and strain at break (%). Five film specimens 
(100 mm × 25 mm) of each formulation were used in the analysis.

Statistical software (Oklahoma, USA, 1996) version 5.0 was used for all statis-
tical analysis. Analysis of variance (ANOVA), Tukey test for means comparison 
and regression analysis were applied. The significance level used was 0.05.

32.2.4.1. Characteristics of Yam Starch-Based Films

The use of extrusion to prepare starch-monoglyceride complex before film 
preparation by casting was effective to practically inhibit phase separation 
that other researchers (Petersson and Stading, 2005) reported in films asso-
ciated with the increase of monoglyceride concentration. The addition of 
the hydrophobic compound reduced water vapor permeability of the films 
(0.999×10−10 gPa−1s−1m−1) when compared with the films containing starch-
glycerol (1.685×10−10 gPa−1s−1m−1) or only starch (1.150×10−10 gPa−1s−1m−1). 
According to Petersson and Stading (2005), the effectiveness of monoglycerides 
to improve barrier properties in starch films is affected by phase separation. In 
films with phase separation, the WVP increase instead decreases because the film 
structures have areas without the hydrophobic compound. Starch films and glyc-
erol plasticized films showed large variations in stress and strain at break under 
different relative humidity (RH); a decrease in stress and an increase in strain 
were evidenced when RH increased (Fig. 32.10a, b). The decrease of stress and 
the increase of strain in starch films were related with the variation of water con-
tent in these hydrophilic materials and have been reported previously (Monterrey 
and Sobral, 1999; Mali et al., 2004). Although monoglyceride starch films pre-
sented poor mechanical properties when compared to starch and glycerol-starch 
films (Fig. 32.10a, b), they presented a desirable stable behavior. The low stress 
at break could be related to the weakening effect of the monoglyceride on the 
starch network (Petersson and Stading, 2005); probably, the monoglyceride 
groups sterically interfered with the intermolecular alignment of starch chains, 
decreasing its tendency to form hydrogen bonds (Wurzburg, 1986). The lower 
flexibility presented by these films agreed with isotherms (data not presented), 
which show that monoglyceride starch films had a lower water binding capacity, 
and this probably contributed to a lower flexibility.

The crystallinity pattern of films could be assigned to a B-type characteristic of 
biofilms containing starch (van Soest and Vliegenthart, 1997; Mali et al., 2002). 
X-ray diffractograms (data not shown) were used for the purpose of calculating 
the relative crystallinity of starch films at specific angles that corresponded at 
particular crystal types. In Fig. 32.11a, b the relative crystallinities for B and 
VH crystals were plotted against the different relative humidities tested for film 
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storage. In both cases, glycerol films presented higher crystallinity degree, with 
a slight increase at higher RH values, while monoglyceride starch films showed 
constant crystallinity degree. Rindlav-Westling et al. (1998) demonstrated that 
increasing levels of relative humidities increased the relative crystallinity of glyc-
erol plasticized amylopectin films.

Theorically, the VH structure that is found in extruded starches (van Soest 
et  al., 1996) and in this work should appear more significantly in the monoglyc-
eride starch films, but probably the short storage time and the low water content 
did not favor the starch crystallization in these films.

It is possible to conclude that the use of extrusion to complex yam starch and 
monoglyceride was effective and permitted production of starch-monoglyceride 
films with only a slight phase separation. The stability of mechanical properties 
of these films when submitted to different RH conditions was their most desirable 
characteristic, and at the same time, these films showed lower hydrophilicity and 
water vapor permeability than starch and glycerol-starch films. Although starch-
monoglyceride films presented poor mechanical properties when compared with 
glycerol films, certainly it will be found application for them.

32.2.5. Banana Starch Films

32.2.5.1. Native Starch

Films were prepared using banana starch with and without plasticizer using two 
gelatinization methods. The thickness of the films elaborated with these two meth-
ods was different, since thermal gelatinization produced films with higher value 
(113.05 µm) than those obtained with cold gelatinization (83.26 µm). The exten-
sive degradation during cold gelatinization produced thinner films. Interactions 
between plasticizer and starch chains might slightly increase this characteristic. 
Due to the hydrophilic character of starch, one of the major problems of the 
starch-based films is high permeability. Difference between the two methods for 
film preparation was observed in the water vapor permeability (WVP), since the 
film made by cold gelatinization showed lower permeability than those made by 
thermal gelatinization (Table 32.5).

Table 32.5. Water vapor permeability of banana starch filmsa

 Permeability × Relative humidity  Gelatinization
Film 1011g/msPa (%) (in/out) method

Starch + water + glycerol1,b 27.01 ± 0.26 92.5/75 Thermal
Starch + water + glycerol2,c 24.85 ± 1.22 0/75 Thermal
Starch + water + glycerol2,c 13.59 ± 1.90 0/75 Cold

a Values are the mean of three replicates ± standard error. b Glycerol concentration was 2 % (w/v) 
of filmogenic solution. c Glycerol concentration was 1.5 % (w/v) of filmogenic solution. 1 Zamudio-
Flores et al., 2006; 2 Ro-mero-Bastida et el., 2005)
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Differences in permeability value can be attributed to alterations in film struc-
ture. Similar permeability value was obtained in films prepared with gelatin, 
soluble starch and glycerol (Arvanitoyanis et al., 1997). Slight difference was 
found in films prepared with thermal gelatinization but with different starch and 
glycerol concentrations. The tensile strength (TS) value of film elaborated with 
thermal gelatinization method was higher than that obtained with cold gelatini-
zation (Table 32.6). Lower TS was obtained in banana film added with glycerol 
(4.7 MPa) and prepared by thermal gelatinization than film prepared with a 
similar procedure (24.3 MPa). This difference can be attributed to the starch and 
glycerol concentration in the composite, and to the experimental conditions.

32.2.5.2. Oxidized Starch

Thickness of the films did not change with the oxidation level of banana starch, 
and those values were similar to that obtained in a film elaborated with native 
banana starch and glycerol (119 µm). This parameter can be influenced by the 
preparation method of the filmogenic solution (Romero-Bastida et al., 2005).

Films prepared with banana starch at different active chlorine concentrations 
stored for 90 days (Table 32.7) increased the WVP when the chlorine level in 
the starch also increased. Interactions among carboxyl groups of adjacent side-
chains can produce a structure with a larger cavity and higher WVP in the films 
(Zamudio-Flores et al., 2006).

The tensile strength (TS) value of film elaborated with modified banana starch 
increased with the degree of starch modification (Table 32.8). Since carbonyl and 
carboxyl groups are formed during the oxidation of starch molecules, they might 
produce hydrogen bridges with the OH groups of both starch components (amy-
lose and amylopectin), where those linkages gave more structural integrity in the 

Table  32.6. Mechanical properties of banana starch filmsa

Film Tensile strength (MPa) Elongation (%) E.C.b

Starch + water + glycerol1,c  4.70 ± 0.17  37.38 ± 0.76 6/1.0 ; 24
Starch + water + glycerol2,d 24.31 ± 3.42  39.85 ± 6.23 8/0.7 ; 10
Starch + water + glycerol2,d,e 16.76 ± 2.88 19.320 ± 4.58 8/0.7 ; 10

a Values are the mean of three replicates ± standard error. b Essay conditions sample size (large/
wide, cm) and velocity (mm/min)]. c Glycerol concentration was 2 % (w/v) of filmogenic solution. 
d Glycerol concentration was 1.5 % (w/v) of filmogenic solution. e Elaborated by cold gelatinization 
method. 1 Zamudio-Flores et al., 2006. 2 Romero-Bastida et al., 2005

Table 32.7. Water vapor permeability (WVP) of oxidized banana starcha

Film WVP × 1011 g/msPa RHb Thickness (µm)

Oxidized starch (0.5% a.cb.) + water + glycerol 36.24 ± 0.36 92.5/75 120 ± 1.20
Oxidized starch (1.0% a.cb.) + water + glycerol 45.65 ± 0.30 92.5/75 121 ± 0.80
Oxidized starch (1.5% a.cb.) + water + glycerol 55.01 ± 1.03 92.5/75 121 ± 2.30

a Values are the mean of three replicates ± standard error. b Relative humidity conditions (in/out)
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polymeric matrix that increased the TS. The addition of higher active chlorine 
concentration in the starch decreased the elongation of the films. These results 
suggest that films with a higher amount of carboxyl and carbonyl groups produce 
higher interactions among polymer chains that affect the crystallinity and the 
flexibility of the films.
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33
Programme Alβan: European Union 
Programme of High Level Scholarships 
for Latin America

A.M. Sereno

33.1. Introduction

In 2002 the European Commission adopted Programme Alßan, a high level 
scholarship program specifically addressed to Latin America. It is expected that 
around 3,900 Latin American students and professionals will benefit from these 
scholarships, in the European Union, until 2010. Programme Alßan will enable 
Latin American students and professionals, future academics and decision-makers 
in their own countries, to benefit from the excellence of the Higher Education 
Area in the European Union.

The first scholarship holders of Programme Alßan started their postgraduate 
education (master or doctorate degrees) or higher level professional training/
upgrading in the academic year 2003/2004.

The periods of education and training may range from 6 months to 3 years, 
depending on the type of project and the level envisaged.

The financial contribution of the European Commission to Alßan scholarships 
amounts to € 75 Million.

33.2. Objectives

Programme Alβan aims at the reinforcement of the European Union-Latin 
America cooperation in the area of higher education and covers studies for post-
graduates as well as higher-level training for Latin American professionals/future 
decision-makers in institutions or centers in the European Union.

In addition to opening the European Higher Education Area to Latin Americans, 
Alβan scholarships will contribute to better employability skills and career 
opportunities for Latin American postgraduates and professionals in their own 
countries.

Education and training in the European Union will take place in the context 
of mobility projects counting on the support of hhigher education institutions or 
their networks and other relevant organizations, among which enterprises will 
play a role, with a view to training or upgrading their staff.
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To consolidate the experiences and benefits that Latin Americans will receive 
from education and training in the European Union, an Alumni Network will be 
set up to create a network of grant recipients. This Alumni Network will also be 
open to previous grant-holders of the ALFA Programme, as well as other Latin 
American students or professionals who may have benefited from cooperation 
programmes between the two regions.

33.3. A Quick Tour of Alβan

33.3.1. What Are Alban Scholarships?

Alßan scholarships are a means to support postgraduate studies and professional 
training or upgrading of Latin American students in the European Union. It 
is open to Latin American citizens living in one of the following 18 Latin 
American countries: Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, 
Cuba, Ecuador, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, Panama, 
Paraguay, Peru, Uruguay and Venezuela.

33.3.2.  Minimum Requirements to Apply for an Alban 
Scholarship

The minimum requirements to apply for an Alßan scholarship are:

● To be a citizen of one of the 18 eligible countries from Latin America, with resi-
dence in one of those countries (Argentina, Bolivia, Brazil, Chile, Colombia, 
Costa Rica, Cuba, Ecuador, El Salvador, Guatemala, Honduras, Mexico, 
Nicaragua, Panama, Paraguay, Peru, Uruguay and Venezuela);

● To have completed the minimum university qualifications required for accept-
ance for post-graduate studies (at master or doctorate level) in a Higher 
Education Institution (HEI) of the European Union and be supported for such 
a program by a Higher Education Institution eligible to Alßan; alternatively, 
to be a professional working at a recognized organisation in one of the eligible 
Latin American countries, wishing to obtain a higher level of professional 
training or upgrading in the European Union, counting on the support of such 
organization;

● To be accepted by one higher education institution or higher level train-
ing center in the European Union (Austria, Belgium, Cyprus, the Czech 
Republic, Estonia, Germany, Denmark, Hungary, Finland, France, Greece, 
Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, The Netherlands, 
Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, United Kingdom) for 
the proposed education/training project;

● To describe how he/she will be reintegrated as an active member in any 
organization of his/her home country, once the education/training period in the 
European Union is over.
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33.3.3. How to Apply for an Alban Scholarship?

Preferably, the application should be made on-line by completing and submitting 
a specific application form through the Internet. It is also possible to submit paper 
applications.

33.3.4.  What Are the Deadlines for the Submission 
of Applications?

Annual calls for the submission of applications state deadlines and other require-
ments or priorities, where and if relevant.

The first call for applications was published on 20 December 2002, with a view 
to education/training projects starting in the academic year 2003/2004. The sec-
ond call launched on 17 October 2003, aimed at projects starting in the academic 
year 2004/20005 in the European Union. The third call opened in September 
2004, closed on 22 December 2004, and is intended for projects starting in the 
academic year 2005/2006.

33.3.5. How Are Applications Evaluated?

Applications for Alßan scholarships will initially undergo an eligibility assess-
ment. The technical and scientific quality of eligible applications will then be 
evaluated by a minimum of two international independent academic experts.

The group of Alßan experts is composed of recognized academics and scien-
tists from all eligible countries, both in Latin America and the European Union.

33.3.6.  Where to Obtain Information About the Preparation 
of the Application?

Alßan program websites constitute the main information source about the program:

● http://www.programalban.org
● http://europa.eu.int/comm/europeaid/projects/alban

The Alßan Office will provide all required information concerning the applica-
tion, ensuring equal and impartial treatment to all candidates.

33.4. Results Achieved

The following overall results observed in Fig. 33.1 were obtained after the first two/ 
three calls for applications that constitute the first phase of Programme Alβan.

In Fig. 33.2, the results of Country of Origin of the applications selected during 
the first two calls for application are listed:

The applications selected during the first two calls went to the following EU 
member states:
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Fig. 33.1. Applications received and selected in the first three calls

Fig. 33.2. Country of origin of the applicants selected in the first two calls

Three types of scholarships are awarded; scholarship distribution during the 
first two calls by type and sex is as follows:

Programme Alβan awards scholarships in all subject areas except language 
learning. This is the distribution for the first two calls:



Fig. 33.3. Country of destination of the applicants selected in the first two calls

Fig. 33.4. Types of scholarships

Fig. 33.5. Gender distribution
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33.5. Conclusions

Programme Alβan is achieving its main objectives, and it will go into the 
2nd Phase of its implementation up to 2010, as expected. The next Call for 
Scholarship Applications is planned to open next September and to remain open 
up to late December 2005. Grupo Santander de Universidades will continue to 
lead the consortium responsible for its implementation through the Alβan Office, 
located at University of Porto in Portugal.

The Alβan Office has the following responsibilities:

● Prepare documentation and open new Calls for Applications;
● Receive applications, check eligibility and promote technical evaluation by 

experts;
● Prepare a ranked list of applications and submit to the EC a proposal of applica-

tions to be selected;
● Help the selected grantees to travel to the EU;
● Follow up the work and pay the scholarships;
● Promote Alβan in LA and EU and coordinate the network of Focal Points in 

LA.

All required information is available at www.programalban.org.

Fig. 33.6. Subject areas of study
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34
ISEKI-Food: Integrating Safety 
and Environmental Knowledge 
into Food Studies Towards European 
Sustainable Development

C.L.M. Silva

34.1. Introduction

European curricula in food science and engineering (taking into account the 
following degrees: bachelor, higher diploma, master, Ph.D., post-graduate and 
continuing education) are very diverse. There are, for example, backgrounds with 
a stronger component in science, others in engineering, and a three year BSc dura-
tion followed by two years of master or higher diploma courses, etc. Although this 
diversity has a positive value in terms of the variety of the backgrounds and types 
of teaching materials available, it also causes a problem in terms of the recognition 
of the degrees, which is not the same in all countries.

The analysis of the curricula in Europe was studied by the Socrates Thematic 
Network—FOODNET—Food Studies in Europe (Project n°. 55792-CP-3-00-
FR-ERASMUS-ETN), in which a database was prepared, available on the web 
site http://www2.esb.ucp.pt/foodnet/. Although a large diversity of backgrounds 
is offered, there is a big lack in terms of the knowledge of safety aspects, particu-
larly consumer public health and environment; backgrounds on renewal resources 
are almost unavailable in the majority of the institutions offering diplomas in food 
science and engineering.

The main objectives of the ISEKI-Food project (104934-CP-1-2002-1-PT-
ERASMUS-TN, 104934-CP-2-2003-1-PT-ERASMUS-TN, 104934-CP-3-2004-
1-PT-ERASMUS–TN) were to contribute to the studies in food science and 
engineering in Europe, and to develop and adapt the curricula to include safety 
and environmental topics.

The main activities underway and conclusions can be obtained at the web sites 
http://www.esb.ucp.pt/iseki and http://www.esb.ucp.pt/isekipast. More specific 
objectives are to:

● Increase the interchange between partners (universities, industry and students) 
in a teaching point of view: topics studied, materials and methods (including 
ICT and ODL);

● Contribute to a higher knowledge of the transformation processes for food 
products;
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● Develop new and improved teaching methods, with the main purpose of 
developing the personal skills of the students;

● Contribute to continuing education, by carrying out workshops and ODL 
courses;

● Contribute to the higher information of the public in general (particularly 
students in preparatory and secondary levels) about topics of food science and 
engineering, and more specifically about safety topics (from the public health 
point of view), environmental impact and protection;

● Sustainability of the network by establishing an association.

This network included 67 university institutions that offer degrees in food and 
environmental science and engineering, microbiology and biotechnology, and 
25 industrial and research partners from 29 different European countries. It does 
not include three of the eligible countries under the Socrates Program, which are 
Luxemburg, Lichtenstein and Cyprus.

This thematic network worked actively to achieve the goals of the nine action lines 
established in the Bologna Declaration: “Establishment by 2010 of a coherent, com-
patible and competitive European Higher Education Area, attractive for European 
students and for students and scholars from other continents.”

34.2. Management Structure

Five working groups have been established to achieve the above-mentioned 
objectives. The activities were divided as follows:

● Promote the studies in Food Science and Engineering, with emphasis on safety 
and environmental topics;

● Collection and development of teaching materials and methods;
● Dissemination of food science and engineering topics to the general public, 

with special attention to safety and environmental topics;
● Relationship between university and enterprises, with particular relevance to 

mobility and industrial placement of students and teachers;
● Practical and laboratory teaching at pilot plant scale.

Each working group is led and coordinated by one of the partners of the net-
work, in collaboration with a second partner.

An extra activity on the network’s sustainability was also developed during the 
third and final year of the project.

The project had a steering committee that assessed and supervised all 
activities and disseminated results under the ISEKI-Food TN. This committee 
consisted of the coordinator, coordinators of the working groups and five non-
university partners, experts on safety and environmental topics and food science 
and engineering.

In every year of the project, two overall meetings were organized with all partners. 
Steering committee meetings took place between the six overall meetings.
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34.3. Results and Discussion

A critical analysis of food science and engineering curricula, with emphasis on 
environmental and safety topics, and a collection of materials and syllabi of envi-
ronmental and safety disciplines were the main outputs of this TN. The results of 
the five working groups were:

Working Group 1

● Implementation of a curricula database in food science and engineering in 
Europe, available in the web site: http://www.esb.ucp.pt/iseki/isekiapp

● Publication of the following documents: “Critical analysis on European 
Curricula in Food Studies—Work Towards the Proposal for European Tuned 
Curricula”;  “Generic and Subject-Specific Competences in Food Studies”; 
“Minimum Requirements for Curricula in Food Science and Engineering with 
Emphasis on Environmental and Safety Topics”

● Publication of a document about the generic and subject specific competences 
of food science and engineering degrees identified, and its importance defined 
for academics, graduates, professional bodies and employers

Working Group 2

● A web catalogue of materials and teaching methods, available in the web site:
http://iseki.anet.at/

● Preparations of articles for food technology and dissemination for partners
● Workshops for dissemination and continuing education of teachers: “Using 

E-Learning in the Fields of Food Safety and Environment”; “ISEKI e-learning 
course: ‘Train the Trainer”; “Progress Workshop on ISEKI E-Learning Course: 
‘Train the Trainer”; “ISEKI Forum on Integrating Research into Teaching”

● E- learning courses, glossary and a guide for E-learning
● Development of criteria for evaluation e-learning products; ODL courses on 

safety and environmental topics; publication of four books on safety and envi-
ronmental topics: “Food Safety, a Practical and Case Study Approach”, “Air 
Pollution Control: Odours Treatment in the Food Industry”; “Utilization of 
By-Products and Treatment of Waste in the Food Industry” and “Predictive 
Modelling and Risk Assessment”

Working Group 3

● Preparation of a multilingual web page with FAQ on food science and engi-
neering, available at the web site http://food-info.net

● Publication of a report on “Food Science and Engineering and the General 
Public”

Working Group 4

● Preparation of a report concerning the relationship of university/enterprise; pub-
lications of the documents:“Professional Placements During Studies in Food 
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Science and Technology: Industry–University Relationship”; “Relationship 
University–Industry: How to Organize Training Periods, Modes of Assessment, 
Diploma Supplement”; “Methods for Assessment of Industry Placements”

● Report on “Existing Relationship/Structures Between Universities and 
Enterprises in Teaching, and in Research & Development”

Working Group 5

● A web catalogue about practical/laboratory teaching at pilot plant scale (equip-
ment, movies, protocols and teaching methods), available on the web site http://
www.ualg.pt/est/adea/iseki.php

● Publication of the documents: “Ways of Sharing Pilot Plant Laboratory 
Resources,” - Importance of ODL, Mobility and Industry

● Publication of two books: “Protocols of Laboratory Pilot Plant Experiments 
on Food Science and Engineering, with Emphasis on Safety and Environment; 
Case Studies on Food Safety and Environment”; “Case studies on Food Safety 
and Environment”

● Foundation of the ISEKI-Food Association, available at the site www.iseki-
food.net, accepted by Austrian authorities; Creation of a data base on food 
experts, available on the web site www.esb.ucp.pt/foodexperts

During the first year, a Webpage of the ISEKI-Food TN project was created. 
Leaflets and a poster were published, and six newsletters were prepared and put 
on the webpage. The main activities underway and conclusions can be obtained at 
the web sites http://www.esb.ucp.pt/iseki and http://www.esb.ucp.pt/isekipast/.

The quality of the project was evaluated in terms of the materials prepared, 
number of people requesting permission to access the partner’s zone of the 
ISEKI-Food web page: www.esb.ucp.pt/isekipast, number and curricula of people 
attending workshops and following the ODL courses, degree of implementation 
of suggestions and recommendations of the network on curricula, syllabi and 
teaching methods, and others. Furthermore, the quality of the workshops and 
ODL courses was evaluated by the participants and by using appropriate 
questionnaires. The project was also evaluated by checking if the planned activi-
ties and corresponding outputs and deadlines were achieved.

34.4. Further Work

The European Commission, recognizing the work being developed by this 
network, approved a second edition of the project: ISEKI-Food 2—Integrating 
Safety and Environment Knowledge in Food Towards European Sustainable 
Development (226032-CP- 1-2005-1-PT-ERASMUS-TN; start date: October 
2005; end date: September 2008).

The main objective of the Socrates Thematic Network (226032-CP-1-2005-
1-PT-ERASMUS-TN), coordinated by Escola Superior de Biotecnologia–
Universidade Católica Portuguesa, is to contribute to the realization of the 
European Higher Education Area in the field of food studies.
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More specific objectives are to work for the development of:

● Quality assurance of European Food Studies, with the recognition of degrees at 
the European level

● The curricula in food studies, taking into consideration safety and environmen-
tal aspects, participating in the implementation of the “Bologna Process”

● Teaching materials and methods in the field of food studies
● Synergies between research in food science and engineering with education/ 

teaching and industry
● Communication with the general public and consumers to enhance knowledge 

of food products and the food industry
● An offer of a virtual community of experts in the field of food
● Sustainability of the ISEKI-Food network by creating the ISEKI-FOOD 

Association, available on the web site http://www.iseki-food.net.

This network includes a total of 113 institutions (74 universities, two EU stu-
dent associations, and 37 industrial and research partners), 93 coming from EU 
and 20 from non-EU countries.
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