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Foreword

The consumer demand for fresh-like products generated gentle processing. Emerging technologies such as high hydrostatic pressure and pulsed electric field treatment did fit well into the hurdle concept and into the minimal processing scheme promising retention of freshness while providing safety and functionality of the product.

Today, we have industrial high-pressure and pulsed electric field treated products. Ozone, supercritical CO2, ultrasound, and plasma treatment are either at pilot scale, industrially used, or on the verge of application. However, for me, after working for the first time with the first high-pressure unit at the University of Delaware, Newark, USA, exactly 25 years ago, there are still several issues to be addressed. Research work is still going on regarding inactivation, activation, or retention kinetics and mechanisms of microorganisms, nutrition, allergens, toxins, and viruses subjected to nonthermal processes.

Furthermore, it is my belief that many nonthermal processes described in the book also have the potential to do more than just mimicking existing conventional thermal processes. Our own approach to understand the potential of nonthermal processes and then use them based on their unique mode of actions will lead to additional and unique applications. For example, high-pressure modification of proteins and polysaccharides, stress response induction by pulsed electric fields are examples of potential future applications of nonthermal processes for the generation of tailor-made foods.

Finally, it is essential for me to acknowledge the people who were the pioneers in the development of the “new” nonthermal processes. Amongst many, I want to mention about the pioneering work by Grahame Gould, then Head of Microbiology, Colworth House, Unilever Research, UK, and Daniel Farkas, then the Chair of the Department Food Science, University of Delaware, USA. It is my firm belief that without those individuals the field of nonthermal processing would not be where it is today.

I wish this book all the success it deserves.

Dietrich Knorr

Berlin University of Technology

Department of Food Biotechnology and

Food Process Engineering

Berlin, Germany





Preface

Looking forward into the future of food science/technology/engineering, in the emerging area of nonthermal processing of foods, is definitely an adventure. It is open ended and full of uncertainties. Lessons learned from the past should always serve as a good basis for envisioning the future of this growing field, even though emerging and unexpected challenges in food processing are making the integration of “what is known” with “what is coming” difficult. This integration not only embraces the fascination with the new but also addresses the responsibility demanded of scientists for accuracy of research, and proper extrapolations from the laboratory bench to the production floor, and to the marketplace where the best predictions are made. We have the tools to visualize what is coming, but it is our dreams and vision, if not our ambitions, that inspire us to go beyond what can be viewed with mathematical models and complicated algorithms. The food industry, being one of the most conservative sectors in the food production chain, is experiencing the need for change and innovation, to a degree never encountered before. Consumers have become much more demanding, better educated in terms of food quality and nutritional aspects, forcing producers along with regulatory agencies to search for technologies that offer better products with greater safety. Scientists and avid researchers are incorporating knowledge acquired from very different and disconnected disciplines, in order to wisely blend this research pool of information with what is commonly known in food science/food engineering domains. The outcomes have been quite unexpected, though very much welcome in regard to food quality and safety, and it is envisioned that this trend will persist in the years to come.

Nonthermal processing of foods has essentially meant unprecedented opportunities for the industrial sector, in providing better health and wellness for the consumer, and unforeseen new food products of excellent quality without compromising safety. The challenges surrounding these emerging technologies are immense, but the long list of interested groups in support of their development is growing in an exponential fashion. Nonthermal processing technologies are being advanced and making a significant, positive impact in the food sector.

This handbook covers basic information and some of the recent developments in nonthermal processing of food, and the attempts, via predicted pathways, to identify future development in the field generated from the ingenuity and creative approach of a well-trained and resourceful community. The development of nonthermal processing techniques for processing of food has resulted in an excellent balance between safety and minimal processing, between cost and superior quality, and between novel approaches and use of existing process installations to optimize resources. Nonthermal processing could be perceived as an alternative to conventional thermal processing, but this is just a small piece of the role that nonthermal processing could play in the food factory of the future. Nonthermal processing can be effectively combined with thermal processing, and interesting synergistic effects have already been identified. Other significant synergisms could be achieved by combining selected nonthermal technologies, as well as by combining these with other microbial stress factors, such as pH, water activity modifiers, and inclusion of antimicrobials and/or bacteriocins. At the same time, nonthermal processing facilitates the development of new products never envisioned before—a series of niche markets that will eventually receive wide attention in the years to come. The opportunities for such new products are countless, and most will have superb quality and very attractive prices.

Nonthermal technologies can be used for decontamination, pasteurization and, in some cases, sterilization, but in all examples of use, one of the key attributes of the processed product is excellent quality, wherein most products have “fresh” characteristics. There is no question that the quest for technologies capable of producing optimum-quality, safe-processed products has become a top priority in the world of food science and technology. Relevant factors to consider during exploration and application of these novel technologies include the following: the kind of microorganism inactivated; number of log cycles achieved; lethal doses required for inactivation; effect on enzyme activity as related to food quality factors; finding the most attractive process combinations to maximize synergy; how quality attributes are altered; how to scale up laboratory and pilot plant results to industrial applications; reliability of a given technology; adoption costs, such as engineering the process, initial investment, operation of the process, maintenance, and depreciation; energy savings; environmental impact; and consumer perception of the technology and products of that technology. As a final point, the search for new approaches to processing foods should be driven, above all, to maximize safety, quality, convenience, costs, and consumer wellness; it cannot be used to force the utilization of a given technology. Any technology must fit the needs and desires of the consumer to be successfully implemented.

We have worked diligently to offer a thorough and objective overview of what nonthermal processing can offer today to the consumer and the industrial sector, what needs to be investigated further, and the expected developments. We have written some chapters in this handbook, but the contributions of other authors, who come from a wide array of backgrounds and prior experience in nonthermal processing, have been instrumental in presenting a well-balanced and self-provoking document that we hope will be useful to many in academia, industry, regulatory and other governmental agencies, and foremost to all of us, the consumers, and those who interpret the impacts of science on consumers.

Howard Q. Zhang

Gustavo V. Barbosa-Cánovas

V.M. Bala Balasubramaniam

C. Patrick Dunne

Daniel F. Farkas

James T.C. Yuan





Introduction

Gustavo V. Barbosa-Cánovas and Daniela Bermúdez-Aguirre

The focus of food engineers and food scientists in the last 20 years has been on finding alternative process and preservation technologies that are environment friendly, low in cost, and able to preserve the quality attributes of the food product. A number of novel nonthermal technologies such as high pressure and irradiation are currently under commercialization and offer many of these advantages to the consumer. These new technologies have been extensively researched worldwide from a microbiological point of view, and study of composition factors and sensorial characteristics after processing has also been conducted. The interesting fact is that they are useful not only for inactivation of bacteria or enzymes but also for the development of ingredients and finished products with novel characteristics. Final quality of such products is outstanding compared with traditional thermal methods of preservation, while there are important savings in cost, energy, and processing times as well.

Here, we review some novel nonthermal technologies and their development in partnership by with industry, academia, and government, who together worked with regulatory agencies to satisfy the requirements for their use in the food industry in order to offer the consumer food products that are safe, nutritional, and tasty. The case is that some traditional regulations for pasteurization and sterilization have been modified to accommodate these emerging technologies where heat is not the main stress factor to inactivate microorganisms.

Why Nonthermal Technologies?

Thermal pasteurization and thermal sterilization are the two most common food unit operations used to process and preserve foods in the world. Heat is responsible for the microbial inactivation and reduction in enzyme activity that takes place in food products undergoing thermal treatment, and results in a safe product with longer storage life than its raw equivalent. The main purpose of thermal processing is the inactivation of pathogenic microorganisms and spores (depending on the treatment) to provide consumers with a microbiologically safe product. However, despite the benefits of thermal treatment, a number of changes take place in the product that alter its final quality, for example, flavor, color, texture, and general appearance.

In the last few decades, consumers have become more demanding about what they eat and the price they pay, including concern about the safety of their food; however, most products on the market have been overprocessed to ensure consumer safety and show significant damage in sensorial and nutritional characteristics. Now, consumers are looking for fresh-like characteristics in their food, along with high sensorial quality and nutrient content. Consumers are more aware of food content and the technologies used to process their food, showing a higher preference for natural products (Evans and Cox, 2006) free of chemicals and/or additives. Thus, the need for processing alternatives that can achieve microbial inactivation, preserve food's fresh-like characteristics, and provide environment-friendly products, all at a reasonable cost, has become the present challenge of numerous food scientists/technologists around the world. Nonthermal technologies represent a novel area of food processing and are currently being explored on a global scale; research has grown rapidly in the last few years in particular. In some cases, it is very appropriate to combine preservation techniques looking for synergistic effects (hurdle technology approach). These novel technologies are very appealing to be utilized in combination, either among themselves or with traditional ones.

Food Spoilage

Food is an excellent vehicle for the transport of microorganisms. Because of the presence of water and the richness of the medium, a favorable environment exists for natural bacteria to grow; there are enough nutrients for bacteria to grow and multiply to a significant degree in a very short period of time. Under warm-temperature conditions, growth of microorganisms is even faster. Moreover, if unsanitary practices are followed during handling of food products, pathogenic microorganisms can be transferred to the food from surfaces, soil, water, or animals, generating a health risk for the consumer. Thus, processing operations that can inactivate pathogenic bacteria and reduce natural flora in vegetable and animal products are essential in the food industry.

The most common approach used to achieve these goals consists in thermal techniques, as applied in pasteurization and sterilization processes. Pasteurization is commonly used for high-acid food products (pH < 4.6) to inactivate target pathogenic bacteria and to extend product shelf life for a few weeks. It is also utilized for low-acid foods followed by refrigeration. The most common pasteurization method, high temperature short time, uses temperatures around 72°C for 15 seconds in the case of milk. Sterilization is a stronger thermal treatment used for low-acid food products (pH > 4.6); it inactivates spores, extends the shelf life of the product for months at a time, and uses temperatures around 121°C for several minutes (e.g., 15 minutes). Pasteurization and sterilization have been used to inactivate cells of pathogenic microorganisms such as Salmonella, Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, and spores of Clostridium botulinum in a significant number of food products, in addition to reducing spoilage microorganisms. Enzymatic activity can also be reduced when heat is applied to food and yields a product with better stability during storage.

Nevertheless, some microbial growth can be observed during food storage, for example, in pasteurized products (i.e., milk). The process does not inactivate all the microorganisms and heat-resistant spores can remain in the product after processing, and depending on storage conditions, growth of bacteria can accelerate. Some food products under specific conditions are processed to withstand long periods of storage. This is the case when manufacturing and shipping specific items from one country to another; the product must have enough shelf life to withstand being processed and consumed in two remote places. In more specific situations, such as food processed for military use or space missions, there are more strict requirements, one being product storage life in particular. For military use, the shelf life of food must be at least 3 years at room temperature. During this 3-year period, the growth of bacteria must be practically nil, or at an extremely slow rate, to avoid any spoilage. Military food is used under extreme temperature and moisture conditions, sometimes in desert environments, where food must be innocuous to soldiers and provide necessary energy and nutritive requirements. For space missions, shelf life must be longer than that required for commercial use. Food items must be microbiologically safe with adequate nutrients, taste good, and have a pleasing appearance. Although extreme temperature conditions are not considered a problem during space transportation and storage, the food must also be stable against high amounts of radiation.

At present, food scientists are studying the use of new preservation factors to preserve foods and extend product shelf life, which will be especially beneficial in research of military and space foods, as well as other foods. Some of these new preservation factors belong to the nonthermal technology area of study, in which different physical hurdles are being explored to inactivate or delay the growth of bacteria. The main goal of these novel technologies is to process a safe product that retains the sensorial characteristics of the fresh product as closely as possible, in terms of nutrient content and sensorial properties.

Nutrient Content

The microbial safety of food remains an important aspect of food processing, but because of the required conditions to inactivate microorganisms, nutrient content in some food products is detrimentally affected after processing due to thermal sensitivity of some nutrients. For example, milk, eggs, fish, meat, and other important sources of protein; once they are subjected to thermal treatment (pasteurization or sterilization), the nutrient content is affected greatly. Thus, processing technologies that can maintain original nutrient content and do not change the structure and functionality of ingredients are highly desired in the food industry.

One nonthermal technology, high hydrostatic pressure (HHP), has shown a negligible effect on the nutrient content of food, for example, in processing of fruits and vegetables, where pressure has minimal effect on the anthocyanin content after processing (Tiwari et al., 2009). Anthocyanins are considered phytonutrients, and they not only are responsible for color but also have an important antioxidant effect on human health. However, anthocyanin content in juices after pulsed electric fields (PEF) treatment has shown contradictory results. Some researchers report a minimum effect on the pigment content after processing, while others show that there is degradation in anthocyanin content after pulsing (Tiwari et al., 2009). Other examples of nutrient retention in food products using nonthermal technologies are mentioned by Knorr et al. (2002), such as the minor loss of L(+) ascorbic acid in sonicated juice, better retention of ascorbic acid concentration in high pressure treated peas, complete retention of ascorbic acid in pressurized broccoli, and unchanged amino-acid content in PEF-treated grape juice (Garde-Cerdán et al., 2007), among others.

Sensorial Quality of Food

Changes in food's sensorial characteristics are commonly observed when thermal processing is used. Temperature works as a catalyzer in some chemical reactions occurring between the pigments, mineral salts, proteins, vitamins, amino acids, fats, and other chemical species in the food, promoting a number of physical changes. Browning, oxidation, protein denaturation, coagulation or precipitation, changes in microstructure and final texture, gelation, loss of color and flavor, loss of functionality, starch retrogradation, and related chemical processes occur in food components during thermal treatment.

High-pressure processing applied at room temperature yields a product with most of food's quality attributes intact; for example, pressurization does not affect covalent bonds, avoiding any development of strange flavors in the food (Knorr et al., 2002). Some studies of orange juice processed under pressure showed no important changes compared with the fresh squeezed product, retaining the same quality during storage for as long as 3 months at 5°C (Knorr et al., 2002). In consumer tests, when asked to compare fresh-squeezed, thermal pasteurized, and pressurized orange juices, consumers preferred the pressurized version (Evans and Cox, 2006).


Figure 1. Number of high-pressure equipment units in use around the world as of 2009 (Tonello, 2009).
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In milk processing, high pressurization (>200 MPa) was found to increase casein solubility, protein and water content in curds, as well as curd yield (Knorr et al., 2002). This pressurized milk has been successfully used in cheese-making and yogurt production (Penna et al., 2007; San Martín-González et al., 2007). Another nonthermal technology applied to milk is PEF, which allows pasteurization of milk with only minor thermal damage to milk's properties and provides important energy and cost savings (Bolado-Rodríguez et al., 2000; Bendicho et al., 2002). Ultrasound has also been used in milk pasteurization, with important results; milk shows a higher degree of homogenization, whiter color, and better stability after processing. In this method, pasteurization and homogenization are completed in a one-step process (Bermúdez-Aguirre et al., 2009).

Better color in ultrasound-treated juice, better quality in pressurized strawberry jam, and better flavor and color in guava puree (Knorr et al., 2002) are other examples of quality enhancements experienced with nonthermal technologies. Minimal change in sensorial quality has been reported in fruit juices processed with ultrasound as well and in juices processed under dense phase carbon dioxide, showing important bacterial inactivation, which ensures microbial quality and product safety, but does not compromise the organoleptic properties (Tiwari et al., 2009).

Novel Nonthermal Technologies

These new technologies for food processing are normally applied under nonthermal conditions. Although temperature could be used in combination with some of these novel technologies to enhance effectiveness, most of the research conducted is at room temperature, and due to extremely short processing times, food remains fresh-like. Scientists are exploring the use of pressure, light, different types of electromagnetic radiation, sound, and other physical hurdles to inactivate bacteria. Consumers are gradually becoming aware of novel technologies for food processing and sometimes refer to specific nonthermal methods, such as ``cold pasteurization'' (Cardello et al., 2007). A more detailed list includes the following: HHP, ultrasound, PEF, oscillating magnetic fields, irradiation, ultraviolet light, cold plasma, some chemicals (e.g., ozone, dense phase carbon dioxide, chlorine dioxide, electrolyzed water, and bacteriocins), and processing methods (e.g., intelligent packaging).

Some of the most explored technologies in this group are HHP and irradiation; both are currently used for commercial products and there are facilities for these technologies around the world. Figure 1 shows the growth in the number of HHP equipment in use around the world in the last 19 years. As a novel technology, development and improvement of such equipment have been based on specific requirements and needs of the food industry. Today, use of pressure (300–700 MPa) for commercial applications around the world in vessels ranging in size (35–420 L) has an annual production rate of higher than 150,000 tons (Wan et al., 2009).

Another nonthermal technology widely used to process food is irradiation; many toxicological tests have been conducted to show that this technology is safe for foods in specific cases, such as microbial inactivation, insect disinfestation, or improvement of quality. Since the 1990s more than 40 countries around the world have established safe and appropriate facilities for irradiation of food (Molins, 2001). These facilities have begun to show consumers that irradiation technology has more advantages than disadvantages. In some countries, the name of this technology has been changed to electronic pasteurization for better acceptance by consumers (Molins, 2001). The technique is regulated both nationally and internationally by IAEA, FAO, and WHO (Morehouse and Komolprasert, 2004). FDA considers irradiation to be more of an additive than a process for food.

PEF technology is probably the second most promising of the nonthermal technologies; it is already approaching industrial application. PEF application was successfully launched for fruit juices in the United States in 2006, achieving outstanding results in product quality. In the not too distant future, this technology will likely be launched by a number of European food companies for pasteurization of liquid foods, introducing all the advantages of this technology for the first time to consumers and food processors (Kempkes, 2008).

Processing Times

Food scientists are also looking for more convenient processing operations. Emerging nonthermal technologies have shown important reductions in processing times compared with traditional thermal processing operations. A short processing time is characteristic of most explored novel nonthermal technologies (Wan et al., 2009). For example, using PEF for pasteurization of liquid foods reduces the total processing time to less than a second; high pressure thermal sterilization is able to inactivate spores and produce a shelf-stable product in only a few minutes (around 5 minutes, depending on the characteristics of a product). This reduction in processing time is reflected in both energy and economic savings. Another key advantage of nonthermal technologies is the environment-friendly aspect of such energy savings, which includes minimal waste after processing. PEF technology is a good example as this technology is a waste-free process (Knorr et al., 2002). In general, most of these technologies show a significant reduction in processing time compared with traditional thermal treatment; waste is minimal or nonexistent, and savings in energy is a common characteristic in the majority of those technologies already mentioned.

A Four-Member Team Approach

The development of nonthermal technologies has grown in the last several years because of the constant interaction between academia, industry, government, and the consumer, under the supervision of regulatory agencies. The first round of research was conducted by academia, but upon sharing the results with industry and government, and later on consumers, they too became interested and encouraged the continuation of this research, again under the supervision of regulatory agencies. HHP, for example, a technology that was probably looked at 20 years ago, began to be explored in labs; transfer and scale-up, from the pilot plant to industry, became a priority after viewing the encouraging results of these studies. Today, it is a commercial reality and has been adopted by industry for use in processing products with high quality and high added value, which includes processing already existing products and promoting the development of new products. Regulatory agencies such as the Food and Drug Administration have approved HHP use, first as a pasteurization alternative, and recently (February, 2009), in combination with heat, as an alternative for food sterilization known as pressure-assisted thermal sterilization (PATS) or pressure-assisted thermal processing (PATP) (NCFST, 2009).

Thermal Processing

There have been some innovations in this area, but conventional equipment is still used (Mermelstein, 2001). Sterilization and pasteurization have been extensively studied over the years, and in the case of low-acid foods, sterilization must follow strict controls and, depending on the product, requires specific processing times to ensure that the spores of most resistant microorganisms are inactivated and beyond; this process results in loss of thermal-sensitive nutrients such as vitamins (Teixeira and Tucker, 1997). In past decades, food engineers/scientists followed a first-order kinetics or linear trend to interpret and describe thermal inactivation of bacteria. Thermal processing parameters such as D, z, and F0 values have been used extensively to calculate lethality of the process. However, it has been shown that first-order kinetics is rarely followed by bacteria during inactivation and that safety in the canning industry is based more on overprocessing operations than on kinetics models (Corradini et al., 2005).

The nonisothermal conditions during thermal processing have been extensively reviewed and discussed by many authors in the last few decades (Corradini et al., 2006, 2007, 2008; Aragao et al., 2007; Smith-Simpson et al., 2007; Peleg et al., 2008). They have shown that most bacterial inactivation curves during thermal processing follow a nonlinear trend, and that alternative mathematical models can fit these curves (Aragao et al., 2007; Corradini and Peleg, 2004, 2007). Several efforts have been devoted to establishing better control during thermal processing using ``intelligent systems'' to monitor the process with on-line systems to optimize safety, quality, and process efficiency (Teixeira and Tucker, 1997). Local optimization algorithms (Miri et al., 2008) are used as well as comprehensive studies with time–temperature integrators (Mehauden et al., 2009), among other tools. Most of these approaches cannot be fully transferred to industry, because thermal processes (pasteurization or sterilization) must follow the established criteria, unless a variation has been successfully validated and approved by regulatory agencies.

In studies of nonthermal technologies, some concerns with thermal processes are also observed, such as nonlinearity during inactivation. These issues have been addressed together with increased knowledge of emerging nonthermal technologies, as cited by many authors (Raso et al., 2000; Rodrigo et al., 2003a, 2003b; Hassani et al., 2005); consequently, modifications resulting from these issues must be addressed in regulations and established standards by regulatory agencies.

New Definition of Pasteurization

The new alternatives for pasteurization of foods have resulted in various changes that must be addressed to meet the original standards for pasteurization. For one, the definition of pasteurization should be reviewed carefully for its applicability to other technologies with the same goal of pasteurization (as sought in years past). There are a number of important factors to consider when a new technology is thought to be the equivalent of thermal pasteurization, such as the most resistant pathogenic microorganisms in a given food, the efficacy of the novel technology, the characteristics of the food product, the conditions needed for food distribution and storage, and the intended use of the food (NACMCF, 2006). The new definition of pasteurization should meet all of the above-mentioned factors so that a safe product can be offered to the consumer; at the same time, it should describe the advantages of the novel technology to the consumer and the food processor. The National Advisory Committee on Microbiological Criteria for Foods (NACMCF) adopted a new definition for pasteurization in 2004: ``Any process, treatment, or combination thereof, that is applied to food to reduce the most resistant microorganism (s) of public health significance to a level that is not likely to present a public health risk under normal conditions of distribution and storage'' (NACMCF, 2006). In the same document, a list of novel technologies is included as a possible alternative for thermal pasteurization. Some novel thermal technologies such as microwave and ohmic heating are cited, and most of the nonthermal technologies such as HHP, PEF, ultraviolet, irradiation, chemical treatment, pulsed light, infrared, cold plasma, oscillating magnetic fields, ultrasound, and filtration are mentioned, including their criteria for use in pasteurization according to the type of microorganism, processing conditions, and research needs.

Additional Relevant Issues Regarding Novel Technologies

The search for other food processing alternatives not only provided the required tools for microbial inactivation but during the development of some novel technologies important discoveries were also made concerning specific foods that would help improve the quality of other products or the development of new ones. Some of the advantages of novel technologies are (or will be) their use in processing specific products such as military rations or space food items that require precise and very strict regulations. Novel technologies can be used to replace some of the current military rations as well, or to process some of the excess in agricultural and farm activities, avoiding important yearly economic losses around the world.

New Ingredients, New Products

The exploration of new preservation factors in food processing has not been limited to microbial and enzyme inactivation; during extensive research of nonthermal technologies, important discoveries regarding new properties in some food ingredients were observed. For example, HHP has the ability to modify the structure of proteins and polysaccharides, which allows changing the texture, functionality, and even appearance of food (Ross et al., 2003). These changes have been observed systematically according to the intensity of the applied pressure, and depending on the new use of the protein or the sugar, the changes can be modified accordingly. The possibility of having new ingredients for food processing has opened up a distinct and comprehensive world of opportunities in food research and development of new products. At the same time, new ingredients are helping to solve some quality issues in specific products. For example, during ultrasound treatment of milk, in addition to pasteurization, cavitation (which is the main effect of sonication) is responsible for breakdown of fat globules in milk and reorganization of microstructure in casein molecules and fat globules; the result is an homogenized product after processing (Bermúdez-Aguirre et al., 2008), avoiding one important step (homogenization) in the manufacturing of milk by conventional methods. This new effect on milk can be ``intelligently'' used for some dairy products that present problems during storage, such as yogurt, in which syneresis is one of the main quality concerns; sonicating the milk prior to yogurt processing can minimize this problem.

Space Mission Food

Another big challenge in food science and technology is the processing of safe and nutritious foods for storage on long space missions, where the required long storage of these foods is not the only requirement. Other important factors determine whether they are acceptable, such as the requirement that space food be of reduced volume and mass with a minimum of waste. These food items must also satisfy all dietary requirements of astronauts for maintenance of health during a space mission, not only from the perspective of physical well-being and health aspects but also to address the possible psychological effects of such food on the astronaut (Chen and Perchonok, 2008). This last aspect is important for both space mission foods and military rations, because those consuming such food are away from home and under hard conditions for long periods of time; this food must be acceptable in appearance and content, and must evoke positive feelings and comfort, giving a definite sense of being closer to home. The NASA Advanced Food Technology Project at the Johnson Space Center is the agency currently in charge of feeding systems for astronauts. At this center, state-of-the-art technologies are evaluated to achieve various required goals, and one of them is to achieve a 5-year storage life for many space mission food items. The current food technologies being investigated are retort processing, freeze-drying, irradiation, and intermediate moisture processing; for instance, thermostabilized food products, a new trend in product design for space missions, are currently replacing some of the previous retorted items (Chen and Perchonok, 2008). The ongoing intensive study of some nonthermal technologies could very possibly deliver a viable option for future space mission meals. With the recent approval of PATP as a sterilization technology, this will open new frontiers for food processing and the development of new food items for inclusion on space mission menus.

Military Combat Rations

One area of study receiving even more attention today is research related to military combat rations. In the last several years, important investments in terms of time and money have been made to achieve a world-class feeding system for US soldiers (Natick, 2008). Recent advances in food science and the development of state-of-the-art technologies have been applied to satisfy the dietary needs of soldiers from the nutritional, safety, and quality points of view. Soldiers often endure extreme, intense physical activity requiring high-energy meals, but in addition to satisfying their high-energy demands, these foods must be of the highest quality possible and at an affordable price to the military.

According to Chen and Perchonok (2008), one of the goals of the Department of Defense Combat Feeding Program by 2010 is to implement the use of nonthermal/combination technology for shelf-stable military rations. The novel technologies that have been investigated thus far (for Natick) are irradiation, PEF, high pressure, ohmic heating, microwave, and radio frequency (Cardello et al., 2007). HHP technology is the closest to being incorporated for military rations at this time. This technology has shown positive results in processing dairy products, fruits, and vegetables, potatoes, eggs, fish, and meats. According to RDECOM (2009), the product mashed potatoes in-a-pouch processed under PATS has been officially accepted for incorporation as an meals-ready-to-eat (MRE) product for military use. This is indeed a giant step ahead for use of one of the first nonthermal technologies researched. Investigated in food labs 20 years ago, today PATS is a reality in commercial pasteurization as well as commercial sterilization, and generates products that require strict and rigid quality control. 

World Hunger Issues

Food scientists should not only focus on improving the quality and safety of foods marketed to demanding consumers in the first-world countries but should also consider areas in the world experiencing hunger and poverty. Today, approximately 1.3 billion people live in extreme poverty, surviving on less than 1 dollar a day, and nearly 2 billion people live in poverty and marginal circumstances close to these conditions (ADA, 2003). However, this does not mean that food quality is not important. Even some consumers in the first-world countries agree that they should pay extra for high added-value food, such as freeze-dried products. Yet, most consumers in underdeveloped countries just want to pay the minimum amount in dollars necessary to satisfy their basic dietary needs. Access to food is another critical issue. According to the American Dietetic Association (ADA), food security is related to a person's access (at any given time) to adequate rations of safe, nutritious, and ethnically appropriate food (ADA, 2003). With the current level of agricultural production worldwide, food could be available to everyone on earth to feed the world's 850 million hungry people, but only if the biological, chemical, and physical factors that commonly generate loss of food around the world could be avoided or minimized (Marsh, 2008).

World hunger is by far another reason that study of novel technologies should focus on processing foods at a reasonable cost with adequate nutrient content and long shelf life; extending a technology's commercialization in faraway and hard-to-access locations could make a huge difference. Nonthermal technologies are not going to resolve the hunger problem on a day-to-day basis; the intelligent exploration of these technologies could, however, lead to processing highly nutritious food items with longer storage life, and possibly shipping these products to remote places; this in turn could satisfy basic food supply needs in underdeveloped countries. One example is the use of PATS, to be used for military rations in 2009 based on of its demonstrated advantages, as explained previously. Some military rations are used for humanitarian daily rations, which provide a full day's nutrition to the malnourished. These rations are designed to feed large populations of displaced people or refugees and contain ready-to-eat thermostabilized meals, similar to MRE products (Natick, 2008). Thus, the reality of feeding people in poverty via novel technologies in the near future is a sound possibility, and foods would have better quality and most of the original nutrients intact.

Global Harmonization Initiative

Novel nonthermal technologies have been researched in different parts of the world with important results. Thousands of references can be found on the most developed nonthermal technologies, such as HHP. A wide variety of pressurized products are mentioned in these references, including a number of ethnic food products in specific countries. Researchers found that high pressure is an excellent technology for processing ethnic foods and extending product shelf life. However, due to inconsistencies in reporting processing conditions, today, there are problems in commercializing such products outside these ethnic niches. Added to this are the problems that arise with all novel nonthermal technologies in general when conditions used in a specific country to satisfy the sanitary regulations are not legally required in another country, making processing difficult and expensive, and commercialization of these products almost impossible. Furthermore, the time-consuming activity needed to demonstrate the safety of a specific product in another country is complex and expensive, causing delays in the food processing chain (Lelieveld and Keener, 2007; Sawyer et al., 2008).

Hence, a global regulation system that ensures the safety and quality of food regardless of country of origin is sorely needed. Lelieveld and Keener (2007) pointed out that, in addition to a global regulation system, there should be a governing body that regulates and monitors the enforcement of these food processing regulations. Although there are institutions that regulate food processing today, the resulting regulations often only apply to countries belonging to specific organizations (e.g., the Codex Alimentarius). Thus, the new regulations should apply to all countries and clearly show validity overseas. Meanwhile, with this goal in mind, a Global Harmonization Initiative (GHI) was launched 5 years ago by the International Division of the Institute of Food Technologists and the European Federation of Food Science and Technology (EFFoST) to establish a world wide regulation system. Since then, GHI has made important advances in the last few years (Lelieveld, 2009).

Hurdle Technology

The use of novel technologies alone is often insufficient to achieve the desired processing goal, for instance, adequate microbial inactivation. Sometimes, the intelligent use of two or more preservation factors applied simultaneously, known as hurdle technology, can fulfill the requirements for a specific product. The concept of hurdle technology is not new. Processing factors have been combined in the past to extend the shelf life of food; examples include combining pH, acidity, heat, water activity, and/or antimicrobials. Today, a number of novel technologies are good candidates for use in combination with these past preservation factors, and preliminary results have shown important shelf life extension of products. Probably, the best example is the recent approval by the FDA (NCFST, 2009) of high pressure in combination with heat for commercial sterilization of food in the United States.

Other technologies combined with heat to enhance their effectiveness are PEF and ultrasound. In both cases, heat is used to weaken the cells during the process and to enhance the lethal effect against bacteria. Of particular note is the test of ultrasound in three different combinations: with heat (thermosonication), pressure (manosonication), and the combined factors sound, heat, and pressure (manothermosonication). These combinations have been effective in microbial and enzyme inactivation (Knorr et al., 2002).

Clearly, use of nonthermal processes in hurdle technology requires finding the right combinations of preservation factors. These factors should have a synergistic effect on cell inactivation in order to disrupt the vital functions of the microorganism; this is called a multitarget approach (Ross et al., 2003). Presently, the mechanisms of cell inactivation observed with nonthermal technologies are not all that clear. More knowledge about this topic will help determine the right combinations of preservation factors needed to achieve higher inactivation and more lethal treatments against bacteria.

Final Remarks

Indeed, the area of nonthermal technologies is a vast world of opportunities for processing and preserving food with excellent quality. At present, there are many challenges facing food scientists, specifically those related to nonthermal technologies, although a number of these have been successfully tested in microbial inactivation. However, aspects related to mechanisms of cell inactivation and improvements in nonthermal processes and equipment are among the priorities that need to be addressed in the coming years. Currently, food scientists and engineers around the world are devoting much time to figuring out the majority of these issues. Still, other gaps in research remain, for example, the issue related to spore inactivation and the use of novel technologies to effectively inactivate vegetative cells. Results could be similar to that achieved with high pressure, which brought about the recent approval of high-pressure thermal sterilization—a result that could likewise be achieved with other technologies in the near future.

In addition, several features concerning the toxicological aspects of novel products should be evaluated to test if the applied energy generated by a nonthermal technology is strong enough to inactivate microorganisms and to preserve the nutritional content of food. At the same time, a nonthermal technology should not be responsible for creating undesirable compounds or toxic substances that could be harmful to consumers. Indeed, the issues now facing researchers in promoting a technology, from the lab to regulatory approval and commercialization, are the same issues that will provide consumers with better food and new food products exhibiting outstanding characteristics.
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Chapter 1

Fundamentals of Food Processing Using High Pressure

Loc Thai Nguyen and V.M. Balasubramaniam

1. Introduction

Most processed foods are treated with heat to kill harmful bacteria, a process that often diminishes product quality. Considered one of the most important innovations in food processing in 50 years (Dunne, 2005), high-pressure processing (HPP) presents an alternative that retains food quality and natural freshness while extending microbiological shelf life (Farkas and Hoover, 2000). HPP, also commonly referred to as “high-hydrostatic pressure” processing or “ultra-high-pressure” processing, uses elevated pressures, with or without the addition of external heat, to achieve microbial inactivation or to alter food attributes. The pressures used in HPP are almost ten times greater than in the deepest oceans on earth. Common pressure units are listed in Table 1.1.

Long used in the material and process engineering industry for sheet metal formation and isostatic pressing of advanced materials such as turbine components and ceramics, HPP offers many advantages to food processors. Because HPP does not break covalent bonds, it preserves food freshness (Farkas and Hoover, 2000). The technology also provides food processors with an opportunity to process heat-sensitive, value-added foods with fewer additives and cleaner ingredient labels. Pressure can be applied at ambient temperature, thereby eliminating thermally induced cooked off-flavors. Finally, this technology is efficient, as it can be used to process liquid foods in semicontinuous equipment and both liquid and solid foods in batch equipment. Table 1.2 summarizes some of the unique advantages of HPP.

The applications and limitations of high-pressure food processing have been reviewed extensively (Hayashi, 1991; Cheftel, 1995; Ledward et al., 1995; Ohlsson, 1996; Karin, 1998; Kunugi and Hayashi, 1998; Smelt, 1998; Thakur and Nelson, 1998; San Martin et al., 2002; Matser et al., 2004; Hogan et al., 2005; Torres and Velásquez, 2005; Rastogi et al., 2007). This chapter summarizes the basic process engineering principles related to HPP of food materials and emphasizes the importance of thermal effects during this preservation process.

2. Basic Principles Governing HPP

2.1. LeChatelier’s Principle

LeChatelier’s principle states that the application of pressure shifts the system equilibrium toward the state that occupies the smallest volume (Farkas and Hoover, 2000). Thus, any phenomenon (phase transition, change in molecular configuration, chemical reaction) that is accompanied by a decrease in volume is enhanced by pressure (and vice versa). This means that pressure stimulates reactions that result in a decrease in volume but opposes reactions that involve an increase in volume.

Table 1.1 Frequently used pressure units and conversion factors

[image: Table 1-1]

Table 1.2 Unique advantages of high-pressure processing



	Description
	Advantage





	Pressure
	Rapid and uniform distribution throughout the sample



	Thermal distribution
	Reduced impact of thermal gradient



	Physical compression
	Instant temperature increase and subsequent cooling on decompression



	Product handling
	Suitable for both particulate and pumpable foods



	Process time
	Less dependence on product shape and size



	Functionality
	Opportunities for new process/product development



	Quality impact
	Food may not undergo significant chemical changes



	Reaction rate
	Pressure accelerates traditional thermal inactivation kinetics




For a simple chemical reaction, the kinetics of transition from A to B with intermediate state A≠ can be expressed as follows (Pfister et al., 2001):

(1.1) [image: Numbered Display Equation]

For this reaction, the process pressure (p), temperature (T), system’s free enthalpy (ΔG), thermal energy (ΔE), volume (ΔV), and entropy (ΔS) can be related by the following:

(1.2) [image: Numbered Display Equation]

Under isothermal condition, the kinetics of this reaction can be described by Equation (1.3):

(1.3) [image: Numbered Display Equation]

where k is reaction rate constant and R is universal gas constant (R = 8.314 J/mol·K). ΔG≠ and ΔV≠ relate the changes in free activation enthalpy and activation volume. V≠ represents the volume of the activated system, while VA represents the volume before activation (Pfister et al., 2001). A positive ΔV implies a shift toward the reactants at higher pressures. Depending on the mechanism, some reactions may be accelerated or retarded by pressure.

2.2. Isostatic Principle

It is generally believed that at the macroscopic level, pressure is transmitted in a quasi-instantaneous manner throughout the sample volume (Pascal principle). Thus, processing time during HPP is often thought to be independent of product size and geometry (Cheftel, 1995).

However, care must be taken to understand the interdependence of pressure and temperature during the HPP of food samples. Compression of the food sample results in a temperature increase (due to adiabatic heating). Water, carbohydrates, proteins, and fats are some of the basic building blocks of a complex food matrix, and each of these may respond uniquely under physical compression (Rasanayagam et al., 2003). The different rates of heating of each food matrix component under pressure may result in thermal gradients. Further, product near the vessel wall may lose heat to the environment.

Traditionally, the food industry has employed modest pressure treatment (3–30 MPa; 435–4,351 psi) for the homogenization of liquid foods. During homogenization, the liquid is forced to flow under high pressure through a narrow orifice. High product velocity and high shear characterize the homogenization process (Farkas and Hoover, 2000). Product heating can be expected. On the other hand, during HPP, the product is compressed isostatically (i.e., compressed in three dimensions), held, and then decompressed. Pressure reduces the volume of water by 10% at 300 MPa (43,500 psi) and by 17% at 600 MPa (87,000 psi) (Farkas and Hoover, 2000). Little product distortion occurs at the macroscopic level in food materials with high moisture. On the other hand, if the food material contains significant amounts of air (e.g., marshmallow, strawberry, and leafy vegetable), the air will escape from the product after pressure treatment because of the difference in material compressibility. At HPP treatment pressures, gases in general are liquefied, if not dissolved in the liquid fraction of the food. On decompression, the gases expand and are released from the food matrix. Thus, products containing significant air may not be good candidates for pressure treatment. Similarly, dry solids form cake-like structures after pressure treatment. If food products do not contain sufficient moisture to maintain a water activity above 0.98, HPP may not provide effective microbial destruction.

3. Typical Process Description

HPP of solid foods starts with removing as much air as possible from the food and vacuum, packaging the products in flexible, high-barrier containers. Air removal is essential to ensure that a maximum number of containers can fill the pressure vessel during each cycle and that compression work will not be wasted on air in the system. The containers are loaded into a carrier basket or placed directly into the pressure vessel. Loading is similar in operation to a batch steam retort. Commercial batch vessel volumes range from 30 to 600 liters. A typical process cycle consists of loading the vessel with the prepackaged product and filling the remaining vessel void space with water, which acts as the pressure-transmitting fluid. The vessel is closed and the desired process pressure is achieved through addition of water delivered by an intensifier. After holding the product for the desired time at the target pressure, the vessel is decompressed by releasing the water (Balasubramaniam et al., 2008).

Liquid foods can be processed in batch or semicontinuous mode. In the batch mode, the liquid product is prepackaged and pressure-treated as described for packaged foods. Semicontinuous pressure equipment employs two or more pressure vessels with free-floating pistons arranged to compress the liquid foods. A low-pressure transfer pump is used to fill the pressure vessel with the liquid food. After filling, the pressure vessel inlet valve is closed, and the pressure-transmitting fluid (usually water) is introduced behind the free piston to compress the liquid food. After the appropriate holding time, releasing the pressure on the pressure-transmitting fluid decompresses the system. A pump is used to move the free piston toward the discharge port. The treated liquid food, which is held in a sterile tank, can then be filled aseptically into sterile containers. Three batch vessels in a semicontinuous system can be connected such that while one vessel discharges the product, the second vessel is being compressed, and the third vessel is being loaded. In this way, the output is maintained in a continuous fashion (Balasubramaniam et al., 2008).

4. Packaging

The packaging requirement for the HPP process varies depending on the type of equipment (batch or semicontinuous) used. Semicontinuous systems are used in the case of pumpable liquid products, which are aseptically packaged after pressure treatment. On the other hand, flexible or semirigid packaging, with at least one flexible interface, is best suited for batch processing. A variety of existing flexible packaging structures may be used (Balasubramaniam et al., 2004). Because high-moisture foods compress by 15–20% in the range of 600 MPa (87,000 psi) at ambient temperature, HPP packaging materials must be able to accommodate these reductions in volume and then return to their original volume without loss of seal integrity or barrier properties. For this reason, metal cans are generally not suited for the process.

Package size and shape will influence loading efficiency of the product within the pressure chamber. The package should be designed to achieve at least 75% loading for economical processing. Chapter 3 discusses the need for optimum package design in detail. Further, the mass ratio of product to void space water, and package size and shape, can influence the heat exchange between the pressure-treated product and the surroundings and may create thermal gradients within the food. As noted previously, the air present in the package headspace should be minimized to the extent possible to further improve the loading factor. High-barrier packaging materials with oxygen- and light-impermeable properties may be desired for extended refrigerated product storage. This can also help preserve the fresh color and flavor attributes of many pressure-treated products (Hogan et al., 2005).

5. Pressure-Transmitting Fluids

During HPP, a pressure-transmitting fluid is used to transfer pressure to the prepackaged foods uniformly and instantaneously. The choice of pressure-transmitting fluid is based on the materials used to fabricate the pressure chamber. To prevent corrosion, commercial pressure vessels use a stainless steel liner. This enables the use of water as the fluid of choice for HPP treatment of foods. It is worth noting that the compression heating behavior of water is similar to that of most food materials. This can minimize thermal gradients between the food material and the compression fluid. Water has also emerged as a pressure-transmitting fluid of choice due to its availability, nontoxicity, and low cost. Chapter 2 covers additional details on equipment design construction and operation.

Castor oil, silicone oil, solutions of glycol–water mix, and sodium benzoate solutions are among the list of other pressure-transmitting fluids used in laboratory pressure equipment (Balasubramanian and Balasubramaniam, 2003). Depending on their thermal and physical properties (such as specific heat, viscosity, and compressibility), each solution may have a different rate of compression heating. For example, the heat of compression of water under pressure is 3.0°C per 100 MPa (14,500 psi), while that of silicone oil is about 20°C per 100 MPa. These differences can influence the magnitude of heat transfer among the pressure-transmitting fluid, food product, and the environment. The thermal gradient in the system subsequently could influence microbial inactivation and the quality of the processed foods (Balasubramanian and Balasubramaniam, 2003). If laboratory equipment (used for microbial or enzymatic kinetic studies) and commercial production equipment employ different pressure-transmitting fluids, the differences in respective heat transfer characteristics must be considered for reliable microbial challenge studies (Balasubramaniam et al., 2004).

6. Pressure–Temperature Response during Processing

During HPP, the temperature of food materials increases, as an unavoidable thermodynamic effect of compression (Ting et al., 2002). Figure 1.1 presents the typical pressure–temperature curve for a food sample subjected to high-pressure treatment. The temperature of the food sample increases because of physical compression (Figure 1.1, p1–p2).


Figure 1.1 Typical pressure–temperature response of a water-based food material undergoing high-pressure processing. Come-up time, t1–t2; holding time, t2–t3; decompression, t3–t4.
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The magnitude of temperature change (Figure 1.1, T1–T2) depends on the compressibility of the substance, thermal properties, initial temperature, and target pressure. For example, at 600 MPa (87,000 psi), the volume of a polar compound such as water is reduced by 17%. The maximum product temperature at the target process pressure is independent of the compression rate as long as heat transfer to the surroundings is negligible.

6.1. Pressure Come-Up Time

The time (Figure 1.1, t1–t2) required to increase the pressure of the sample from atmospheric pressure to the target process pressure is often defined as “pressure come-up time” (Farkas and Hoover, 2000). The process come-up time is primarily a function of the desired target pressure, the volume of the pressure vessel, and the horsepower of the pump–intensifier employed. Typical commercial-scale high-pressure equipment is designed to have a come-up time in the range of 2–3 minutes to reach 600 MPa (87,000 psi) (see Chapters 2 and 3). Longer come-up times add to the total process time by reducing the hourly cycling rate. This affects product throughput. Variation in come-up time may also affect the inactivation kinetics of microorganisms. Therefore, consistency and awareness of these times are important in the process development of HPP (Farkas and Hoover, 2000; Ting et al., 2002; Balasubramaniam et al., 2004).

6.2. Pressure-Holding Time

Once the desired pressure is reached, and assuming that there is no significant pressure drop in the system as a result of heat exchange with the surroundings, no more additional energy is added to the process. Thus, pressure-holding time (Figure 1.1, t2–t3) can be defined as the interval between the end of compression and the beginning of decompression. The products are held at the target pressure and temperature (if specified) for a predetermined holding time to achieve the desired microbial inactivation and/or quality.

The shortest processing time (<10 minutes) is often desired because process time has a significant effect on throughput (Balasubramaniam et al., 2004) (also see Chapter 3). Stability of product temperature during the holding time at pressure may depend on the insulation characteristics of the pressure vessel. If the equipment is not properly insulated, the temperature of the product decreases from T2 to T3 (Figure 1.1) during pressure-holding time (t2–t3) due to thermal exchange through the pressure vessel walls.

6.3. Decompression Time

The time (Figure 1.1, t3–t4) to bring a food sample from process pressure to near atmospheric pressure is often termed as “decompression time.” Most pressure equipments allow product to be decompressed in a few seconds. Certain food products may change their structure during decompression due to very rapid expansion of dissolved or occluded gas. If structural changes are undesirable, a slower rate of decompression may be considered. The rate of decompression can be controlled by inserting a smaller venting line or by other throttling means; however, this will increase the cycle time.

During decompression, the product temperature drops toward T4, which may be lower than its initial temperature value (T1). The difference between the sample initial temperature and final temperature after decompression (T1–T4) can be indicative of the extent of heat loss from the product to the surroundings during processing (Ting et al., 2002).

6.4. Cycle Time

The total time for loading, closing the vessel, compression, holding, and decompression and unloading is commonly referred to as the “cycle time.” The cycle time and the volumetric efficiency (i.e., the percentage of the vessel volume occupied by the product) determine the system throughput and the cost of the HPP treatment (see Chapter 3).

6.5. Process Pressure

“Process pressure” (Figure 1.1, p2–p3) refers to the holding pressure during the sample treatment. The accuracy of the pressure reading should be identified along with the pressure indicated. The recommended level of accuracy both to control and record pressure is ±0.5% (electronic) or ±1.0% (dial display) (Farkas and Hoover, 2000). Most mechanical Bourdon tube-type gauges lack good reliability under heavy use at elevated pressures. Strain gauges on the pressure vessel or displacement transducers on the external frame can be effective and reliable methods to measure pressure. It is recommended that at least two methods be used to measure pressure and an appropriate periodic calibration program should be in place (Balasubramaniam et al., 2004). A reference sensor or gauge should be available for periodic calibration of process instrumentation.


Figure 1.2 Different pressure–temperature regions yield different processing effects. Inactivation of vegetative bacteria, yeast, and mold (□), bacterial spores (◯), and enzymes (Δ) are also shown. A filled symbol represents no effect, and an open symbol represents inactivation.
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6.6. Product Initial Temperature

The initial temperatures (T1) of the product, the pressure-transmitting fluid, and the process vessel must be documented if the temperature is a specified condition for microbial inactivation during high-pressure treatment. For heterogeneous food samples, additional time may be needed to achieve temperature equilibrium within the sample. The high pressures used in food processing do not influence the type K thermocouple readings at temperatures below 500°C (Bundy, 1965). The reference thermocouple sensor should be located at a cold point or in an equivalent zone within the pressure vessel and calibrated to an accuracy of ±0.5°C (Farkas and Hoover, 2000). Standard methods and good laboratory practices regarding temperature measurement should be followed (e.g., Beckerath et al., 1998).

7. Treatment Effects during HPP

Depending on the pressure–temperature regime and duration of exposure, HPP can be used to deliver a variety of treatment effects on the food material. These include food pasteurization, sterilization, blanching, or freezing and thawing (Figure 1.2).

7.1. High-Pressure Pasteurization

Pasteurization treatment typically employs pressures in the range of 600 MPa (87,000 psi) at or near ambient temperatures for a specific holding time (Cheftel, 1995; Farkas and Hoover, 2000; Anon 2006). High-pressure pasteurization treatments inactivate pathogenic and spoilage bacteria, yeasts, and molds, but have limited effectiveness against spores
and enzymes (Figure 1.2). The extent of bacterial inactivation also depends on the type of microorganism, food composition, pH, and water activity. Gram-positive organisms are more resistant than gram-negatives. Significant variations in pressure resistances can be seen among strains (Cheftel, 1995; Smelt, 1998). Water activity has a major influence on the rate of microbial inactivation. This is discussed in detail in Chapter 5.

Examples of high-pressure pasteurized products commercially available in the United States, Europe, and Japan include smoothies, guacamole, deli meat slices, ready-meal components, poultry products, oysters, ham, fruit juices, and salsa (Dunne, 2005). Chapter 4 presents a review of commercial products currently available in the market.

7.2. High-Pressure Sterilization

During typical pressure-assisted thermal processing (PATP) (also referred to as “pressure-assisted thermal sterilization” or “PATS”), the food is subjected to a combination of elevated pressures and moderate heat for 1–5 minutes. One of the unique advantages of PATP is its ability to provide a rapid and uniform increase in the temperature of treated food samples. Uniform compression heating and expansion cooling on decompression help to reduce the severity of thermal effects encountered with conventional processing techniques. Inactivation of various bacterial spores by the combined pressure–temperature treatment is a topic of ongoing research. Prions are even more resistant than spores under combined pressure–temperature treatment (see Chapter 5 for additional discussion). Limited studies evaluated PATP conditions under which prions can be inactivated. For example, Brown et al., (2003) reported that elevated temperatures (121–137°C) and pressures (690–1,200 MPa) are required.

7.3. Quality of Pressure-Sterilized Products

PATP technology reportedly reduces process time and preserves food quality, especially texture, color, and flavor as compared to retorted products (Hoogland et al., 2001; Krebbers et al., 2002, 2003; Juliano et al., 2006). Preheating and subsequent heat transfer during combined pressure–thermal treatment can influence the quality of PATP samples (Nguyen et al., 2007) (Figure 1.3). During 2009, the Food and Drug Administration approved a petition for pressure-assisted thermal sterilization of low-acid products (Food Processing, 2009). Shelf-stable, low-acid foods processed by this technology are not yet commercially available; however, the technology has the potential for sterilizing heat-sensitive products such as soups, egg products, coffee, tea, and mashed potatoes.

7.4. Pressure Pulsing

Application of two or more pressure pulses (referred to as “pressure pulsing” or “oscillatory pressure treatments”) has been shown to be more effective (Meyer et al., 2000) than single pulse treatments with an equivalent pressure-holding time. Pulse treatment can be utilized for both food pasteurization and sterilization. The measure of improved inactivation by pulsed pressurization must be weighed against the design capabilities of the pressure unit, the added compression costs, added wear on the pressure unit, possible detrimental effects on the sensory quality of the product, and the additional time required for cycling.


Figure 1.3 Microstructures of (a) control, (b) pressure treated (700 MPa, 25°C, 5 minutes), (c) pressure-assisted thermal processed (700 MPa, 105°C, 5 minutes), and (d) thermal processed (105°C, 0.1 MPa, 30 minutes) carrot samples (Nguyen et al., 2007).
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7.5. Pressure Applications during Freezing and Thawing

Conventional freezing at atmospheric pressure may cause structural damage due to the formation of larger ice crystals. Rapid freezing using cryogens can induce cracking, possibly due to the initial decrease of volume from cooling and the subsequent increase in volume from freezing (Kalichevsky et al., 1995). As per the LeChatelier’s principle, pressure opposes reactions associated with volume increase such as the state change that occurs during the transition from liquid water to ice. This provides opportunities for pressure-assisted freezing and thawing, pressure-shift freezing, and pressure-induced thawing so that food material can be preserved under subzero temperatures without ice crystal formation (Figure 1.4) (Benet et al., 2004). During pressure-assisted freezing and thawing, the phase transition occurs under constant pressure (Figure 1.4, a-b-e-f or f-e-b-a). During pressure-shift freezing, the sample is cooled under pressure to below 0°C, but is kept in the liquid state. Once the desired temperature is reached in the product, the pressure is released (Figure 1.4, a-c-d-f). This results in super cooling and rapid ice nucleation. Researchers demonstrated that this can reduce the freezing point and can promote rapid ice nucleation and growth throughout the sample, thus producing small ice crystals. The process can result in a better preserved microstructure and texture and less drip losses than conventional frozen products (Otero et al., 2007). During pressure-induced thawing, a frozen product can be forced to the liquid state by applying pressure (Figure 1.4, pathway f-d-c-a). This facilitates faster thawing. Pressure-induced thawing is likely to have many applications in the food industry, especially for products in which significant sample deterioration occurs during thawing.


Figure 1.4 High-pressure application in freezing and thawing (Denys et al., 2001).
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7.6. Pressure-Assisted Blanching

Eshtiaghi and Knorr (1993) reported that HPP at or near ambient temperatures can be effectively used to blanch food products. This process is similar to hot water or steam blanching, but with much reduced thermal degradation. This can help minimize problems associated with water disposal. For example, the application of 400 MPa or 58,000 psi pressure at 20°C for 15 minutes blanched potato samples and provided a 4-log cycle reduction in microbial count while retaining 85% of the ascorbic acid. Complete inactivation of polyphenoloxidase was achieved when a 0.5% citric acid solution was used as the blanching medium. The addition of a 1% CaCl2 solution to the medium also improved potato texture. The leaching of potassium from the high-pressure-treated sample was comparable with a 3-minute hot water blanching treatment (Eshtiaghi and Knorr, 1993).

8. Properties of Food Materials under High Pressure

HPP requires knowledge of the pressure dependency of various thermal and physical properties such as thermal conductivity, specific heat, density, and viscosity of food materials to evaluate heat transfer within the processed volume. While pressure primarily affects the volume of the system, heat transfer can cause both volume and energy changes within the system. Knowledge of combined pressure–thermal effects on food properties can facilitate the understanding of the uniformity of pressure treatment on microbial safety and the quality of food material.

After the pioneering work of Bridgman (Bridgman, 1931), the properties of water under pressure were well documented. Data are available from the International Association for the Properties of Water and Steam (IAPWS). A software implementation of IAPWS work can be obtained from the US National Institute of Standards and Technology (NIST) (Harvey et al., 1996). Very limited information is available on properties of food materials under pressure because of the practical challenges associated with the in situ measurement of these properties at elevated pressures (Ramaswamy et al., 2005). The effect of pressure on the thermal conductivity, density, and viscosity of selected food materials is given in Figure 1.5. Thermal conductivity and density of material increase with an increase in pressure (Figure 1.5a and b). Water viscosity decreases from 0.1 to 200 MPa (14.5–29,000 psi), while the range of 300–600 MPa (43,500–87,000 psi) produces a slight increase of viscosity (Figure 1.5c). A further increase of pressure is associated with a drastic reduction in water viscosity.


Figure 1.5 Selected properties of food materials under pressure: (a) density of salmon fillet, tomato paste, and sunflower oil as a function of pressure at 25°C (error bars represent uncertainty of density data) (Min et al., 2009); (b) thermal conductivity values of selected liquid foods under high pressure (data points with error bars indicate mean ± standard deviation) (Ramaswamy et al., 2007); (c) viscosity of water under elevated pressures at 25°C (Harvey et al., 1996).
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8.1. Compressibility

During HPP of food materials, the gross structure of the food material is compressed. Compressibility is an intrinsic property of the material and is defined by the balance between attractive and repulsive potentials. Compression of a liquid decreases the average intermolecular distance and tends to reduce rotational and translational motion. Food material (e.g., orange juice) is considered to contain molecules that occupy space in excess of that needed for close packing. This excess is called “free volume,” and it is this volume that is reduced in initial compression (Rasanayagam et al., 2003). At elevated pressures, when the free volume has largely disappeared, a reduction in the van der Waals dimensions may occur and the compressibility is greatly diminished. Isothermal compressibility (β) is defined as the relative change in volume (V) with pressure (P):

(1.4) [image: Numbered Display Equation]

Very limited information is available on the compressibility of food materials under pressure. The temperature of the food substances also changes during physical compression (Ting et al., 2002) (Figure 1.1). This temperature change causes thermal expansion of the material. The thermal expansion coefficient (α) is another thermodynamic property that provides a measure of the amount by which the density changes in response to a change in temperature at constant pressure:

(1.5) [image: Numbered Display Equation]

Denys et al. (2000a) reported the thermal expansion coefficient of apple sauce and tomato paste at different combinations of temperature and pressure. The values were lower than that of pure water under these process conditions.

8.2. Heat of Compression

The instantaneous temperature change in materials during compression or decompression is often called the “heat of compression” (Otero et al., 2000; Rasanayagam et al., 2003; Ardia et al., 2004). The heat of compression can be estimated theoretically using the equation:

(1.6) [image: Numbered Display Equation]

where α, T, ρ, and Cp represent the thermal expansion coefficient, temperature, density, and heat capacity at constant pressure, respectively. Equation (1.6) is strictly applicable only to small pressure changes (Otero et al., 2000). An accurate estimation of volumes (Equation (1.3)) or thermal expansion (Equation (1.4)) under pressure is difficult to obtain due to challenges associated with developing reliable sensors and instrumentation that can withstand elevated pressure conditions. Alternatively, researchers often estimate the heat of compression values experimentally by directly monitoring temperature changes in the substance during compression or decompression (Otero et al., 2000; Rasanayagam et al., 2003; Patazca et al., 2007). Most foods exhibit a compression-heating behavior very similar to that of water, because water is usually their main ingredient. Among the food constituents, water, being a compact polar molecule, has the least heat of compression value under pressure (3°C per 100 MPa at 25°C) (Table 1.3). Nonpolar fats and oils with long-chain fatty acids have higher heat of compression values (up to 9°C per 100 MPa) (Table 1.4).

Table 1.3 Estimated compression heating factors (°C per 100 MPa) of water at various initial temperaturesa




	Initial Sample Temperature (°C)
	Heat of Compression Factor (°C per 100 MPa)





	 0
	1.6



	15
	2.5



	30
	3.0



	45
	3.5



	60
	4.0



	75
	4.6



	90
	5.3



	a Estimated using NIST ASME software (Harvey et al., 1996).




Table 1.4 Heat of compression for various foods pressure treated at 25°Ca

Source: Otero et al. (2000), Rasanayagam et al. (2003), and Patazca et al. (2007).




	Substance at 25°C
	Temperature Change per 100 MPaa






	Juice, tomato salsa, 2% fat milk, cream cheese, and other water-like substances
	3.0



	Tofu
	3.1



	Egg albumin
	3.0



	Mashed potato
	3.0



	Yogurt
	3.1



	Honey
	3.2



	Salmon
	3.2



	Chicken fat
	4.5



	Water/glycol (50/50)
	From 4.8 to 3.7



	Beef fat
	6.3



	Olive oil
	From 8.7 to 6.3



	Soy oil
	From 9.1 to 6.2



	aWhile the initial temperature does not influence heat of compression values for fatty substances, the values increase with initial temperature for water-based foods (see also Table 1.3).




While for water, the heat of compression values increases with an increase in its initial temperature (Table 1.3); values of fats and oils are not much influenced by the initial temperature (Table 1.4). Proteins and carbohydrates have intermediate heat of compression values. The differences in the thermal response of water, fats, and oils can be attributed to their molecular structure and phase transition characteristics. If heats of compression values for various food constituents are known, the average temperature (T2) of the test sample at the beginning of pressure-holding time can be estimated using simple mixture rule shown in the following equation:

(1.7) [image: Numbered Display Equation]

In this equation, T1 is the sample initial temperature, M is the total mass, Mi is the mass of individual constituents, and P is the applied pressure. ΔTH is temperature gain (or lost) between the test sample and the surrounding during product loading within the pressure chamber and pressurization. For example, if a product, consisting of several constituents at an initial temperature of 75°C, is compressed to 700 MPa (101,500 psi), it could reach a maximum process temperature of approximately 106°C as a result of compression heating. This temperature will be the average of the combined heats of compression of the several constituents present in the sample. The above example only considers the temperature change in the product as a result of the heat of compression and assumes no heat exchange with the surroundings. However, in practice, heat exchange is likely to occur. Temperature changes resulting from heat transfer (∆TH) between the product and external factors such as compression fluid, pressure vessel, and the environment must be empirically determined by actual test. The time-dependent heat transfer between the test sample and the surrounding factors during the product loading, compression, and holding phase must be considered. It is worth noting that measured ∆TH values are likely influenced by the insulation characteristics of the pressure equipment used, operator skill, and process conditions employed. Once ∆TH values are determined, the initial sample temperature can then be suitably adjusted to achieve the desired final product temperature (Nguyen et al., 2007).

8.3. Thermal Conductivity

There are a limited number of studies reporting the thermal conductivity (k) of food materials under pressure. Denys and Hendrickx (1999) studied the k of tomato paste and apple pulp at pressures up to 400 MPa (58,000 psi). Zhu et al. (2007) studied k values of potato and cheddar cheese at pressures up to 350 MPa (50,750 psi) at 5°C. These foods showed a thermal conductivity increase with an increase in pressure. The increase in thermal conductivity was influenced by the amount of moisture present in the food material. Ramaswamy et al., (2007) reported on the thermal conductivity of selected liquid foods under pressure. Water and water-like substances (apple juice) were found to have the highest k values (up to 0.82 W/m°C at 700 MPa (101,500 psi) and 25°C), while fatty foods such as canola oil and clarified butter had the lowest values (0.29–0.40 W/m°C, respectively, at 700 MPa and 25°C). Honey and high-fructose corn syrup had intermediate values (Figure 1.5b). The estimated k values of all the food materials tested under pressure were higher than the corresponding k values of materials under atmospheric pressure (Ramaswamy et al., 2007).

8.4. Specific Heat

The specific heat values of foods at atmospheric pressure are measured using techniques such as the method of mixtures or differential scanning calorimetry. However, there is very limited literature using these techniques for estimating specific heat values of food materials under high-pressure process conditions. Data on the specific heat of pure water, as a function of elevated pressure and temperature, are readily available through the NIST database (Harvey et al., 1996). These values are approximately 10% lower than those estimated at ambient pressures. In the absence of experimental data, researchers often ignore the effect of pressure on specific heat in heat transfer calculations.

8.5. Density

When a food material is processed under pressure, there can be a significant decrease in the volume of the product. This decrease is due to a reduction in the “free volume” between molecules and the compacting of voids occupied by gases. These changes can, in turn, influence temperature process uniformity during HPP. The density of a material under pressure can be estimated by determining its change in volume under pressure and its mass. Density is then calculated as the ratio of mass to volume. The volume change of a material under pressure can be estimated by using a linear velocity differential transducer (Bridgman, 1931). Changes in sound velocity have also been used to measure density under pressure (Kovarskii, 1993). Denys et al. (2000a, 2000b) estimated the density of food materials using a bulk volume displacement method. Density of selected food materials was measured by a variable piezometer at 25°C up to 700 MPa (Min et al., 2009) (Figure 1.5a)

8.6. pH

During HPP, the pH of food materials, in general, shifts toward a lower pH value as a function of applied pressure. The direction of pH shift and its magnitude depends on the food composition. For a simplified model, the dissociation of acid HA can be described by the equation:

(1.8) [image: Numbered Display Equation]

The dissociation of HA is accompanied by a reduction in volume due to the more compact packing of solvent around the charged ions as compared to the uncharged HA molecule. As per LeChatelier’s principle, the dissociation of HA is favored by an increase of pressure, and as a result, the pH of a solution is reduced. El’Yanov and Hamann (1975) developed a theory on the dependency of a dissociation constant on pressure. This dependency is given by the following equation:

(1.9) [image: Numbered Display Equation]

In this equation, pKa is the dissociation constant, ∆V0m is the molal volume change between associated and dissociated forms of buffering acid in solution, R is the universal gas constant (8.314
J/mol K), b is a universal constant (9.2 Pa−1), p is pressure, and superscript 0 denotes values at atmospheric pressure. Heremans (1995) reported that apple pH decreased by 0.2 unit with 100 MPa increase in pressure. For a neutral pH phosphate buffer, a pressure of 68 MPa (9,860 psi) results in a decrease of 0.4 pH unit (Johnson et al., 1954). The prediction of pH change during HPP in various foods can be complicated by the composition and the unknown equilibrium constants. More research effort is needed in this area, and pH-measuring instruments that operate under pressure would aid these studies.

9. Process Uniformity during HPP

Combined pressure–heat treatment can provide either synergistic or antagonistic effects on the microbial safety and quality of the processed product. Thus, similar to traditional thermal processing, identification of the least processed volume (“cold-spot”) during HPP will help ensure safety of the processed foods. Knowledge of the least processed volume within a pressure chamber is especially critical for high-pressure sterilization of low-acid, shelf-stable foods. Although both pressure and temperature can contribute to HPP process nonuniformity, for food processing calculations, pressure is assumed to be uniformly transmitted throughout the
processed volume.

A number of factors can influence heat transfer-related process nonuniformity within a pressure chamber. These include the design of the pressure equipment as well as the geometry and insulation characteristics of the pressure chamber (Hartmann et al., 2004). The size of the pressure chamber will affect the rate of change of temperature gradients within the vessel. Larger size pressure vessels likely have slower temperature gradient changes.

The type of pressure-transmitting fluid used strongly influences temporal and spatial temperature distributions. During HPP, the temperature of the food material and the pressure-transmitting fluid increases as a result of physical compression. Subsequently, transient heat exchange takes place among the sample, the pressure-transmitting fluid, and the pressure chamber walls. The resulting temperature gradient in the system can also lead to density differences within the pressure-transmitting fluid and can, consequently, induce free
convection (Hartmann, 2002; Otero et al., 2007). Redistribution of momentum and energy may then occur, and this fluid motion strongly influences the temporal and spatial distribution of temperature. Transient temperature and velocity fields also strongly influence each other. The viscosity of pressure-transmitting fluids is another important factor in process uniformity (Hartmann and Delgado, 2002). Fluid viscosity strongly affects the convective transport phenomenon, which contributes to the temporal and spatial distribution of temperature inside the pressure chamber.

The ratio of sample to vessel chamber volume, the size and shape of the package, and the insulation properties of the packaging material can influence the process uniformity due to temperature gradients during HPP (Otero et al., 2007). The packaging material can act as a heat barrier to maintain an “adiabatic” condition of the packed foods (Hartmann and Delgado, 2003). Heat of compression of food material and other relevant thermophysical properties can also influence the process uniformity (Ramaswamy et al., 2005).

10. Modeling Process Uniformity

The determination of temporal and spatial temperature distributions within a high-pressure chamber is dependent on the thermofluid dynamic effects. The process temperature and pressure gradient developed during HPP can be modeled by solving equations for conservation of mass, momentum, and energy. The treatment effect on the product can then be considered by including these gradient temperatures and pressures in relevant equations for microbial or enzymatic kinetics. Denys et al. (2000a) used residual enzyme activity and a numerical heat-transfer model for evaluating process uniformity in apple sauce and tomato paste. The residual enzyme activity distribution appeared to be dependent on the inactivation kinetics of the enzyme under consideration and the pressure–temperature combination considered. Hartmann et al. (2003) studied the influence of heat and mass transport effects on the uniformity of high-pressure-induced microbial inactivation. Their results showed that the effective inactivation rate increased with the increase in size of the high-pressure vessel. However, a more than one log variation in the residual surviving cell concentration could be observed, depending on the package material used, and the position and arrangement of the packages in the vessel. Hartmann et al. (2004) studied the thermofluid dynamics and process uniformity of HPP in a laboratory-scale autoclave using experimental and numerical simulation techniques. Ghani and Farid (2007) proposed a simulation study of heat transfer during HPP of food using computational fluid dynamics.

11. Approaches to Minimize Process Nonuniformity

Several approaches have been proposed to minimize thermal nonuniformity during pressure treatment. Temperature control of the product, package, pressure-transmitting fluid, and the pressure vessel for each cycle during HPP is critical (Farkas and Hoover, 2000). It is also important to consider the heat of compression of the various materials (e.g., food, pressure-transmitting fluid, and package) and target pressure. The initial temperature of the materials can then be adjusted to minimize thermal gradients during pressure-holding time (Ting et al., 2002; Balasubramaniam et al., 2004). In addition, use of an external temperature control jacket for heating or cooling can help minimize temperature gradients within the system. Thermal insulation of the inner wall of the pressure chamber can also aid process uniformity (Hartmann et al., 2004). Finally, the selection of appropriate packaging materials can contribute to better thermal uniformity during HPP. For example, a high degree of uniformity can be achieved when packaging materials with good insulating characteristics are used (Hartmann and Delgado 2003, 2005).

12. Conclusion

HPP of foods offers a commercially viable alternative for food processors to preserve a variety of food materials with reduced thermal impact. Depending on the combination of pressure and temperature used, a variety of treatment effects, including freezing and thawing, pasteurization, sterilization, and blanching, are possible. The technology has been found to be effective for the control of a variety of pathogenic vegetative bacteria including Salmonella, Escherichia coli, and Listeria at room or modest temperatures. Combined pressure–thermal treatment demonstrated that spores could be inactivated. Although more research is needed to evaluate process uniformity and estimate in situ properties of food materials under pressure, HPP has demonstrated a significant advance in the quality of preserved foods.
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Chapter 2

High-Pressure Processing Equipment Fundamentals

Edmund Ting

1. Introduction

Early high-pressure researchers conducted their experiments in primitive steel and cast iron pressure vessels. These were designed without the benefits of modern engineering theory and materials. Danger was ever present because of equipment failures that could lead to the release of stored mechanical energy in flying objects as well as the release of potentially hazardous substances. During the late 1940s and early 1950s, theories of metal fatigue became well established. Advances in materials processing during this period resulted in advanced structural materials allowing for much safer high-pressure equipment. Today, the combination of advanced stress analysis, fracture mechanics, nondestructive inspection, high strength–high fracture toughness materials, and a century of experiences allow engineers to design and build higher pressure, larger volume, and safer pressure systems than ever before.

As commercial applications for high pressure increase, food processors interested in the use of high-pressure processing (HPP) need to understand the technology to be able to select and operate high-pressure systems in a cost-effective and safe manner. Every system consists of multiple subcomponents. This chapter describes the major components of modern HPP systems. It is not possible, nor is it intended, for any one to use this chapter to select or design high-pressure equipment. This chapter describes how pressure vessels are designed, constructed, and operated. The chapter also covers the necessary pump-intensifiers, closure systems, and controls so that persons interested in the commercial use of HPP can have a good basic understanding of the entire system.

2. Pressure Vessels and Their Materials and Methods of Construction

In every high-pressure system, there are components or parts of components which are loaded to high stress. Most of the time, these stresses are not sufficient to break the component outright on the first cycle. However, repeated loadings may result in the failure of the component. This “fatigue damage” is illustrated by repeatedly bending a steel paper clip. While most people cannot break the paper clip in one bend, after 10–50 bend reversals, the paper clip will break in half. This illustrates the principle of metal fatigue.

For any given stress, the number cycles a highly stressed part can endure is related to the strength of the materials of construction and the sensitivity of these materials to cracking. Unfortunately, most high-strength materials do not have good resistance to cracking. An example of a high-strength material with poor cracking resistance is the ceramic alumina. Alumina ceramic can tolerate very high stress, but once a crack forms, crack growth will be very fast and unpredictable. Thus, strong but brittle materials are not suited for pressure vessel construction. For all practical purposes, pressure vessels operating at pressure above 275 MPa (40,000 psi) are typically made from high-strength steel alloys with high fracture toughness.

Resistance to wear is another very important materials and design factor. Many highly stressed parts are also in relative motion with mating parts. The tribology (friction wear) between these parts can play a significant role in surface damage and subsequent crack initiation. The choice of materials that contact each other can play an important role in how each material will behave. For example, while there are many materials that have good tolerance to high stress, they might not be adequate under repeated loading and rubbing contact with certain other materials. Additionally, under the high stress of high-pressure equipment, the use of identical materials in rubbing contact is frequently undesirable as this can lead to cold welding of the parts.

Corrosion is also an important factor in components, which are subject to water contact. Many early pressure vessels required the use of nonrusting liquid compression media such as oils. The use of oil greatly affected the high-pressure process because of the greater compression heating characteristic of oils. During adiabatic compression, many oils can show compression heating of up to 10°C per 100 MPa (14,500 psi). Thus, compression to 1,000 MPa (145,000 psi) with an oil may cause a resulting temperature rise of up to 100°C. This makes the separation of pressure and thermal effects difficult when food is being treated. More data on heat of compression of various food materials is presented in Chapter 1.

Since food-processing equipment is subject to frequent washing and sanitizing, even water-compatible materials of construction, such as certain stainless steels, may be subjected to corrosion. Under corrosive conditions, certain otherwise very-high-strength materials are susceptible to becoming brittle and to easy cracking. Most importantly, in some situations, the pressure vessel material may come into direct contact with food acids or corrosive food products. In these situations, the suitability of materials of construction from the chemical and regulatory (Food and Drug Administration [FDA]) points of view needs to be considered.

3. Pressure Vessel Design

In the late 1800s, when Hite and his colleagues did their work (Hite et al., 1914), a pressure vessel was just a thick wall cylinder. Modern pressure vessels and closure systems can be a complex of parts. The construction of the vessel may use one of three common approaches depending on vessel operating pressure and diameter. The three cylindrical vessel construction methods are a single forged monolithic chamber, a series of concentric tubes shrunk fit on each other to form a multiwall chamber, and a stainless steel core tube compressed by a wire winding.

The monolithic or “monoblock” vessel is the simplest to make. At pressures less than 400 MPa (58,000 psi) and internal diameters less than 15 cm (5.9 inches), these are generally the least expensive to fabricate. The fatigue life of these vessels can be significantly increased by the use of autofrettage. Autofrettage is a fabrication method in which the pressure vessel is subjected to an enormous overpressure. This overpressure causes the region nearest the inside wall to undergo plastic deformation and the outer region of the vessel to shrink slightly. This puts the internal region of the vessel into compressive residual stress after the removal of the overpressure. The presence of a high compressive stress in the inner wall makes it difficult for cracks to grow, and fatigue life could be greatly enhanced. For vessels operating at very high pressures, it is difficult to create the high overpressures needed for autofrettage. Also, for large diameter chambers, thicker walls are needed. As the vessel wall thickness is increased, it becomes progressively more difficult to apply the right heat treatment to obtain the optimum mechanical properties. For all practical purposes, single wall, monolithic, vessels are not possible at pressures above 400 MPa (58,000 psi) and diameters above 15 cm (5.9 inches).

Multiwall pressure vessels can achieve the needed compressive residual stresses on the inside wall with an interference fit. This is achieved by shrink fitting one or more concentric cylinders, of increasing inside diameter, over the inside cylinder. The amount of interference, or residual compression force on the inner cylinder wall, is controlled mainly by the thermal or mechanical expansion of the materials of construction. Multiwall chambers have an important advantage over autofrettaged monolithic chambers as in that crack propagation in multiwall chambers is physically limited to each layer of the chamber. Thus, an internal crack starting at the inner wall will not lead to a situation where the compressed contents can leak explosively from the vessel into the workspace. Thus, multilayer vessels are typically safer than single wall vessels and are generally designed to a “leak before break” code standard.

Wire wound pressure vessels generate their compressive residual stress on the inner cylinder wall by layering of high-strength wire under tension. The wire is wound onto a thin wall core of the pressure vessel. The advantage of wire wound pressure vessels is that the strength of the wire is independent of the size of the cylinder that is being wound. As a result, the physical properties of the wire can stay very high without concern for heat treating. The wire wound vessel shares, with the multiwall vessel, the added safety advantage of having a leak before break construction. A crack cannot grow continuously and uninterruptedly from the inside wall to the outside of the vessel. Additionally, wire wound vessels may weigh less than a multiwall vessel of equal capacity. Vessel weight is an important consideration during shipping and installation. Currently, the highest operating pressures and largest diameter pressure vessels are made using wire winding technology. While wire wound vessels may be considered to have cycle lives measured in the millions of cycles, there is a finite cycle life of the core cylinder. The core cylinder may require periodic replacement due to formation of small cracks. The need for periodic core cylinder replacement is an added operating cost for wire wound vessels used in food processing. Typically, a food-processing vessel may be subjected to 50,000 or more cycles per year (see Chapter 4 for discussion of operating cost).

4. Vessel Closures

HPP vessels used in food processing require rapid closing and opening systems that allow rapid loading and unloading of the vessel. Closure design is a major materials handling and safety concern. The challenge of rapidly opening and closing a large pressure vessel closure is proportional to the diameter and operating pressure of the vessel. For example, a vessel with a 38 cm (15 inches) diameter closure has a cross sectional area of 1,136 cm2 (176 sq inches). If the vessel is designed to operate at a pressure of 680 MPa (98,600 psi), the force acting on the closure is over 8,000 metric tons, roughly the weight of 20 fully loaded 747 aircraft.

Small diameter or lower pressure systems can use the vessel cylinder wall to carry the loads from the closure. These vessels typically use threaded- or breech-type closures or in some cases a pin closure. The pin passes through the vessel wall through the closure, and through the opposite side of the vessel. The closure loads are added to the pressure loads acting on the pressure vessel walls. Threaded closures are very reliable at lower pressures. However, if threaded vessels are abused or subjected to neglect, the threaded portion of the cylinder or closure could be subjected to cracking. Since a threaded closure crack typically will not result in leakage, these cracks can grow unnoticed to the point of failing, resulting in a rapid release of compressed energy into the workspace. This becomes a major catastrophe if the pressure vessel stores substantial energy.

At higher pressures and at larger diameters, closure loads become so large that a secondary structure is required to carry the closure loads. This secondary structure typically is an external frame or yoke made of high tensile strength steel or a wire wound frame in the shape of a yoke. For this reason, all high-pressure food-processing vessels use a secondary structure to hold the end closures in place (Figures 2.1 and 2.2).


Figure 2.1 Typical small pressure vessels using a threaded closure. (Photo courtesy of Pressure Biosciences Inc.) (For color detail, see color plate section.)
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Figure 2.2 Wire winding can be used for both the pressure vessel and the yoke to support the end closure force. (Photo courtesy of Avure.) (For color detail, see color plate section.)
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Since the frame or yoke is subjected to high-stress cycling, some frames are constructed with prestressed steel to better resist cyclic loading. Prestressed frames are produced with pretensed tie-rods or wire wound yoke structures.

5. Operating Temperature Considerations

Most materials used in the construction of pressure vessels operating between 0 and 80°C perform without any problems. If pressure vessels are subject to very low temperatures, more than 20 degrees below 0°C, the fracture behavior of the vessel construction material can change and operating pressures must be reduced. At temperatures above 100°C, the beneficial residual compressive stresses added to the vessel during design or manufacturing can relax and operating pressures must be reduced. It is for these reasons that all pressure vessels designed to American Society of Mechanical Engineers (ASME) Codes are stamped with a safe temperature range of operation in addition to their safe maximum operating pressure.

Food processors considering the use of high-pressure treatments must specify both the maximum operating working pressure needed and the lowest and highest operating temperatures needed (see Chapter 1 on typical process conditions employed in various food process operations). These specifications allow pressure vessels to be designed and constructed, using special steels, gaskets, seal materials, and modified construction methods, to accommodate the temperature and pressure range needed.

6. Pressure Vessel and Yoke Orientations: Vertical, Horizontal, and Tilting Systems

Pressure vessels, and their associated closure retaining yokes, can be operated at any desired angle of repose from horizontal to vertical. Units are available that tilt to receive product through the top opening, swing to a vertical position to engage a yoke during pressure treatment, and then tilt to release treated product from their bottom opening (see Figure 2.3).


Figure 2.3 Pressure vessels, and their associated closure retaining yokes, can be operated at any desired angle of repose from horizontal to vertical. Units are available that tilt to receive product through the top opening, swing to a vertical position to engage a yoke during pressure treatment, then tilt to release treated product from their bottom opening. (Photo courtesy of Elmhurst.) (For color detail, see color plate section.)
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Historically, large pressure vessels have been built to operate in the vertical position and are loaded and unloaded through their top opening Figure 2.4.


Figure 2.4 Historically, large pressure vessels have been built to operate in the vertical position and are loaded and unloaded through their top opening. (Photo courtesy of Avure.) (For color detail, see color plate section.)
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Figure 2.5 A second-generation yoke-based system with a 215 L volume which operates at a pressure of 600 MPa (87,000 psi). It is vertically orientated to minimize floor space. A high power pump–intensifier is located below the loading and unloading area. (Photo courtesy of Avure.) (For color detail, see color plate section.)
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Figure 2.6 A third-generation 350 L volume, 600 MPa (87,000 psi) system that is capable of a 2,300 kg (5,000 pounds) per hour throughput. It is easily integrated into a horizontal product delivery subsystem. (Photo courtesy of Avure.) (For color detail, see color plate section.)
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The vertical orientation enables a simple vertical hoist to be used for loading and unloading a carrier containing the product. Vertical orientation facilitates vessel placement inside a barrier to protect operators. Gas-filled pressure vessels operating at high pressures are usually placed in a pit to direct an explosive release of gas upward. Water-filled systems used in food processing operate with substantially less stored compression energy, and simple shielding against high-pressure leaks can provide the necessary worker safety.

In practice, the available ceiling height of the area, into which the pressure chamber is being installed, may dictate the orientation of the vessel (Figures 2.5 and 2.6). A horizontal orientation may make product movement in and out of the pressure vessel easier to integrate into a production line if ceiling height is a limitation and process floor space is available. From a pressure vessel point of view, while orientation has little effect on pressure performance, it has a major effect on product loading and unloading and compression water handling.


Figure 2.7 The density of water is plotted against pressure under adiabatic compression conditions. Starting condition is at 23°C.
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7. Pump–Intensifiers and Supporting High Pressure Components

All large pressure vessels require an external pump-intensifier system to achieve the designed operating pressure as quickly as possible. These pump-intensifier systems use an electric motor to drive a lower pressure pump to compress the hydraulic fluid that drives the intensifier used to compress the water entering the process vessel. The intensifier uses low-pressure hydraulic fluid to drive a large diameter piston. This piston is connected to a small diameter piston, which delivers the high pressure water to the vessel. For example, if the ratio of the area of the large piston to the small piston is 20:1, then 34 MPa (4,900 psi) on the large piston becomes 680 MPa (98,600 psi) on the small piston. With noncompressible liquids, the volume of liquid delivered to the large piston is 20 times the volume of the liquid delivered from the small piston. Since water at 680 MPa (98,600 psi) is compressed about 18%, the major energy consumption in operating an intensifier is in water compression at the higher operating pressures. Figure 2.7 shows the compressibility of water with pressure. The shape of the compressibility curve suggests using a two-stage intensifier with the 2nd stage operating from 400 MPa (58,000 psi) to 680 MPa (98,600 psi).

The design of reliable and easy-to-maintain pump–intensifier systems is a complex task since an intensifier must cycle many times from atmospheric to operating pressure to deliver the necessary compression water to the vessel. Historically, the cost and time spent on system repair and maintenance mostly will be associated with pump–intensifier issues. Pump intensifiers are under continuous improvement to meet the needs of the food processing industry where pressure vessels are expected to operate in the range of 50,000–100,000 cycles each year.

8. Control Systems

Other than controlling the operation of the pump–intensifier and closures, a control system can be required to keep processing records and control-automated product movement. Depending on the requirements, the control system can be a complex and expensive part of an operating high-pressure installation. Electronic record keeping, as regulated by the FDA, will need to meet strict software development standards. Control hardware must be designed to operate in a food plant environment, must be easily cleaned and sanitized, and be user friendly.

Processing conditions such as pressure and temperature may need to be monitored with certifiable certainty. National Institute of Standards (NIST) sensor traceability and sensor redundancy will likely be required for certain processes. For example, pressure transducer drift or failure modes must be anticipated and addressed when HPP is defined as a critical control point in a hazard analysis critical control point (HACCP) program. When product movement is automated, product bypass of the pressure treatment must be prevented. The use of batch or individual bar codes or Radio Frequency Identification (RFID) tags might be needed to track and certify product movement. In some situations, pressure-sensitive indicators may be attached to product carriers or individual products to give a positive indication of high-pressure exposure.

9. Other System Considerations

The effectiveness and uptime of a HPP system depends on the effectiveness of many subsystems ranging from the quality and temperature of the process water to the type, size, and shape of the packages being treated. Packaging must be designed to optimize loading volumetric efficiency to achieve cost-effective utilization of the pressure vessel. This is discussed in detail in Chapter 3. When the product is removed from the pressure vessel, it has to be dried and overwrapped for distribution. The extent of automation selected for loading and unloading the pressure vessel, drying the treated product, and overwrapping treated packages for distribution will reflect the production and marketing needs of the company producing the product.

10. Laws Regulating the Installation and Operation of High-Pressure Equipment

In many locations, the operation and safety of high-pressure food processing vessels come under state and city regulations for boiler inspection and operation. These laws are passed by each state or local government and can vary significantly in coverage and requirements. While many states have adopted ASME’s Section 8 Division 3, “Alternative Rules for the Construction of Pressure Vessels” as legal standards, many states also have exemptions from regulations for certain smaller pressure vessels (ASME, 20092009). Some states, such as Texas, do not have pressure vessel laws. Technically, in these states, pressure vessels are not subject to inspection or regulation regardless of pressure or volume. For most states, meeting ASME Section 8 Division 3 requirements, as shown by an ASME Code stamp on the pressure vessel, is sufficient for compliance. ASME Section 8 Division 3 construction rules identify the allowable stress analysis methods for pressure vessel design, approved materials, testing methods, and other engineering practices. Additional Occupational Safety and Health Administration (OSHA) regulations need to be addressed in any industrial plant. For states without pressure vessel laws, OSHA general laws may cover pressure vessel safety. All pressure vessels used in commercial food processing should carry a stamp indicating that they have been designed, constructed, tested, and certified to operate at their designed pressure and temperature range.

In Europe, the safety of high-pressure equipment design and operation is subject to Pressure Equipment Directive (PED 97/23/EC). The PED allows a common standard to apply to all of the EU nations. Similar to the ASME Section 8 Division 3, the PED provides safety elements for design, manufacturing, materials of construction, testing, and other engineering practices. In the EU, certain other regulations, such as EMI, must be addressed in order to achieve the mandatory overall CE mark.

11. Conclusion

The use of HPP systems for the preservation of foods has taken its place along with other preservation technologies such as steam retorts, aseptic filling, and ammonia freezing systems. Design and operating codes ensure safety of HPP systems. Commercial pressure vessels and pump–intensifier systems have shown their reliability and safety over millions of cycles of operation to yield millions of kilograms of pressure-treated products. Pressure vessel, closure technology, and pump–intensifier systems continue to benefit from ongoing research and development by equipment companies, suppliers of valves, tubing, and seals, and by university research programs.

The expansion of HPP has resulted in lower processing costs as pressure vessel and pump–intensifier costs are reduced due to increased demand for systems. It is expected that HPP will continue to capture an increasing share of the refrigerated foods market due to the increased quality, safety, and shelf life of these foods.
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Chapter 3

High-Pressure Processing Pathways to Commercialization

Daniel F. Farkas

1. Introduction

Pressures from 200 to 700 MPa (29,000–101,500 psi) applied at or near room temperature can pasteurize low-acid foods and can commercially sterilize acid foods. Treatments do not depend on the size, shape, or composition of the food and the package as the effects of high pressure are transmitted through the package and food instantaneously and uniformly. High pressure does not break covalent bonds and, thus, flavors, colors, and nutritional values are conserved. High pressure can cause protein unfolding between 0 and 40°C. For example, pressure-treated meats appear denatured, but retain their raw flavor. Food spoilage enzymes are only partially affected by pressure treatments used for preservation. High pressure does not inactivate microbial spores and some viruses at or near room temperature.

During compression, high-moisture foods (aw ∼1) show a temperature increase of about 3°C for each 100 MPa (14,500 psi). Upon decompression, the temperature returns to the initial value, less any heat lost by the compression fluid to the vessel wall. At 600 MPa (87,000 psi), water volume is decreased by about 17%. Food packaging must be designed to accommodate this decrease in volume on compression, and should be able to expand to its original volume on decompression.

Commercial high-pressure food-processing equipment includes a pressure vessel, a vessel closure system, a high-pressure water pump–intensifier, controls, and instrumentation for process verification. Ideally, automated materials handling systems feed packages to the pressure vessel and remove treated packages upon decompression. Means must be provided to prevent untreated packages from bypassing pressure treatment.

The cost of high-pressure processing per unit of packaged product is determined by two factors. The first is the volumetric efficiency of the pressure vessel. Volumetric efficiency is determined by the volume of packages treated in each cycle divided by the available volume of the pressure vessel. Volumetric efficiency can be related to the diameter and the length of the pressure vessel, but must be determined experimentally with actual packages of product to be treated. The second factor is the number of compression cycles the high-pressure system can deliver per hour. The inherent high cost of high-pressure processing equipment requires careful planning to ensure maximum product throughput while minimizing operating costs for labor, utilities, repair, and maintenance. A volumetric efficiency of 75% or higher is desirable for commercial, high-pressure-treated, packaged food products. Cycle times of commercial high-pressure vessels can range from 6 to over 10 cycles per hour, assuming a hold time of 3 minutes at pressure. A higher number of cycles per hour can be achieved by rapid vessel loading and discharge, and by using higher horsepower pump–intensifiers to minimize the time needed to bring the vessel to the desired treatment pressure. Prepackage vacuum treatment to occluded gases and vacuum packaging of foods is essential to eliminate package headspace gas. Occluded and headspace gas reduces volumetric efficiency and increases the compression time.

This chapter provides an analysis of cost and technology for the food companies considering the use of high-pressure food preservation.

2. Planning for High-Pressure Equipment Production Needs—Product Technical Plan

The decision to use high pressure as a commercial preservation method must be based on a technical and business plan. Cost data must be generated by a carefully planned and executed technical plan. Unit product treatment costs must meet identified financial, product, package, operating, and marketing criteria established in the product business plan.

The technical plan must supply accurate data for required high-pressure treatment conditions including product composition and bulk density, package shape and size, treatment pressure and hold time at pressure, product pH, and desired treatment temperature. Package shape and size must be specified so that an accurate pressure vessel volumetric efficiency can be estimated. However, accurate processing requirements can be determined using pilot plant equipment. Product prepared on pilot plant equipment can provide data on sensory qualities, shelf life, microbial safety, quality changes during storage, and product–package interactions. This information can be applied directly to commercial equipment.

Actual volumetric efficiencies must be determined by tests on full-scale equipment using production line packages of product. The product must be prepared under final production conditions to reflect the true bulk density of filled and sealed packages. Volumetric efficiency is a critical cost factor and every effort must be made to obtain a package–product–pressure vessel combination that will maximize volumetric efficiency. The bulk density of each package should be made as high as possible by removing occluded and headspace gases during the preparation, filling, and sealing operation. The bulk density of the filled packages should be optimized and the design size and shape of the package must maximize volumetric efficiency. Additionally, if product temperature during compression, holding, and decompression is a critical part of process lethality, temperatures must be measured at selected locations in the vessel. These measurements must use actual product and a known controlled initial temperature (IT) for the product, compression fluid, and the vessel walls. Interior vessel walls can be insulated to reduce heat loss. Certain polymers used to insulate the interior walls of the vessel may achieve a higher temperature than the compression of water due to compression heating.

3. Product Business Plan

Marketing criteria can be developed through the pilot plant production of focus samples in sufficient quantities to determine consumer acceptance, price points, storage shelf life, handling requirements during distribution, package requirements, and labeling. The overall production cost of a unit of product will be determined by the commercial high-pressure processing system selected. Costs are determined by actual volumetric efficiency, equipment cycle rate per hour, uptime of the system, labor, repair, maintenance, floor space, and utility requirements. For example, compression water quality, temperature, and volume can be calculated and plans can be made for recycled water reconditioning.

High-pressure food treatment pilot plant facilities are available at universities, through equipment suppliers, and at tolling facilities. These pilot plant facilities are capable of processing a full range of plant- and animal-based foods. Food processors should budget for pilot plant testing in their technical, business, product development, and marketing plans. Detailed information should be developed on package handling and seal performance through actual product tests. Design work to integrate the high-pressure processing system into existing production lines should focus on minimizing labor cost.

4. Determining Commercial High-Pressure System Requirements

The development of realistic processing costs per package can begin when yearly production and peak production requirements have been estimated and the final product–package design has been selected. The package selected will determine the number of packages that can be treated in available commercial pressure vessels of different diameters and lengths. The volumetric efficiency is the actual volume of the packages treated each cycle divided by the useable volume of the pressure vessel selected. Yearly manufacturing capacity of the pressure vessel is the yearly number of cycles of the vessel, times the volume of the vessel, times the volumetric efficiency of the vessel with the packaging selected. This figure is the volume of product to be processed per year and can be expressed in liters. The volume of packages treated each year is the basis for estimating the cost of processing.

As an example, a processor determines that there is a market for 5 million 1-pound packages of a vacuum-packed product per year. Tests show that the volume of the package selected, using a vacuum wrap, averages 0.475 L. The highest volumetric efficiency that can be obtained with this package, after testing several available commercial pressure vessels, is 0.8. The yearly volume that must be produced by this specific pressure vessel is:
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The number of cycles the vessel must complete to achieve 3,000,000 L/year can be estimated on the basis of the volume of the pressure vessel selected and the number of hours the vessel is operated each year. In this case, the business plan indicated that the product and the package would be produced in a single 10-hour shift operating 250 days/ year (2,500 hours/year). The packaged product would enter a refrigerated storage space and be pressure treated over 2, shifts each day to provide 5,000 hours/year of high-pressure system operation. It was determined that the system selected could operated at 10 cycles/hour (50,000 cycles/year). A 60-L vessel could provide 3,000,000 L/year. If a higher production rate were needed, a second 60-L vessel could be installed. This second vessel could be operated in tandem with the existing vessel using the existing pump–intensifier. Alternatively, a single 100-L vessel could provide 3,000,000 L/year operating at 30,000 cycles/year. Operating cost of two 60-L vessels versus a single 100-L vessel can be compared.

5. Operating Costs of Commercial High-Pressure Systems

The actual system selected will reflect the available manufactured size of the pressure vessel closest to the design estimated size based on the vessel cycle rate per hour. The cost per package will depend on the total system operating costs and would include equipment lease payments for leased equipment if the equipment is not purchased.

The business plan must specify the number of hours the food preparation and packaging line will run each year and the peak hourly production needed to meet holidays and other special marketing opportunities. In the previous example, if the product were to be manufactured on a single line, operating ten hours per day, five days per week, for 50 weeks per year (2,500 hour/year), the nominal hourly production rate would be 2,000 packages per hour. This will yield 5 million 1-pound packages per year. If the packages must be treated directly after filling and sealing on a single shift, then the high-pressure system selected must be capable of treating:
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For ease of analysis it can be assumed that the high-pressure treatment system is leased on a yearly basis. The lease cost could include any auxiliary equipment and services such as a temperature-controlled water supply; installation; a service program; and an equipment-operating warrantee. The warrantee would be based on the planned number of cycles to be run each year. In this case, major repair costs would be covered in the lease cost per month, and maintenance costs would be paid by the food processor. These costs would include regular replacement of items such as seals and tubing. Chapter 4 contains information on typical operating costs as a function of the cost of the high-pressure equipment. The cost per unit of the treated food is determined primarily by the cost of the high-pressure processing equipment.

In principle, there can be a number of combinations of vessel volume, cycle time, and volumetric efficiencies that can yield a suitable processing volume per hour. However, commercial high-pressure food-processing systems are sold with a limited number of pressure vessel volumes. Volumes range from 30 to 400 L. The size and shape of the food package will dictate the volumetric efficiency of any given vessel. Additionally, while it may be possible to cycle a fully automated 30-L vessel at 12 cycles per hour, a rate twice that of a 350 L vessel system, the smaller vessel may require specially designed packages to take full advantage of the potential production output. Six 30-L vessels each cycling at 12 cycles per hour would be needed to match a volume output of 2,100 L produced by a 350 L unit cycling at six cycles per hour. The larger number of cycles per year for the smaller vessels would increase operating costs due to replacement of wear parts such as seals, high-pressure tubing, and pump–intensifier wear. Thus, the trend has been toward the installation of one or more large volume vessels (also see Chapter 4 for processing cost).

6. Cycle Time Analysis

The cycle time of a high-pressure food-processing system can be optimized by minimizing the time required to accomplish each of the nine steps which make up a typical cycle. The nine steps are similar for pressure vessels oriented in the vertical (V) or horizontal (H) position, or in a tilting (T) mode. These steps are as follows:


1. Loading the vessel with the bottom (V, T) or discharge (H) closure in place. This includes the time to place the desired number of packages in the vessel and fill the remaining vessel void space with water. To speed loading, packages can be preloaded into a mesh carrier and the carrier placed into the vessel already filled with sufficient water to fill any void space (V, T).

2. Closing the vessel. The top (V, T) or the inlet (H) of the vessel is sealed with a closure designed to contain the water at the operating pressure of the system. Generally, the closure is designed to move slightly outward under pressure, from its zero pressure position, to engage the restraining yoke.

3. Moving the vessel or yoke to allow the top and bottom (V, T) or inlet and outlet (H) closures to engage the restraining yoke. Either the vessel (V, H, T) or the yoke (V, H) is moved so that the top and bottom (V, T) or inlet and outlet (H) closures of a horizontal or tilting system can press against the yoke as the vessel is brought to operating pressure.

4. Bringing the vessel to operating pressure. The vessel (V, H, T) is brought to operating pressure by activating the pump–intensifier(s) to deliver water into the vessel until the desired pressure is obtained. The compression time is a direct function of vessel volume, operating pressure, compressibility of the compression media, and the size of the motor driving the pump–intensifier system(s). A 100-horsepower pump–intensifier system, will, in principle, require half the time to bring a given vessel to pressure compared to a 50-horsepower pump–intensifier system. It can be seen that considerable cycle time can be saved using as large a pump–intensifier system as possible. The optimum size of the pump–intensifier system must be calculated based on pump–intensifier system costs and actual cycle time savings to determine the best economic combination. Water compression work is significant above 400 MPa (58,000 psi), and represents the major cost of operating the pump–intensifier system. This accounts for much of the compression time for operating pressures in the range of 600 MPa (87,000 psi). It may be useful to use two pump–intensifier systems to optimize water delivery. One system would operate from 0 to 400 MPa (58,000 psi). The second system would operate from 400 to 600 MPa (58,000–87,000 psi).

5. Holding at operating pressure (V, H, T). This time is fixed by the time needed to inactivate six log cycles of the pathogens or spoilage organisms to be controlled.

6. Decompressing the vessel (V, H, T). Decompression time is the time needed to allow the expanding water in the vessel to flow through the discharge line, so as to allow the vessel to return to atmospheric pressure. In some cases, it may be desirable to slow the rate of water flow to allow occluded and dissolved gasses to expand so as not to harm the structure of the material being treated. Additional 30 or more seconds may be required to allow for controlled expansion. A special throttling system is required to obtain the desired rate of decompression.

7. Moving the vessel or yoke to allow opening the top (V), bottom (T), discharge (H) closure.

8. Opening the vessel top (V), bottom (T), or discharge (H) closure to allow unloading of the product.

9. Unloading the vessel and closing the bottom (T), or discharge (H).


Vertical pressure vessels typically fill and empty product through the top vessel closure. The water used to fill voids may remain in the vessel unless there is a need for new water for each cycle. Horizontal pressure vessels receive product in carriers through the inlet end and discharge treated product through the outlet end in a through-flow manner. Water to fill the void spaces after loading must be added after the inlet closure is closed. Tilting pressure vessels can receive product through the top openings along with water and can discharge product through the bottom opening along with the water used for compression. The tilting system automatically closes the top closure as the pressure vessel moves from the tilted position to a vertical position inside the restraining yoke. After pressure treatment, the vessel is tilted to a 45-degree angle and the bottom closure is opened automatically to allow the gravity to discharge the product and water from the vessel onto a conveyor. The bottom closure is then automatically moved to the closed position to start the next cycle.

7. Packaging and Material Handling Factors

Vessels having a diameter of 38 cm (15 inches) may be needed to accommodate unique packaging requirements and deliver high volumetric efficiency. Also, larger diameter pressure vessels may be needed if a range of package sizes is to be processed.

High-pressure systems are manufactured upon the receipt of an order. Lead times for pressure vessels and yokes can be several months or longer. Once a decision has been made to use high pressure, negotiations should start with equipment suppliers to develop realistic delivery dates. Before the order is placed, it is essential that all test work be completed to determine volumetric efficiency, vessel cycle rate per hour, process pressure requirement, compression and decompression times, and product-hold times and temperatures. All this information is needed to allow realistic costing of the process and construction of the appropriate high-pressure processing system.

It is necessary to provide high-pressure systems manufacturers with detailed information on the equipment location in the production facility. Also needed are a product flow diagram and a proposed process line layout. Vertical units may require a ceiling height of up to 6–7 meters. Low ceiling heights may dictate the use of a horizontal or a tilting system.

The ability to automatically load and unload a system is an important cost consideration. For example, a tilting vessel system allows sealed packages to drop into the pressure vessel, positioned at a 45-degree angle, without the use of a carrier. The vessel is partially filled with water to cushion the fall of the packages. The elimination of a package carrier can increase the volumetric efficiency of the vessel.

Most batch systems use a carrier to accumulate a batch of packages prior to placing them in the pressure vessel. Carriers can be preloaded and placed automatically in a horizontal or vertical pressure vessel.

Multiple vessels may allow recovery of compression energy by directing the water from a decompressing vessel to a vessel ready for compression. Compression water may be recycled after filtering and temperature adjustment. Compression water will be warmed slightly each cycle, if reused. While compression heating is dissipated on decompression. There is some heat transfer to the walls of the pressure vessels. This heat is retained and transferred to the colder compression water at the start of new cycle. If the recycled water is not cooled, this water can achieve an undesirably high temperature.

8. Product Manufacturing Specifications Affecting High-Pressure Food Preservation Equipment Selection

In addition to the information developed in the technical plan (pressure, hold time, temperature) and business plan (production rate, package design, number of shifts per year), food processors must determine how the high-pressure processing equipment will be integrated into a new or existing food-processing line. The equipment layout must reflect available space unless a new facility is to be built to house the high-pressure processing equipment.

A special application of high-pressure processing is pressure-assisted thermal sterilization (PATS) (Sizer et al., 2002; De Heij et al., 2003), which helps to obtain shelf-stable, low-acid, piece-form products (see Chapter 1). Products such as stews, mashed potatoes, pasta and cheese, which can only be heated by conduction, lend themselves to PATS. The integration of the preparation, filling, package closing, preheating, and IT adjustment require a dedicated processing facility.

The PATS process uses compression heating that takes place during the compression of package foods and water to raise the IT of the food and compression water from a value in the range of 90°C (194°F) to the value in the range of 121°C (250°F). A treatment pressure in the range of 600 MPa (87,000 psi) is used. Since compression heat is uniform throughout the food and compression water, the desired process F0 can be delivered in a time, in minutes, close to the desired F0 value.

At the end of the process hold time, the decompression of the food, packages, and compression water cools the system to a temperature in the range of the IT. The discharged packages then can be rapidly cooled to a desired storage temperature using chilled water. The warm compression water can be recycled to a heated storage tank to be used to adjust the IT of incoming packages. The technology for IT adjustment, to ensure that each package is at or slightly above the design IT for the process, at the start of the compression cycle, must be developed for each PATS installation. Statistical quality control of IT is an absolute necessity. Also, technology must be developed for controlling the loss of heat, from the packaged food and compression water, to the pressure vessel walls, during holding at the process temperature and pressure. The use of plastic insulation inside the pressure vessel is possible (see Chapter 2). Appropriate temperature sensing instrumentation is required to verify the lethality of the process for each cycle.

Planning for PATS high-pressure processing requires specialists in both thermal sterilization and HPP. Packaging and package filling, vacuuming, and sealing must be considered. Any delays in the operation of the processing line prior to pressure vessel filling must be addressed by automatically recycling packages to ensure that IT values do not fall below the design values.

Since most high-pressure systems are free standing, the pressure vessel, yoke, pump–intensifier, water-conditioning equipment, and control equipment can be considered a single unit operation. Hazard Analysis of Critical Control Points (HACCP) can be developed around the system as a whole. The system will have the necessary pressure, time, temperature, and safety limits built into the control logic to provide printed histories of each treatment cycle. Undesirable variations from programmed pressure, temperature, and hold times will trigger alerts. Reprocessing of a batch, then, can be carried out if needed. An important advantage of high-pressure processing is the small effect that reprocessing has on product quality.

9. Some Guidelines for Selecting Products for Commercial High-Pressure Treatment

The cost of high-pressure processing may limit the use of this technology to certain types of products. Chapter 4 provides the information on successfully processed products. The most successful products are those based on low-cost ingredients which can be combined to yield a safe, fresh-tasting, packaged product, of great convenience, and reasonable refrigerated shelf life. Products that do best are those that compete with local, fresh-made, convenience foods, which usually have a refrigerated shelf life of 7 days or less. High-pressure preserved foods with refrigerated shelf lives of over 21 days use no chemical preservatives and can be labeled as natural. The ability of high-pressure pasteurization to extend refrigerated shelf life from 7 days to over 30 days can provide a significant marketing benefit. Longer shelf life is possible if based on good manufacturing practices that control the initial population of spoilage microbes.

The quality of high-pressure preserved foods is equal to that of the freshly prepared refrigerated products. Because refrigerated foods have a limited shelf life, the most successful high-pressure preserved foods are those where high-pressure treatment can extend the useful refrigerated shelf life. Extended refrigerated shelf life combined with pasteurization to inactivate pathogens and spoilage molds, yeasts, and vegetative bacteria has proven to be a strong incentive for high-pressure processing.

The ability to extend shelf life and pasteurize refrigerated foods, alone, may not be a strong enough incentive to use high pressure due to process costs. Products must show other incentives such as the perception of high value equal to freshly prepared products. The treated product must command a price point that will meet the return on investment or other profit criteria set by the company. Potential products can be analyzed using the guidelines laid out in this chapter. For example, a series of market sales volumes may be assumed and processing costs may be estimated for several packaging sizes and shapes. The cost of ingredients can then be estimated to give a final process cost per unit of product. If ingredient costs are a significant part of the unit process cost, then the value-added requirement may be too high to allow successful use of high pressure without a substantial markup.

The corollary to this is to find raw ingredients that will be available year round at low cost. These ingredients can be converted to convenient, ready-to-eat, refrigerated products, with an extended shelf life using high-pressure processing. Guacamole is an excellent model. Avocados are produced year round in Mexico, converted to guacamole, and shipped under refrigeration to the United States. A refrigerated shelf life of over 30 days allows the product to compete with locally made products prepared from fresh avocados. Uniform quality, safety, uniform unit price, and convenience have allowed pressure-treated, refrigerated, guacamole to grow to a multimillion-dollar market. Additionally, the product can compete with frozen product based on a clean label since antibrowning agents are not needed.

High pressure can be used to treat food service packages since package size does not affect preservation conditions. Cook-chill products for food service may provide the margins needed to support the use of high-pressure preservation. Frozen food service products must be thawed while refrigerated vacuum-packed products may not have sufficient refrigerated shelf life to meet distribution needs. Acid and acidified bulk high-pressure-treated products can be made commercially sterile using high pressure.

High-pressure processing can produce unique conditions in certain foods. High pressure is used to shuck shellfish and to help in the removal of edible meat from crabs and lobsters. The yield and safety of these high-value raw materials can be enhanced by high-pressure treatment. Since high pressure can pasteurize fresh products with little or no change in their chemical composition, high pressure may be the method of choice for the preservation of products containing rich sources of heat labile nutrients, as an alternative to freezing preservation.

10. Conclusion

High-pressure processing of foods has found a place in commercial food processing. Process costs are decreasing as availability of the larger automated process systems increase. Successful foods are those yielding very high margins due to their fresh qualities and extended refrigerated shelf lives resulting from high-pressure treatment. Equipment advances can be expected to further reduce the unit product costs of high-pressure-processed foods. As with all new food products, each product will need to be evaluated in the market place.
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Chapter 4

Case Studies on High-Pressure Processing of Foods

Carole Tonello

1. Introduction

This chapter illustrates how food-processing companies have commercialized high-pressure processing (HPP). Examples demonstrate how basic scientific findings and unique equipment designs have come together to yield successful commercial solid and liquid food products treated by high pressure.

2. Pioneers in Industrial High-Pressure Food Processing

2.1. Meidi-Ya: Cold Pasteurized Jams

The first commercial high-pressure processed foods were produced by the Meidi-Ya Company and were marketed in Japan in the early 1990s. Products included strawberry, apple, and kiwi jams, packaged in plastic cups (Hori et al., 1992; Dumoulin, 1998). Packaged jams were treated in a 50-L Mitsubishi Heavy Industry (Japan) cold isostatic press
at 400 MPa (58,000 psi) for 20 minutes. This process was shown to provide commercial sterility in an acid product while maintaining fresh fruit sensory qualities.

This innovation was the result of an ambitious research and development program initiated by Hayashi from Kyoto University in the 1980s. He created the “Association of High Pressure Application” composed of food manufacturers, HPP equipment suppliers, and scientists. The Association was supported by, Japanese government funding from 1989 to 1993 (Hayashi, 1992).

2.2. Ulti: Freshly Squeezed Juices

The company Ulti in France, noting the development of HPP technology in Japan, was the first company in Europe to use HPP commercially. In 1994, Ulti launched pressure-pasteurized citrus juices to a local market. The juices marketed as “freshly squeezed” were processed in polyethylene bottles in a 15-L, 400 MPa (58,000 psi), production machine built by ACB Alstom in France. Ulti has progressively expanded its HPP production capacity to four machines using ACB-Alstom-designed equipment. Today, its HPP orange and grapefruit juices and line of smoothies, launched in 2008, are marketed across France.

2.3. Fresherized Foods: Revolutionizing the Fresh Guacamole Market

In 1997, a US company, Fresherized Foods (www.fresherizedfoods.com) (formerly Avomex), began the first industrial production of pressure-pasteurized avocado products at a plant in Mexico. Products were exported to the United States for food service use. The company started with a 50-L machine operating at 690 MPa (100,000 psi). This machine was supplied by ABB Pressure Systems, Sweden, now owned by Avure Technologies, USA (Ennen, 2001). Today, Fresherized Foods is the leading company in the high-pressure treatment of foods based on number of high-pressure machines (vessels from 215 to 350 L) and volume of production. Fresherized Foods uses machines built by Avure Technologies and NC Hyperbaric (Spain) with production facilities in the United States, Mexico, Peru, and Chile. The use of high pressure revolutionized the market for ready-to-eat (RTE) avocado products, and especially the guacamole market. HPP offers consumers much higher quality products than those preserved by heat or freezing. High-pressure pasteurized avocado products have a refrigerated shelf life of over 4 weeks. The strong sales of Fresherized Foods chilled avocado, RTE products have led several other avocado producers to invest in high-pressure equipment for processing guacamole or avocado paste.

2.4. Espuña: High-Pressure Pasteurized RTE Meat Products

The Spanish company Espuña (www.espuna.es) pioneered the use of HPP for the pasteurization of meat products. Sliced cooked ham with the label “High Pressure Pasteurized Product Remains Fresh Until Eaten” was launched in Spain in 1998 (Grèbol, 2003). Even now, it is being sold and distributed in several supermarket chains in Spain. The product’s ham slices are vacuum skin-packed with plastic film interleaves to facilitate the separation of slices by the consumer. It has a refrigerated shelf life of 60 days and it’s processed for 10 minutes at 400 MPa (58,000 psi) in a 320-L, horizontal, ACB-Alstom unit. In 2003, Espuña launched a line of ready-to-microwave meat snacks consisting of small sausages, spicy diced chicken, turkey products, and bacon and cheese rolls. These have been successful in Spain, Great Britain, and France. In 2005, the company developed the first sliced cured ham stable for 40 days at nonrefrigerated temperatures (Astruc, 2006). This shelf-stable product is
processed at 600 MPa (87,000 psi).

3. Worldwide High-Pressure Commercial Food Applications

All industrial uses of high pressure for food treatment may not be made public. Detailed data on commercial applications may be considered confidential during the initial period of use while establishing a market. In most countries (except Japan), improvements in food-processing technologies may not directly translate into a stronger marketing position. Thus, few companies make the effort to use new process technologies as the basis for new product introductions. Rather marketers highlight improved convenience, flavor, and nutrition provided by high-pressure processing.

The following data summarize industrial information collected since 1992 from direct company inquires, scientists, and equipment providers working on HPP food applications, and from food magazine publications. Data concerning the actual number of machines in production and associated vessel volumes have been corrected for the decommissioning of earlier equipment. Laboratory and pilot plant machines are not included except where they are used as tolling equipment for commercial food productions on a regular basis.

3.1. Equipment and Its Location

By mid-2008, about 125 industrial HPP machines were in production for food processing worldwide
(Figure 4.1). Almost 85% of these machines were installed after 2000. The slow initial use of HPP in food processing can be attributed to the novelty of the process and a lack of knowledge of the marketing benefits of high-pressure processing. Another challenge was the limited capabilities of the HPP machines offered by equipment suppliers before 2000. Machines were not yet designed to meet food-processing conditions where stainless steel coverings, ease of cleaning, ease of maintenance, and high productivity are needed. High-pressure process equipment did not look like standard food process equipment.


Figure 4.1 Evolution of the number of HPP industrial machines installed versus years and continents.
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About 60% of the world’s HPP equipment is located in the United States, Mexico, and Canada. Several units are in Peru and Chile. Europe has 22% of the installed HPP machine capacity located in Spain, Italy, Portugal, France, United Kingdom, Czech Republic, Germany, Belgium, and The Netherlands. The remaining 18% of the equipment is in Asia, especially in Japan and more recently in China and Korea. A few machines are located in Australia and New Zealand. To date, there are no machines in Africa. HPP appears to be advancing where consumers want premium, convenient RTE products. The safety and extended shelf life of HPP-treated RTE products is a bonus to the processors of these products.

HPP appears to have developed more rapidly in North America than in Europe possibly due to the need for extended safe, refrigerated shelf life and food preservation legislation more favorable to innovation. Food safety authorities in the United States have supported efficient techniques to kill microbial pathogens. United States Department of Agriculture (USDA)—Food Safety and Inspection Service—wrote in 2003, and updated in 2006, a guideline to control Listeria monocytogenes in RTE meat and poultry products (Anonymous, 2006). HPP was approved for its efficiency with minimum effect on organoleptic quality.

The European Union (EU), by contrast, considered HPP a novel technology and required food processors to comply with the “Novel Food Regulation EC n°258/97.” Food processors intending to use high pressure as a preservation method needed to prove the safety of the process through a scientific study. The study needed to demonstrate not only the microbial safety of the product, but also toxicological and allergenic safety. Additionally, studies should demonstrate no detrimental effects to nutritional quality and the resulting product should not mislead consumers in perceived value. Eisenbrand indicated that HPP-treated food should not be considered novel. The lack of standardized requirements from one country to the other prevented compliance.

The Food Standards Agency (FSA) in the United Kingdom declared that “High-Pressure Processing per se is no longer considered a novel process” (Hattersley, 2001, 2002). FSA recommended that food processors need to only demonstrate adequate kill of pathogenic bacteria and have stringent measures in place to prevent the germination of Clostridium botulinum spores. The French position, in contrast, is illustrated by a novel food filing for HPP treatment of smoked and dry cured duck ham (Briand, 2007). The file was considered unacceptable by the French food safety authorities because of a poor bibliography, lack of studies on the impact of HPP on nonpathogen microflora commonly present in the product, such as lactic acid bacteria, lack of information on possible pressure-induced spore germination, lack of information on the effect of HPP on physical and chemical changes of microorganisms growing or surviving post treatment, and also lack of data on toxicological aspects, such as comparative volatile compounds profiles, allergenic risks induced by the process, and packaging specific migrations. The conservative attitude of the EU countries toward new processes, and the uncertainty of costs and the time required to have a Novel Foods petition accepted, has slowed down the commercialization of HPP in Europe.

Japan has not embraced the commercial use of HPP in food processing. As far as known, only four companies produced pressure-treated foods in 2008. Earlier users, namely, Meidi-Ya, Wakayama, and Pokka, have abandoned the technology. Reliability problems with early HPP machinery may have discouraged these companies. Japanese machines suppliers who were the major players in HPP in the 1990s are large companies such as Mitsubishi Industries, Kobelco (Kobe Steel Group), and IHI Corporation. These companies may have decided to leave the market for high-pressure food processing machines due to its very small size in Japan and the high cost of developing reliable machines for the food industry.

3.2. High-Pressure Processing Companies

Worldwide, 60 companies are marketing more than 250 different HPP-treated products. The companies using HPP for food preservation appear to have selected this technology on the basis of the following advantages: ability to innovate new products, desire premium fresh qualities, want extended refrigerated shelf life without sacrificing microbial safety, or want to produce fresh-like products that cannot be heat-treated without losing nutritional or sensorial qualities. Companies owning one or several HPP machines represent a large range of sales volumes. In 2008, 50% can be considered large organizations employing more than 500 workers and 17% of these companies are international groups with more than 5,000 employees. Small and medium enterprises represent the other half of the companies using HPP employing 10–250 people.

Roughly one-third of the HPP machines are in use for processing RTE vegetables, primarily avocado products
(Figure 4.2). A third of the installed HPP machines are used to process meat products such as sliced or diced cooked pork, chicken, and turkey. The last third are used to process juices and beverages such as smoothies, seafood and fish, and other products such as dairy or for coprocessing or in tolling applications.


Figure 4.2 Distribution of high-pressure processing industrial machines versus food product type processed.
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4. Commercial HPP Application by Food Sectors

4.1. Juices and Beverages

Juices, beverages, and vegetable products were the main commercial applications of HPP equipment, based on vessel volumes installed, during the 10-year period from 1998 to 2007 (Figure 4.3). Acid juices and beverages, with their low pH and high aw, can be pasteurized using pressures in the range
of 400–450 MPa (58,000–65,000 psi) and process times generally under 10 minutes. These process parameters matched the machines available at this period. Further investment in HPP equipment for beverage processing has been moderate.
While semicontinuous machines were available in 1990s, their capacity were too small for larges companies. Juice and beverage companies using HPP are almost exclusively small enterprises with less than 50 employees processing bottled premium juices and smoothies for regional markets.


Figure 4.3 Evolution of high-pressure processing industrial machines vessel volume installed/year in the different food sectors versus year, during the last 10 years.
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4.2. Vegetable Products

The HPP capacity devoted to vegetable products, primarily avocado processing, has been increasing over the last 10 years. Avocado processors have invested in equipment year after year to meet the expanding US market. Avocado processors found that pressures in the range of 600 MPa (87,000 psi) yielded a high-quality product with a hold time of less than 10 minutes. Guacamole packed in flexible bags allowed pressure vessels to be filled to a volumetric ratio at or near 70%. The relatively short hold time and volumetric efficiency made the process economically feasible.

4.3. Meat and Poultry Products

Pressure-treated meat has been the fastest growing sector in the last 5 years. Meat processors have found that the uniformity of pressure treatment allows the pasteurization of any product independent of size, shape, composition, or package form. A benefit of high-pressure pasteurization of meat products is post-package treatment without the loss of fresh quality.

USDA regulations include HPP as acceptable processes to control Listeria in RTE refrigerated meat products. HPP processing provides a natural pasteurization technology to deliver RTE convenience meat products with a “clean” label.

The availability of larger diameter machines with increased volumetric efficiency and capacity per cycle has allowed meat processors to take advantage of HPP. Machines can be automated to further reduce processing costs.

Table 4.1 Estimation of HPP food global production in 2008

[image: Table 4-1]

4.4. Seafood

High pressure in the range of 200–300 MPa (30,000–43,500 psi) provides a simple and efficient method for the removal of edible meat from shell and carapace of shellfish and crustaceans. Industrial applications use high pressure to extract crustacean meat from crab and lobster, and open oysters and other bivalves (shucking process). This last activity is generally run by small companies, which have invested in low-volume machines to meet the modest size of the market. By using a 1-minute hold at 300 MPa (43,500 psi), sufficient products can be treated to meet developing market needs. Seafood companies using HPP are located in the United States and Canada. There is one company in Japan. HPP of seafood has not been of interest to European seafood processors because the European consumer generally buys only fresh “live” oysters and lobsters.

The existence of several patents covering the use of HPP for opening bivalves (Miura and Hatsukade, 1992; Voisin, 2000) and extracting meat from crustaceans (Hognason and Jabbour, 2005; Raghubeer et al., 2006) has tended to restrict the development of the technology. The similarities among the patents make for a confusing intellectual property situation which is further confounded by claims covering the inactivation, by high pressure, of pathogens associated with seafood. Pathogen inactivation has been noted in the published research literature before the filing of these patents (Styles et al., 1991).

4.5. Other Products

Machines labeled for “other products” in Figure 4.3 are those used by coprocessors in the United States. Food companies use these machines on a per-cycle or per-kilogram processed. This avoids capital investment in this technology during product development, test marketing, early launching, or to meet a niche market opportunity.

4.6. Estimates of Worldwide High-Pressure Food Production

The total worldwide production of high-pressure treated food is showing steady growth. Estimates for production in 2008 are in the range of 200,000 metric tons/year (about 450 million lbs/year) and use the total vessel volume in production as indicated in
Table 4.1. The 200,000-metric ton estimate is calculated using typical process data derived from food companies operating high-pressure food-processing lines. Process data include number of cycles per hour, operating hours per day, and working days per year. New machines are capable of higher hourly production rates so that actual production may be higher as new machines are installed. The estimate is corrected for machine downtime of about 10% for maintenance and repair, and with certain commodities, for seasonal downtime.

5. Incentives and Constraints to Be Considered in the Use of High Pressure for Food Processing

Capital costs, operating costs, and production rate per hour per high-pressure machine are decisive items for companies looking to establish an HPP facility. Additionally, realistic market demand, price points, range of product styles, and seasonal supply and demand issues must be known to a reasonable accuracy. High-pressure equipment suppliers can provide accurate data on capital and operating costs, including labor, utilities, repair, and maintenance, and up time. Production rates per hour must be determined from actual tests, with actual product, since the volumetric efficiency of any machine is directly related to the actual packaged product. Additionally, the planned number of hours per day the machine will be running must be known. For example, a food-processing line may produce product at twice the hourly capacity of the high-pressure process equipment using a single 8-hour shift. The high-pressure process equipment would be operated for two 8-hour shifts to treat the daily production. A refrigerated storage system would be needed to accumulate product to be pressure-treated during the second shift.

Food processors who are contemplating the use of high pressure to pasteurize or otherwise treat food products should start a dialog with equipment suppliers as soon as possible. This dialog will form the basis for both a business and technical plan and will highlight such needs as space for equipment, utilities, and process parameters such as hold time at pressure and needed process temperatures at pressure.

HPP machines continue to undergo improvements to increase the cycle rate per hour. Horizontal or tilting units can increase productivity over vertically mounted pressure vessels loaded and unloaded through the top closure (similar to a top loaded vertical retort). These systems use throughflow and automated loading and unloading. Throughflow design helps to prevent accidental mixing of treated and untreated product, can provide improved process temperature control, and, in some cases, eliminate the use of carriers.

The industry has found that an operating pressure of 600 MPa (87,000 psi) provides a satisfactory pasteurization pressure and hold time (3–5 minutes) for most vegetative microbes. Pressure vessels can be built to handle this pressure for up to hundreds thousands cycles before replacement. Wear parts and seals can perform satisfactorily at this pressure. This pressure allows available intensifiers to compress water in 400-L vessels to 600 MPa (87,000 psi) in several minutes. The rate of compression directly influences cycle rate. Operating pressure and hold time at pressure may determine 75% of the cycle time. (See also Chapter 3)

6. Capital Costs and Production Rates

Capital costs for horizontal, throughflow, 600 MPa (87,000 psi), high-pressure food-processing units are primarily a function of pressure vessel volume. For example, in 2008, a unit with a 55-L vessel
(Figure 4.4) costed in the range of US$14,000 (€10,000)/L. A unit with a 420-L vessel (Figure 4.5) costed in the range of US$7,500 (€5,500)/L. High-pressure intensifier systems for these machines are able to reach 600 MPa (87,000 psi) in about 2.5 minutes. A typical cycle time (without holding time) is in the range of 4 minutes for loading product, closing, filling the vessel with water, compressing to 600 MPa (87,000 psi), releasing the pressure (less than 3 seconds), opening the unit, and unloading. A 3-minute hold time at pressure gives a total cycle time of about 7 minutes or 8 cycles/hour. A 55-L vessel operating at 8 cycles/hour can treat 440 liters/hour. A 420-L vessel can treat 3,360 L/hour at 8 cycles/hour. The actual production rate per hour for any food product will depend on the volumetric efficiency of the packaged food in each pressure vessel. Volumetric efficiencies of 75% are possible with packages designed to optimize vessel loading. For packaged, RTE, sliced, meats, a volumetric efficiency may be 50% due to unique package designs. Thus a 55-L vessel can deliver about 220 1-L packages/hour. A 420-L machine can produce about 1,680 1-L packages/hour (Hernando Sáiz et al., 2008). The lower per liter capital costs of a larger vessel has provided a major incentive to purchase 300–400-L machines to obtain the lowest per package processing cost.


Figure 4.4 Wave 6000/420 NC Hyperbaric high-pressure processing equipment (420-L vessel volume—maximum working pressure: 600 MPa/87,000 psi).
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Figure 4.5 Wave 6000/55 NC Hyperbaric high-pressure-processing equipment (55-L vessel volume—maximum working pressure: 600 MPa/87,000 psi).
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Figure 4.6 shows estimates of processing costs for juices, meats, and seafood products processed in (a) a 420-L machine and (b) a 55-L machine. Volumetric efficiency, operating hours per day, and operating days per year are those used in Table 4.1. The cycle rate per hour is based on actual production experience with installed 55-L and 420-L machines. It should be noted that the production rates shown in Figure 4.6 are twice those shown in Table 4.1. This is due to the use of a 2-minute hold time for vegetable juice products allowing 10 cycles/hour at 600 MPa (87,000 psi) and 8.6 cycles/hour at 600 MPa (87,000 psi) with a 3-minute hold time for meat products. Seafood products processed to allow pressure-assisted separation of edible meat from shell can be treated at 14 cycles/hour using a 1-minute hold at 300 MPa (43,500 psi). Fruit juices held at 450 MPa (65,250 psi) for 2 minutes allow 10–11 cycles/hour.


Figure 4.6 Estimated processing cost for vegetable products, meat products, seafood, and juice processed in (a) a 420-L machine and in (b) a 55-L machine.
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A depreciation period of 5 years is generally used for high-pressure food-processing systems; however, field experience indicates that properly maintained high-pressure systems can have a useful operating life in excess of 7 years. These operating cost figures yield processing costs between €0.044/kg and €0.104/kg using a 420-L machine. Processing costs are between
€0.087/kg and €0.205/kg using a 55-L machine. Processing costs in the 420-L machine are about half to those of a 55-L machine due to the lower capital cost per liter of the pressure vessel and the associated operating costs of the 420-L machine for labor and maintenance. A 420-L machine can process almost 8 times more products each cycle than a 55-L machine with a cost per liter of the pressure vessel in the 420-L machine being only twice to that of a 55-L vessel.

Wear part costs for a 420-L unit are one half to those of the 55-L since the larger machine cycles less for a given yearly production rate. Mechanical parts wear out due to cycling, with the associated pressure increase and decrease, but not with hold time at pressure. Processing costs are 65–75% for depreciation, 22–33% for wear parts and maintenance, and 2–3% for utilities including process water and electricity. Labor costs must be added to the figures presented. Labor costs can be estimated from the number of workers required to operate the equipment each shift and can represent from 10 to 40% of the final processing cost. For automated systems, up to two additional workers may be required each shift including maintenance worker costs.

Seafood processing costs are lower because of high volumetric efficiencies and the modest pressures required. Vegetable product process costs, such as for guacamole packaged in flexible pouches at 600 MPa (87,000 psi), are lower than meat because of the higher volumetric efficiencies obtained by using flexible pouches for vegetables and trays for meat products. Juices packed in plastic bottles have a high-process cost because of the lower volumetric efficiency of the bottle.

7. Examples of Commercial High-Pressure Food-Processing Companies

7.1. AmeriQual-Contract Manufacturer for Kraft Foods and Tyson Foods

AmeriQual (www.ameriqual.com) installed an NC Hyperbaric 300 L (79 US gal)—600 MPa (87,000 psi) system at their facilities in Evansville (IN). This unit supported studies by Kraft Foods (www.kraft.com) and AmeriQual in the Dual Use Science & Technology (DUST) Program, headed by Dr. C. Patrick Dunne at the US Army Natick Soldier Center, Natick, MA. Research focused on high-pressure sterilization of low-acid foods using high pressure to assist heat sterilization. AmeriQual, as a major supplier of military food rations for US Army, was interested in this technology to improve sensorial qualities of some of its shelf-stable products. It was found that high pressure combined with heat sterilization could greatly reduce process hold times.

In 2007, AmeriQual installed an additional 300-L horizontal system to be used by Tyson Foods (www.tyson.com) to pasteurize oven-roasted chicken products like breasts halves, thighs, and bone-in whole birds. These products were the first bone-in, packaged, products to be industrially processed under pressure. Whole chickens were oven-roasted to soften the bones so that they would not break or puncture the packaging during the pressure treatment. The 600 MPa (87,000 psi) process of several minutes duration, at room temperature, extended the refrigerated shelf life of these vacuum-packed preservative-free products from 14 to 45 days (Crews, 2007a). Two 300-L machines allowed a production rate of 45 metric tons (100,000 lbs)/day operating two 10-hour shifts.

7.2. Foster Farms: Preservative-Free RTE Poultry Products

Foster Farms (www.fosterfarms.com) started HPP RTE sliced turkey and chicken strips, free of nitrites and other preservatives, in 2007. Foster Farms wanted refrigerated, pasteurized, RTE, poultry products with a “clean” (preservative-free) label and extended refrigerated shelf life. The company invested in a pair of 300-L, horizontal, pressure vessels which were installed to operate in tandem using two intensifiers to shorten compression times by 50%. The 600 MPa (87,000 psi) treatment for several minutes at room temperature provided a refrigerated shelf-life of 55–60 days (Crews, 2007b). This is double the shelf life obtained without high-pressure treatment. HPP products are sold nationally. Foster Farms installed a third 300-L system in 2008.

7.3. SimplyFresco: Premium Tomato Sauces

SimplyFresco (www.simplyfresco.com) is a small firm based in San Antonio (TX) that produces high-quality tomato sauce preserved by high pressure. A 55-L, horizontal, HPP machine was obtained in 2006 to pasteurize a range of refrigerated, premium, pasta and salsa sauces for markets in Texas and southeastern states. The system was designed to operate at 8 cycles/hour with a volumetric efficiency of 80% using a flexible pouch packaging system. A hold time of a few minutes at 600 MPa (87,000 psi) at room temperature yields a refrigerated shelf life of 100 days and a throughput of more than 350 kg/hour (770 lbs/hour).

The sauces, all preservative-free, are made of fresh natural ingredients including peppers, onions, coriander, and garlic. As herbs and spices are not heat-treated, they keep their natural strong flavor. The sauces have a unique sensorial quality, very close to homemade sauces.

7.4. Abraham Traditional German Dry Cured Ham

Abraham Schinken GmbH & Co. KG (www.abraham.de) produces dry cured ham for the domestic German market, and starting in 1980, for export to the United States (Harms, 2006). Dry cured ham can be contaminated by L. monocytogenes at very low levels. These levels meet European food safety standards, but US legislation requires the absence of L. monocytogenes in 25 g of product. Abraham started to study the use of HPP in 2004, in collaboration with the Technical University Berlin and the Hygiene and Environment, Food Safety and Zoonoses Division, Hamburg. The process could eliminate L. monocytogenes to satisfy US standards while preserving sensorial qualities of this heat-sensitive product. Challenge tests showed a reduction of more than 5 log cycles in chilled dry cured ham inoculated with L. monocytogenes. Packaged hams were treated at 600 MPa (87,000 psi) with a 2-minute holding time at a temperature of 5°C (41°F). This process insures a high level of safety for a minimally contaminated product where L. monocytogenes cannot grow during post-process storage. It was found that microbial reduction was less when the sliced ham was high-pressure-treated in the frozen state at −15°C to −12°C (5–10°F). This was the temperature of the product just after slicing. The current process includes a tempering step in a chill room to adjust the temperature of the ham slices to 5°C before HPP treatment.

A 150-L, horizontal, 600 MPa (87,000 psi) system was installed in the Abraham factory in 2005. The system can compress a full vessel of vacuum-packed ham products to 600 MPa (87,000 psi) in 3 minutes. If the ham is packaged in a modified atmosphere package (MAP), compression to 600 MPa (87,000 psi) will take 4 minutes. In the case of MAP products, compression is longer since the gas in the packages must be compressed to a supercritical fluid before the water in the system can be compressed. Cycle times are 7–8 cycles/hour.

Abraham was the first company in Europe to use MAP under pressure. It pioneered the use of semirigid, MAP, thermoformed, packaging. This packaging is flexible enough to recover its shape after processing under pressure. It was developed in collaboration with Wipak (www.wipak.de) and fulfills marketing requirements for this premium meat product. The package has good oxygen barrier properties and high flexibility. The volume of MAP gas is minimized to minimize compression time and maximize the volumetric efficiency of the package.

7.5. Rodilla Sandwich Market Expansion

Rodilla (www.rodilla.com) is a chain of sandwich shops located principally in Madrid (Spain). The company grew rapidly from 1997 to 2002 (Barciela, 2006), but subsequent growth was limited as long as the chain remained in the Madrid area. In 2003, the company evaluated the possibilities of nationwide and foreign expansion. A major obstacle to regional and national expansion was the distribution of fresh sandwich fillings made in a central location in Madrid. The fillings contained cheese or mayonnaise mixed with a wide range of ingredients including ham, cooked vegetables, shrimp, smoked salmon, and nuts. The fillings had a refrigerated shelf life of 4–6 days depending on the ingredients. Rodilla wanted to keep their sandwich fillings preservative-free. Heat pasteurization was not feasible because it would destroy the fresh texture and flavor quality attributes. Rodilla spent 2 years looking for a technical solution to this problem. These studies led to experiments with high-pressure preservation of sandwich fillings in 2005. Studies showed that high pressure could pasteurize the fillings and provide a refrigerated shelf life of up to 21 days without changing the texture and flavor of the fillings.

Rodilla installed a 120-L, 600 MPa (87,000 psi), horizontal system. An immediate advantage was that the production costs could be reduced. The extended product shelf life allowed larger batches of filling to be prepared, and every type of filling did not need to be prepared every day. All fillings are processed at 500 MPa (72,500 psi) for several minutes in 1 or 2-kg flexible pouches for shipment to Rodilla shops all over Spain.

7.6. Echigo Seika: High-Pressure Transformation of Rice and Cereals

The Japanese company Echigo Seika (www.echigoseika.co.jp) pressure treats rice and cereal products. Since 1994
(Suzuki, 2002), the company has used high pressure to modify the structure of proteins and starches without heat, accelerate enzyme reactions, speed penetration of water into grains, accelerate the breakdown of cell walls, and eliminate air or other gases in grains. The process is called “high pressure-induced transformation” (Hi PiT) (Yamazaki, 2005a) and Echigo Seika has patented several of its processes. The patented processes require a combination of pressures from
200 to 400 MPa (29,000 to 58,000 psi) with moderate heat treatments at 50°C (122°F). The company operates two factories in Japan and one in China. Each factory has a processing line equipped with two 130-L, vertical, 400 MPa (58,000 psi) systems for processing rice or cereal grains in package or in bulk.

Echigo Seika produces four types of HPP products for the Japanese market and, in 2006, processed a total of 2,400 metric tons (5,300,000 lbs) of these products in these three plants. High-pressure-treated, RTE, brown rice or white rice, is packaged in single serve trays. The products need only to be heated for 3 minutes in a microwave oven. Starch retrogradation is reduced and gelatinization is increased by the high-pressure treatment. This contributes to better sensory quality (Hayashi, 2005), and digestion in brown rice when compared to conventional cooked brown rice. These products have a shelf life of 1 year using a heat sterilization step after HPP.

Single portion, RTE, cereal mix is composed of eight kinds of grains including brown rice, black beans, soybean, azuki bean, oats, barley, millet, and red rice. High-pressure accelerates water hydration of the grains to improve the cooking step, which occurs during the final step of heat sterilization. A sweeter and more digestible product is obtained (Yamazaki, 2000).

Gamma aminobutyric acid (GABA)-enriched brown rice is known for its health benefits such as reducing blood pressure and improving menopausal disorders and liver functions. HPP is used for two purposes in the preparation of this product. First, it increases the contact between glutamic acid and glutamate decarboxylase, the enzyme catalyzing GABA synthesis. This is accomplished by rice cell wall structure modifications under pressure (Yamazaki, 2005b). Second, HPP acts as a precooking process to shorten the long cooking time normally required to prepare brown rice. Consumers have a more convenient product. The product is dried after HPP treatment, sold in traditional 0.5-kg pouches, and is stable during room temperature storage.

Hypoallergenic rice is prepared by HPP treatment of partially hydrated brown rice to enhance rice cell wall porosity. The increased cell diffusion facilitates salt-extraction of allergenic proteins (Yamazaki et al., 1998). This product is dried after extraction.

In 2002, the HPP processing cost of a 0.3-L, single-serve portion of rice was estimated by Echigo Seika to be 1.25 cents (US) on the basis of 100% utilization of the HPP equipment (2.50 cents at a 50% use rate). These costs included depreciation, energy, wear parts, operation, and administration(Sasagawa & Yamazaki, 2002).

7.7. Mitsunori RTE Clams

Mitsunori (www.mitunori.co.jp/html/kaisya-annai.html) is a Japanese company specializing in seafood processing. The company purchased a 55-L, horizontal system in 2007 for opening clams and whelks (scungilli). A pressure treatment in the range of 1 minute at 300 MPa (43,500 psi), with seawater as the compression medium, causes the shells to open. The meat can be removed manually. The shellfish meat is rinsed in seawater and packaged in flexible pouches or trays also filled with sea water. Refrigerated shelf life is from 3–6 days, depending on the type of seafood. HPP greatly reduces the cost of labor for opening small size clams and helps preserves freshness. This is very important for Japanese consumers who are used to eating raw seafood.

7.8. Donny Boy Premium Fruit Products

Donny Boy is an Australian fruit-processing company dedicated to the processing and marketing of high-pressure preserved fruit-based products including purees, sauces, and juices. These products are used in yogurt, ice cream, food service, and as beverages. HPP provides a pasteurized fresh fruit ingredient that can be used in products, such as yogurt and ice cream, which are not pasteurized after preparation. Fruit products are held at 600 MPa (87,000 psi) for a few minutes in a 55-L, horizontal system operating at room temperature. The company started the marketing of its first products, apricot, peach, and apple dice, for use in yogurt in 2007 under the trademark “Preshafruit” (www.preshafruit.com.au).

HPP fruit preparation for yogurt is not new. Danone applied for a Novel Food Authorization for it in France in 1998. The authorization was obtained in 2001 (Anonymous, 2001), but Danone did not commercialize the process. Thus, after two years of intensive studies and recipe development, Donny Boy is the first to market HPP fruit preparations. Products are packaged in flexible bags designed to give a volumetric efficiency more than 0.85. In 2008, their range of fruit preparations, including dice, has been extended to include strawberry, cherry, and mango. Donny Boy has also launched a line of exotic fruit purees packaged in flexible, transparent, pouches, and lines of HPP fruit juices and smoothies. The juices and smoothies are packaged in bottles with a triangular cross section in order to maximize volumetric efficiency.

7.9. Fonterra Colostrum-Based Products

Fonterra (www.fonterra.com) is a New Zealand cooperatively owned processor of dairy products, and is a world-leading exporter of these products. Fonterra’s research on the high-pressure treatment of milk and milk fractions has resulted in the issue of several patents. These patents cover several applications including the preservation of starter cultures and probiotic strains of lactic acid bacteria. By optimizing pressure-processing conditions, spoilage microflora such as molds and yeasts are
reduced (Carroll et al., 2004).

Fonterra has demonstrated the high-pressure preservation of heat-sensitive bioactive components such as lactoferrin, immunoglobulins, and growth factors. Unwanted microbial growth is prevented (Palmano et al., 2006; Carroll et al., 2006). The patent will form the basis of a commercial beverage using colostrum (Hembry, 2008). Fonterra has signed its first license in 2008 for industrial production for Asian market, where consumers associate colostrum with good health and better immunity. This beverage will be shelf stable up to 6 months at room temperature using an HPP treatment
of 500 MPa (72,500 psi) and a pH below 4.5.

8. Conclusion

HPP has been successfully used in the commercial preservation of foods for more than 15 years and the number of installed high-pressure systems worldwide is constantly growing. The increasing use of HPP by food processors reflects industry needs for safe, refrigerated, convenient packaged foods that deliver just prepared freshness and have a reasonable shelf life. The technology has been adopted all over the world by large and small processors in all food sectors.

HPP is now mainly used as a nonthermal pasteurization technology. Exceptions are shellfish and crustacean meat extraction, commercial sterilization of acid foods, and to produce desirable changes in the structure of food and food ingredients. The high-pressure-induced transformation of Japanese rice and cereal products are good examples of this application.

The pressure-assisted thermal sterilization of low-acid foods, using a combination of pressure and high temperature, has shown that high-quality, shelf-stable products can be produced in a fraction of the time needed for conventional thermal processing. The technology takes advantage of compression heating as explained in Chapter 1. Industrial users of pressure-assisted thermal processing must demonstrate the successful application of the process to food safety authorities such as the US FDA or European Food Safety Agency (EPSA). The safety of the process must be demonstrated with commercial size process vessels as for any new thermal processing equipment. High-pressure equipment manufacturers must then build affordable and reliable large volume machines that can operate in the temperature range of 110–130°C (230–266°F) at 600 MPa (87,000 psi). Since the process depends on developing a uniform temperature throughout the pressure vessel by compression heating, insulation and vessel wall temperatures are important control factors.
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Chapter 5

Microbiological Aspects of High-Pressure Food Processing

Elaine P. Black, Cynthia M. Stewart, and Dallas G. Hoover

1. Introduction

High-pressure processing (HPP) can be used to pasteurize, sterilize, or develop novel high-pressure (HP)-treated products, however, any successful product must be microbiologically safe. For this reason, significant research worldwide has focused on the HPP inactivation of microorganisms in foods. This work has not only helped establish HPP technology as a useful tool for the production of safe and extended shelf-life foods, but has also helped microbiologists gain a better understanding of the mechanisms by which HPP inactivates microorganisms.

Inactivation of vegetative microorganisms by HPP requires pressure in the range of 300–700 MPa (43,500–101,500 psi) (Table 5.1). Bacterial endospores commonly require pressures applied at elevated treatment temperatures (Cheftel, 1995; Palou et al., 1999). gram-positive bacteria tend to be more pressure-resistant than gram-negative bacteria (Hoover et al., 1989; Patterson et al., 1995; Palou et al., 1999; Gervilla et al., 2000). In general, heat-resistant microorganisms are also generally resistant to HPs (Smelt, 1998). Cells in the exponential phase of growth have been found to be less resistant than those in the stationary phase (Issacs and Chilton, 1995; McClements et al., 2001). Some yeasts and molds can be very sensitive to pressure (Palou et al., 1998b; O’Reilly et al., 2000) and some viruses such as Aichi virus, a picornavirus, can be very resistant (Kingsley et al., 2004).

Table 5.1 Inactivation of selected vegetative bacteria by high pressure
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2. The Effects of HPP on Vegetative Bacteria

HP can damage bacterial cell membranes, affect homeostasis, denature and inactivate proteins including enzymes involved in replication, and can alter the morphology of the cell. Some or all of these injuries can lead to cell death. Although not all of the mechanisms of HP-induced inactivation are fully understood, there is a great deal of valuable literature describing the studies that have attempted to characterize and comprehend the responses of microorganisms to HP (for review, see Hoover et al., 1989; Farkas and Hoover, 2000; Smelt et al., 2001; Patterson, 2005). HP-induced inactivation of microorganisms is largely dependent on species and, in some cases, there are significant differences in the pressure sensitivities of individual strains within the same species (Linton et al., 2001). Table 5.1 summarizes a selection of studies on the inactivation of vegetative bacteria in various substrates over a range of time, temperature, and pressure parameters.

As pressure increases, the death rate of microorganisms increases (Issacs and Chilton, 1995); however, increasing the duration of pressure treatment does not necessarily enhance the lethal effect (Patterson et al., 1995). Kinetic studies of HP-induced inactivation have usually reported a first-order kinetic reaction or a sigmoidal response, the latter indicating the possible presence of pressure-resistant subpopulations (Hoover et al., 1989; Earnshaw et al., 1995; Smelt, 1998). At low to moderate pressures, a so-called “tailing effect,” that is, a decrease in inactivation with time, has been found (Earnshaw et al., 1995; Patterson et al., 1995; Masschalck et al., 2000; Tay et al., 2003). The “tailing” phenomenon may be caused
by the inherent variation in pressure resistance of the population, the effects of experimental conditions, or cell-age distribution (Patterson et al., 1995; Earnshaw et al., 1995). Pronounced tailing has been observed by Masschalck et al. (2000) in the pressure-resistant strain, Escherichia coli MG1655, limiting the level of inactivation under mild conditions (<400 MPa; 58,000 psi). In most cases, if higher pressures are applied, this tailing effect is less dramatic.

3. Mechanisms of Pressure-Induced Inactivation

Pressure-induced damage to microorganisms can include cell membrane disruption (Hauben et al., 1996; Pagán and Mackey, 2000), ribosomal destruction (Niven et al., 1999), inactivation of enzymes (Degraeve et al., 1996; Simpson and Gilmour, 1997), inactivation of membrane-bound transport systems (Ulmer et al., 2002), and damage to the proton efflux system (Wouters et al., 1998). Dramatic changes to the morphology of bacteria following pressure treatment have been observed with the aid of scanning electron microscopy (Ritz et al., 2001; Kaletunc et al., 2004). The effects of HP on cell structure include the collapse of intracellular vacuoles at relatively mild pressures (0.6 MPa), separation between the cell wall and cytoplasmic membrane, and ribosomal destruction (Earnshaw et al., 1995). These effects lead to the impairment of cell functions, slowing growth rate or causing cell death.

The cell membrane appears to be the primary site of pressure-induced damage in microorganisms, and can result in leakage of intracellular components and loss of homeostasis (Farkas and Hoover, 2000). HP treatment causes an increase in extracellular levels of adenosine triphosphate (ATP) (Smelt et al., 1994) and an increase in the uptake of propidium iodide (Ulmer et al., 2000) and ethidium bromide (Benito et al., 1999), indicating loss of membrane permeability and function. Mañas and Mackey (2004) described the effects of HP on the membranes of stationary-phase cells versus exponential-phase cells of E. coli. The increased sensitivity to pressure of exponential-phase cell membranes was linked to physical perturbations of the cell envelope, loss of osmotic responsiveness, and exclusion of intracellular proteins and RNA. Wouters et al. (1998) observed reduced activity of the integral membrane protein F0F1 ATPase in Lactobacillus plantarum treated at 250 MPa in addition to impairment of acid reflux and maintenance of intracellular pH.

E. coli in the exponential phase subjected to HP displayed a loss of viability which was related to a permanent loss of membrane integrity. In stationary phase, the cell membranes became leaky during pressure treatment, but resealed partially or wholly after decompression (Pagán and Mackey, 2000). Hauben et al. (1996) proposed that a transient permeabilization of the outer membrane of E. coli is caused by HP. E. coli becomes sensitive to nisin and lysozyme during compression; however, if these peptides are added to the cells posttreatment, E. coli remains resistant. It appears that structural damage to the outer membrane (pore/lesion formation) is rapidly repaired after pressurization. Similar results were found by Black et al. (2005) on examining membrane integrity using fluorescent dyes during pressure treatment. It was found that cells of Pseudomonas fluorescens were permeabilized to propidium iodide by a sublethal pressure treatment and most cell membranes resealed after treatment. According to MacDonald (1992), cell membranes with increased fluidity are less resistant to HP. Work by Ulmer et al. (2002) supports this view, as cells of L. plantarum with membranes in the liquid-crystalline (fluid) phase were shown to be less resistant to HP than those with membranes in the gel (rigid) phase.

In addition to membrane damage, enzyme inactivation and protein denaturation are other important factors in the HP inactivation of microorganisms. In E. coli, the activity of isocitrate dehydrogenase, a vital enzyme in the respiratory cycle, was reduced by 90% when cells were held at 400 MPa (58,000 psi) for 2 minutes. This loss of activity was reflected in the loss of viability of the organism (Issacs and Chilton, 1995). Ritz et al. (2000) analyzed the action of HP on the membrane proteins of the important food pathogen, Salmonella Typhimurium. The outer membrane showed greater damage than the cytoplasmic membrane when pressure was applied. Some proteins of the outer membrane appeared to be completely denatured, while a few were resistant; for example, the protein LamB was more resistant to HP in acidic conditions. Ulmer et al. (2000) showed that a moderate treatment, 200 MPa (29,000 psi), caused inactivation of the membrane-bound hop-resistance protein, HorA, in L. plantarum, resulting in reduced resistance to hops during beer storage. Pressure damage to F1F0 ATPase in L. plantarum caused by treatment at 250 MPa (36,250 psi) resulted in loss of the ability of the cell to maintain intracellular pH. Prolonged pressure treatment eventually led to cell death (Wouters et al., 1998).

In a study by Niven et al. (1999), it was shown that ribosomal destruction occurred in parallel with loss of cell viability in E. coli. After treatment, ribosomes with reduced stability were found to be capable of recovery under optimal conditions; however, cell viability often continued to decline, indicating that other factors are involved in the death of pressure-damaged cells. It was suggested that ribosomal destabilization was caused by leakage of Mg2+ from pressure-permeabilized membranes. Alpas et al. (2003) used differential scanning calorimetry to compare the pressure sensitivities of E. coli O157:H7 and Staphylococcus aureus and found that ribosomal denaturation coincided with cell death. HP-induced inactivation of microorganisms can occur as a result of one destructive event to the membrane or protein moieties, or more likely, as a result of a combination of pressure-induced effects.

4. The Effects of Suspending Medium on Pressure-Induced Inactivation

The pressure-induced inactivation of microorganisms is extremely dependent on the suspending medium (Table 5.1). Foods, for example, dairy products, are generally physicochemically complex and many foods or their ingredients have been shown to give a baroprotective effect to harbored microorganisms. For example, according to Garcia-Graells et al. (1999), milk has a strong protective effect on E. coli MG1655, with a 7-log reduction following treatment at 400 MPa (58,000 psi) in phosphate buffer, and only a 3-log reduction at 700 MPa (101,500 psi) in milk, both in 15 minutes at 20°C. This baroprotective effect has also been shown in bovine milk for a range of organisms (Gervilla et al., 1997, 2000). Enterobacter sakazakii can be protected from HPP in infant formula at moderate pressures of 200 and 400 MPa (29,000–58,000 psi). This protection is less evident at higher pressures (Gonzalez et al., 2006). Calcium and other minerals associated with casein micelles of milk have been found to protect E. coli and Listeria against the lethal effects of HPP (Hauben et al., 1998; Black et al., 2007a).

Lowering the water activity (aw) of a food product generally confers a baroprotective effect on microorganisms. The protective effect of low aw, however, is very dependent on the type of solute used (Molina-Höppner et al., 2004). At equal aw values, a sucrose solution gives greater baroprotection to Listeria monocytogenes than a sodium chloride solution (Koseki and Yamamoto, 2007). Van Opstal et al. (2003) demonstrated the protective effect of high sucrose concentrations (10–50% w/v) on E. coli in phosphate buffer. Solutes can act by preventing the inactivation of enzymes and in maintenance of the fluidity of the cytoplasmic membrane (Molina-Höppner et al., 2004).

Over a range of 480–600 MPa (69,600–87,000 psi), the differences in barotolerances of Listeria innocua, L. monocytogenes, E. coli O157:H45, and Vibrio mimicus in oysters compared to phosphate-buffered saline (PBS) was approximately 5 log CFU/mL (Smiddy et al., 2005). The protective effect was thought to be related to the high salt content of the oysters as bacteria examined in tryptone soy broth with yeast extract (TSBYE) containing added sodium chloride were also found to be more resistant to pressure than bacteria pressure-treated in TSBYE without added salt. Smiddy et al. (2005) demonstrated that L. monocytogenes with the ability to accumulate compatible solutes (betaine and L-carnitine) display greater pressure tolerance than mutants incapable of transporting compatible solutes. They hypothesized that the protective role of these osmolytes was maintenance of membrane fluidity and prevention of protein unfolding.

In general, meat products do not confer significant protection to pressure-treated bacteria, especially when compared to other foods such as milk. Patterson et al. (1995) found that ultrahigh-temperature (UHT) milk gave more baroprotection than poultry meat to L. monocytogenes, E. coli O157:H7, and S. aureus. Carballo et al. (1997) showed that similar reductions of total aerobic bacteria and psychrotrophic bacteria in beef patties were achieved at 300 MPa (43,500 psi) regardless of the fat content, either 9.2 or 20.3%, with the exception of S. aureus which was protected in the higher fat-content patties. In a study of HPP-cooked ham and minced pork patties, microbial reductions were found to be higher in pork patties (Lopez-Caballero et al., 2002). This effect may be due to the salts and sugars of the cooked ham having a protective effect, or possibly that the nature of the contaminating microbiota was more pressure-resistant. The microbiota of the patties was dominated by pressure-sensitive Pseudomonas species while the ham was dominated by less sensitive lactic acid bacteria.

Also, acid foods can have the opposite effect on microorganisms subjected to HP. That is, the added hurdle of low pH enhances pressure inactivation and may prevent recovery of injured cells (Linton et al., 1999; Jordan et al., 2001; Dogan and Erkmen, 2004). Both Garcia-Graells et al. (1998) and Pagán et al. (2001) found that HPP sensitizes E. coli to acidic conditions posttreatment.

5. Injury and Repair

HPP may leave a proportion of a microbial population injured, depending on the pressure applied, suspending medium, and duration of treatment (Patterson et al., 1995). This can lead to either underestimation or overestimation of the inactivation achieved by HPP (Cheftel, 1995). Depending on posttreatment conditions, these cells may revive in the nutrient-rich environment that many foods provide, or die due to increased sensitivity to acidic conditions or the presence of antimicrobial additives such as beer hops (Ulmer et al., 2000; Ganzle et al., 2001). Dogan and Erkmen (2004) reported that L. monocytogenes was more sensitive to HPP in fresh orange and peach juices than in brain heart infusion broth, most likely due to the low pH of the juices. Chilton et al. (2001) showed that different types of damage were inflicted on the outer and inner membranes of E. coli by sublethal pressures. Repair of the cytoplasmic membrane requires RNA and protein synthesis. Repair of the outer membrane was shown not to be energy-dependent or requiring synthesis of RNA or protein.

The recovery from pressure-induced injury of four foodborne pathogens (L. monocytogenes, S. aureus, E. coli O157:H7, and Salmonella Enteritidis) in milk stored at 4, 22, and 30°C was described by Bozoglu et al. (2004). The authors suggested that two types of injury, I1 and I2, occurred in all four bacteria. I1 injury is most likely a structural damage that will prevent colonies growing on selective agar, but will allow growth on a nonselective medium. The second type of injury, I2, is metabolic injury, which if given suitable conditions can recover to an I1 state. The inability of I2 cells to grow on either selective or nonselective media and the potential of I2 cells to recover raises concern that their presence will not be detected unless proper storage or shelf-life studies are conducted. Bull et al. (2005) also highlighted the pitfalls of L. monocytogenes detection following pressure treatment. In this study, it was suggested that some selective agents in enrichment broths might be toxic and would impair recovery of injured cells. Optimized Penn State University (oPSU) enrichment broth was found to significantly increase the likelihood of detecting the pathogen in HP-treated milk.

Depending on the nature and extent of injury, microorganisms may be more susceptible to further treatments or hurdles, such as mild heat or bacteriocins, resulting in improved product stability (Cheftel, 1995; Chilton et al., 2001). It is of the utmost importance to consider the fate of pressure-injured cells, as some recent studies have reported recovery and regrowth of injured cells even after 3–5 days of storage (Black et al., 2005; De Lamo-Castellvi et al., 2005). Black et al. (2005) observed recovery of P. fluorescens during storage in milk at 4°C following treatment at 250 MPa (36,250 psi). Increasing the pressure treatment to 300 MPa (43,500 psi) or the addition of another hurdle, that is, the addition of nisin, prevented recovery in milk. See Section 4 on combination processes for more examples.

6. Pressure-Inactivation Kinetics

Many survival curves have been generated in the study of inactivation kinetics from application of pressure to pure cultures of microbial cells and spores. From the survival curves has followed modeling of the inactivation kinetics to predict the end point of processes incorporating HPP. Comparisons have commonly been made to thermal inactivation. Processing using heat has been traditionally followed using first-order kinetics based on the assumption that all cells or spores in a population possess equivalent resistances to the lethal treatment; however, for the most part, pressure inactivation curves generally follow nonlinear inactivation kinetics. Instead of straight lines that can easily be used to determine D values (decimal reduction times) to characterize heat resistance of a microorganism, HPP survival curves often show shoulders (concave-down) and tails (concave-up) or a sigmoidal shape (Cerf, 1977; Peleg and Cole, 1998).

Several mechanistic or empirical models originally based on growth curves have been proposed for use in describing nonlinear survival curves. These include among others, the modified Gompertz (Bhaduri et al., 1991), log-logistic (Cole et al., 1993), Baranyi (Baranyi and Roberts, 1994), and Weibull models (Peleg and Cole, 1998). A fundamental assumption of most of these models is that cells or spores of a population do not have identical resistances to the lethal treatment and these differences are permanent (Chen and Hoover, 2003a).

The Weibull model, which has advantages in simplicity and flexibility, has worked reasonably well to predict pressure inactivation. Chen and Hoover (2003a) found both the Weibull distribution and log-logistic model providing good fits of data derived from inactivation of Yersinia enterocolitica in phosphate buffer and UHT whole milk over a pressure range of 300–500 MPa (43,500–72,500 psi) at ambient temperature. The modified Gompertz model was unable to fit the data curves as well as the Weibull and log-logistic models. Tailing was seen in all survival curves.

For the case of L. monocytogenes Scott A in whole milk, Chen and Hoover (2003b) produced survival curves at four different treatment temperatures (22, 40, 45, and 50°C) and two pressure levels (400 and 500 MPa; 58,000 and 72,500 psi). Again, tailing was seen in all survival curves, and the modified Gompertz produced a poorer fit of data in modeling. The Weibull and log-logistic models were comparable in producing very good fits of data. Similar trends were seen with S. Typhimurium DT 104 in UHT milk (Guan et al., 2005a); however, in the case of pressure inactivation of S. aureus and E. coli O157:H7 in UHT milk, the modified Gompertz and Weibull models gave the better fits depending on the process temperature (Guan et al., 2005b).

For coliphage λ cI 857, pressure-inactivation curves also demonstrated tailing in all cases. The Weibull and log-logistic models consistently produced best fits for data in all survival curves. A simplified Weibull model was proposed in which the number of parameters were reduced from two to one by setting the shape factor, n, at the mean value because there was no significant differences in the values of n for the buffered medium used. The simplified model gave a fit comparable to the full Weibull model.

Bacterial spores normally require an elevated treatment temperature, above ambient, to demonstrate any significant degree of inactivation by HPP. The primary circumstance for pressure inactivation of bacterial spores is one in which exposure to the combination of pressure and elevated temperature induces germination so that spores lose their impressive resistance to lethal effects and are subsequently inactivated by treatment conditions (Black et al., 2007b). Thus, the process temperature is a critical parameter in optimizing spore inactivation even if pressure is not incorporated with the higher temperatures used in pressure-assisted thermal sterilization (PATS) types of treatments. For food-processing applications employing pressure in the pasteurization of low-acid foods, pressure inactivation of spores normally is conducted above 40°C to induce germination. The survival curves for HPP inactivation of spores have commonly been nonlinear (Black et al., 2007b).

Spores of Geobacillus (nee Bacillus) stearothermophilus have been examined in the modeling of HPP-inactivation kinetics for bacterial spores. Anata et al. (2001) successfully adapted a nonlinear regression method based on nth-order kinetics to inactivation data obtained from spores inoculated into mashed broccoli and cocoa mass. The model worked well for both model foods in which temperatures between 60 and 120°C and pressures between 50 and 600 MPa (7,250–87,000 psi) were examined. It was found that increasing the moisture content of the cocoa mass reduced the protective effect of the fat. Both Patazca et al. (2006) and Rajan et al. (2006) selected G. stearothermophilus for their work as well. Patazca et al. (2006) identified the log-linear regression model for best-fit data from combination treatments of 500–700 MPa (72,500–101,500 psi) and 92–111°C for 0.01–360 seconds in distilled water. Rajan et al. (2006) inoculated their spores into egg patties and found the Weibull model to best describe data at 700 MPa (101,500 psi) and 105°C. It was noted that the Weibull model had advantages in mathematical simplicity and accuracy in predicting tailing.

de Heij et al. (2003) suggested a predictive model incorporating parameters, pressure equipment material and dimensions, product characteristics, and target microorganisms with the final product temperature a critical processing parameter. Their proposed two-step approach involves calculation of temperature distribution by the heat of conduction in the vessel using an axisymmetric one-dimensional finite element model followed by use of the Eyring–Arrhenius equation to calculate the inactivation of spores as a function of time, product temperature, and pressure level.

7. The Effects of HPP on Bacterial Spores

Bacterial spores are extremely resistant to the effects of HPP. It is generally accepted that high levels of inactivation of spores of Bacillus or Clostridium species cannot be achieved by applying commercially used pressure treatments (200–600 MPa; 29,600–87,000 psi) alone (Black et al., 2007b). HP can be used as a part of a hurdle approach to killing spores in food. See Chapter 28 on combined processes. HPP has been combined with various antimicrobial substances such as citric acid (Roberts and Hoover, 1996), sucrose laurate (Shearer et al., 2000), and bacteriocins (Lopez-Pedemonte et al., 2003; Kalchayanand et al., 2003) to inactivate spores.

Pressure-induced germination of spores was identified as early as 1969 by Clouston and Wills. This loss of dormancy by application of HP has been shown by Paidhungat et al. (2002) to involve the germinant receptors of spores. HPP can cause germination of spores of Bacillus subtilis even in the absence of nutrient germinants. Pressure-induced germination sensitizes spores to other processing hurdles or to subsequent cycles of HP. A strategy of cycled HP has been investigated by some authors. The first cycle is to germinate spores and is followed by further cycles to inactivate the cells (Gola et al., 1996; Mills et al., 1998; Lopez-Pedemonte et al., 2003). The problems of superdormancy and an inability to achieve 100% germination, however, hamper these methods (Black et al., 2007b). To date, the most efficient hurdle-based approach to achieve sterilization using HPP is a combination of HP and high temperature. The process of PATS or pressure-assisted thermal processing (PATP) is discussed in more detail below.

8. Pressure-Assisted Thermal Sterilization

HPP is often referred to as a nonthermal processing method, but this reference can be questioned given the natural generation of compression heat (for additional discussion on adiabatic heat, see Chapter 1) during pressure applications and the not uncommon use of elevated temperature during pressure treatment as a means to enhance the effectiveness for inactivating microorganisms in a processed product. Incorporating heat at a higher level is called PATS, and is the combination of pressure and high temperatures to realize moist-heat sterilization. In PATS, initial pressure treatment temperatures in the approximate range of 70–90°C are used. Such an approach represents a viable means to inactivate spores and other recalcitrant organisms or enzymes in low-acid foods. The advantage offered by PATS is a reduced or better controlled exposure to heat, due to the uniformity of compression heating, that can enhance product quality while eliminating viable spores (Wilson and Baker, 1997; Meyer et al., 2000; Matser et al., 2004). PATS can be directed against other pressure-resistant forms of microorganisms, such as human infectious viruses (e.g., Aichi virus), parasites (e.g., oocysts of Cryptosporidium and Cyclospora), and fungal ascospores (e.g., Byssochlamys fulva, Byssochalmys nivea, and Neosartorya fischeri). Brown et al. (2003) found that infectious doses of scrapie prions could be effectively inactivated by short pressure pulses of 690–1,200 MPa (100,050–174,000 psi) at treatment temperatures of 121–137°C.

PATS takes advantage of the instantaneous and spatially homogeneous adiabatic heating of compression to better control temperature application. All compressible substances increase in temperature during physical compression (Ting et al., 2002). There is an increase of approximately 3°C for every 100-MPa increase in pressure in foods high in water content (Balasubramaniam et al., 2004), while foods high in fats and alcohol may exhibit compression heating approaching 9°C per 100 MPa (Rasanayagam et al., 2003). In a PATS application, the initial treatment temperature (IT), of the product is raised to the desired level, followed by pressure treatment of 500–700 MPa (72,500–101,500 psi). For example, if the temperature of the food is 80°C and a pressure of 700 MPa (101,500 psi) is then applied, the temperature uniformly increases to approximately 115°C as a result of the heat of compression added to the initial product temperature (Balasubramaniam et al., 2004; see Chapter 1 for additional discussion). When pressure is released, the reversible adiabatic heat is immediately dissipated so there is instantaneous cooling back to the initial product treatment temperature with no dependency on product size. Meyer et al. (2000) found a twin pulse of pressure to work best in the elimination of spores to insure moist-heat sterilization. Spore lethality from PATS can be considered a combination of protein denaturation and enzyme inactivation by heat with the aggregation of proteins under pressure (Rodriguez et al., 2004).

The process temperature is not only dependent on the initial temperature of the product and magnitude of pressure applied, but also on the uniformity of the product temperature at HP. Heat transfer effects affecting spore inactivation can be caused by temperature differences in the food product, the compression fluid, and the walls of the pressure
vessel (Balasubramanian and Balasubramaniam, 2003). Heat loss into reduced-temperature surroundings can be a critical factor affecting spore elimination by PATS (de Heij et al., 2003). Ting et al. (2002) stated that maintenance of proper temperature levels was necessary over the entire length of PATS treatment to avoid tailing seen in spore inactivation curves.

Spores of the dominant pathogen to low-acid and shelf-stable products, Clostridium botulinum, are very resistant to inactivation by combinations of heat and HP, often requiring exposures to 121°C and 800 MPa (116,000 psi) to generate significant reductions (Hendrickx and Knorr, 2002). As one might anticipate, variations in resistances to PATS treatment by spores of C. botulinum exist. For example, exposure to 75°C and 827 MPa (119,915 psi) for 15 minutes in buffer only reduces spores of C. botulinum type A by 3.2 log10 CFU/mL (Reddy et al., 2003), but spores from four different strains of nonproteolytic type B are reduced by 6 log10 CFU/mL in buffer or crabmeat treated at 827 MPa (119,915 psi)/75°C/30 minutes (Reddy et al. 2006). Reductions of spores of C. botulinum by PATS at 600 MPa (87,000 psi) and 80°C ranged from 0 to 5.5 log10 CFU/mL. Margosch et al. (2004) and Rodriguez et al. (2004) demonstrated a 4-log10 CFU/mL inactivation of C. botulinum spores at 80°C/100 MPa (14,500 psi)/15 minutes. Thus, while PATS treatment parameters do vary from laboratory to laboratory, it is also relevant that spores of C. botulinum demonstrate an inherent range of inactivation differences based on strain variations.

Other spores of clostridia have been examined for inactivation by PATS. The nonpathogenic types of Clostridium spores appear more sensitive to inactivation than spores of C. botulinum. Ahn et al. (2007) used 121°C and 700 MPa (101,500 psi) for 1 minute to inactivate 7–8 log10 CFU/mL spores of Clostridium sporogenes and Clostridium tyrobutyricum suspended in water. Kouchma et al. (2005) inactivated spore strips of C. sporogenes embedded in egg patties using 110°C and 690 MPa (100,050 psi) for 4 minutes. Ahn et al. (2007) evaluated spore suspensions of Thermoanaerobacterium thermosaccharolyticum (formerly Clostridium thermosaccharolyticum) and Bacillus amyloliquefaciens in water and found 121°C and 700 MPa (101,500 psi) for 5 minutes inactivated 4.5 log10 CFU/mL.

Scurrah et al. (2006) surveyed spores of Bacillus species from dairy sources. Bacillus sphaericus proved most resistant to PATS inactivation in skim milk at 600 MPa (87,000 psi) and 75, 85, and 95°C. When pressure-treated for 1 minute at 72°C and 600 MPa (87,000 psi), the range of responses of the 40 isolates of bacilli ranged from no inactivation to 6-log10 spores/mL. Gao et al. (2006a) found optimal process parameters to eliminate B. subtilis spore populations of 6 log10 to be 87°C and 579 MPa (83,955 psi) for 13 minutes in milk buffer. For spores of G. stearothermophilus (formerly B. stearothermophilus), Gao et al. (2006b) reported that 86°C and 625 MPa (90,625 psi) for 14 minutes gave 6-log10 reductions in a milk buffer. In water, Patazca et al. (2006) found thermal resistances of spores (expressed as D values) of G. stearothermophilus varied according to the pressures used.

The observation that pressure can protect or stabilize spores to inactivation from heat has been reported. For example, Rajan et al. (2006) found application of 700 MPa (101,500 psi) reduced the D values for PATS treatments from 95 to 110°C, but treatment at 121°C at this pressure resulted in a D-value increase. Margosch et al. (2006) examined spores of C. botulinum and B. amyloliquefaciens and found that a heat exposure to 100°C alone inactivated more spores than treatment at 600 or 800 MPa (87,000 or 116,000 psi) and 100°C (and above).

The phenomenon of tailing has been reported in PATS studies (Margosch et al., 2006; Ahn et al., 2007). Tailing could be the result of pressure stabilization of spores; however, this could also be due, all or partly, to spore superdormancy or nonlinear inactivation kinetics naturally inherent in these studies involving large populations of spores or cells.

9. The Effects of HPP on Yeasts and Molds

The spoilage of fruit and vegetable products from the growth of yeasts and molds makes them an important target of HPP research. Many yeasts and molds can spoil fruit juices and fruit purees even under refrigeration temperatures (Splittstoesser, 1987; Pitt and Hocking, 1997). The success of several pressure-treated fruit and vegetable products available in Japan, the United States, and Europe proves the efficacy of HPP against agents of food spoilage. The synergy of naturally acidic foods (fruit juices and purees) and HP is an effective barrier against spoilage by most yeasts and molds found in these products (Stewart and Cole, 2001).

Yeasts and molds of importance in the food industry for causing spoilage include the yeasts, Saccharomyces cerevisiae and Zygosaccharomyces bailii, molds such as Penicillium, Aspergillus, and heat-resistant molds, such as Byssochlamys, Neosartorya, and Talaromyces. Although S. cerevisiae is most notable for its beneficial role in the brewing and baking industries, it is also a powerful agent in food spoilage from growth and release of ethanol, carbon dioxide, hydrogen sulfide, and other off-odors (Thomas, 1993). Ascospore formation in S. cerevisiae can be induced on fruit surfaces where low concentrations of sugars and ethanol are present (Miller, 1989). Byssochlamys species, such as B. nivea and B. fulva, are able to grow fermentatively at low oxygen levels and produce powerful pectinases that result in disintegration of the fruit structure. These species may also produce mycotoxin, such as patulin (Hocking and Pitt, 2001).

In general, vegetative cells of molds (e.g., conidia) are regarded as sensitive to HPP, while the ascospores of yeasts and molds are analogous to bacterial spores and are generally found to be the most pressure-resistant form of yeasts and molds (see below for ascospore inactivation). For example, Ogawa et al. (1990) observed a >5-log10 reduction of each of nine species of yeasts and molds in fruit juice when treated at 350 MPa (50,750 psi) for 30 minutes or 400 MPa (58,000 psi) for 5 minutes. These authors demonstrated higher pressure resistances for ascospores than vegetative cells. They observed that heat-resistant fungi are also commonly more resistant to pressure than heat-sensitive fungi. Raso et al. (1998) compared the resistance of Z. bailii ascospores and vegetative cells suspended in apple, orange, pineapple, cranberry, and grape juices to heat and HP. Ascospores were found to be 5–8 times more heat-resistant than the vegetative cells. The population of vegetative cells treated at 300 MPa (43,500 psi) for 5 minutes decreased by almost 5 log10 cycles while a 0.5–1-log10 reduction in the numbers of ascospores was observed for the same treatment. Decimal reduction times (D values) for S. cerevisiae suspended in pasteurized orange juice at 350 MPa (50,750 psi) were determined to be 4–76 seconds for ascospores and 1–38 seconds for vegetative cells at pressures between 350 and 500 MPa (50,750 and 72,500 psi) (Parish, 1998).

Some studies have identified processing conditions that will eliminate yeasts and molds in both model and real foods. Palou et al. (1998b) demonstrated that Z. bailii suspended in a model system with an aw of 0.98 and pH 3.5 could be inactivated at sublethal pressures of 207 (30,015), 241 (34,945) and 276 MPa (40,020 psi) if cyclically applied over 20 minutes. A range of yeasts and molds, including Penicillium, Aspergillus, and S. cerevisiae in cauliflower, onion, spinach, lettuce, and asparagus, were eliminated at pressures between 300 and 400 MPa (43,500 and 58,000 psi) (Arroyo et al., 1999). Inactivation was found to be the most effective at 5°C as compared to 10 or 20°C. Inactivation of spores of Penicillium roqueforti in cheese slurry was not evident until a pressure of 300 MPa (43,500 psi) at 20°C was reached, after which cell numbers decreased rapidly (O’Reilly et al., 2000).

In contrast to the sensitive species discussed above, there are a number of fungal species that display notable resistances to HP. Pressures greater than 600 MPa (87,000 psi), often in conjunction with temperatures higher than 60°C, are necessary to inactive ascospores of heat-resistant molds (Butz et al., 1996; Palou et al., 1998a). Treatment at 689 MPa (99,905 psi) and 60°C for 25 minutes was insufficient to inactivate ascospores of B. nivea suspended in apple and cranberry juice concentrates. This may reflect the reduced aw of these concentrates. HP is progressively less effective as aw is reduced. Oscillatory pressure (five 1-second cycles at 689 MPa (99,905 psi) and 60°C) reduced the ascospore count by 1 log10 (Palou et al., 1998a).

Chapman et al. (2007) examined the barotolerance of the heat-resistant molds, B. fulva, B. nivea, N. fischeri, and Neosartorya spinosa. They found that older spores were generally more resistant to HP. In the case of B. nivea, a 2.5-log10 reduction was achieved for 3-week-old ascospores, whereas 9-week-old ascospores were reduced by only 0.5 log10 using similar treatment conditions. Similar results were found by Dijksterhuis and Teunissen (2004) for ascospores of Talaromyces macrosporus with older spores typically showing increased pressure resistance. The age-related changes in pressure resistance of ascospores may be due to ongoing changes in the ultrastructural state of the multilayered ascospore wall (Dijksterhuis and Teunissen, 2004; Chapman et al., 2007). Younger ascospores may succumb to HP because of a weaker underdeveloped cell wall, whereas mature ascospores have a denser cell wall which may protect them from HP.

Effects of HPP on yeasts and molds, which lead to cell death, include membrane damage and release of intracellular components (Perrier-Cornet et al., 1999), loss of homeostasis (Abe and Horikoshi, 1995), and disruption of the reproductive cycle (Kawarai et al., 2006). HPP promotes the acidification of the vacuoles of yeast (Abe and Horikoshi, 1995); pressures as low as 40–60 MPa (5,800–8,700 psi) can reduce the vacuolar pH of S. cerevisiae from 6.05 to 5.88 (defined using 6-carboxyfluorescein). Acidification disturbs the cellular ion homeostasis so that degradation of proteins takes place in the vacuole. Kawarai et al. (2006) treated S. cerevisiae at 50–150 MPa (7,250–21,750 psi) for 30 minutes at 30°C and found that action filaments disappeared which hampered cellular budding. The authors also demonstrated that in vitro polymerization of actin monomers was inhibited by exposure to 100 MPa (14,500 psi).

10. Activation and Germination of Yeast and Mold Ascospores by HP

HPP can induce the activation and germination of dormant ascospores (Reyns et al., 2003; Dijksterhuis and Teunissen, 2004); however, compared to HPP-induced germination of bacterial endospores, little is known of the mechanisms controlling the break of spore dormancy. Reyns et al. (2003) found that pressures of ≥200 MPa at 20°C induced the activation and germination of T. macrosporus ascospores. Raising the pressure above 400 MPa (58,000 psi) sensitized the ascospores to subsequent heat treatment so that at 500 MPa (72,500 psi), activation was followed by 3 log10 of HPP-induced inactivation if holding times were increased. Optimum temperatures for HPP-induced ascospore activation were 10–20°C and 60°C, and activation was not particularly pH-dependent over a pH range of 3.0–6.0. In a recent study by Chapman et al. (2007), HPP-induced germination was also observed for N. spinosa, B. fulva, and B. nivea. Ascospores of N. spinosa were the most sensitive to HPP-induced activation. Dijksterhuis and Teunissen (2004) suggested that influx of water through the HPP-damaged envelope of the ascospore caused activation.

11. The Effect of Suspending Medium on Pressure-Induced Inactivation of Yeasts and Molds

Many of the yeasts and molds of concern in the food industry are the spoilage agents of fruit beverages, jams, jellies, and vegetable preserves (Splittstoesser, 1987; Thomas, 1993). These products often have high levels of sugar or other solutes, while the reduced aw provided by these solutes have a preservative effect (Pitt and Hocking, 1997). They also provide protection to fungal contaminants against the lethal effects of HPP.

Rhodotorula rubra suspended in solutions of sucrose, glucose, fructose, or sodium chloride, were treated at 200–400 MPa (29,000–58,000 psi) and shown to have an aw-dependent barotolerance (Oxen and Knorr, 1993). The protective effect started at values below aw 0.92–0.88 and was independent of pH between pH 3.0 and 8.0. Palou et al. (1997) reported a linear relationship between survival of Z. bailii and aw (controlled by sucrose) after HPP at 354 MPa (51,330 psi) for 5 minutes.

Goh et al. (2007) pressure-treated (600 MPa, 87,000 psi) suspensions of yeast cells (S. cerevisiae, Pichia anomala, and Hanseniaspora uvarum) and fungal spores (Penicillium expansum, Fusarium oxysporum, and Rhizopus stolonifer) in citrate phosphate buffer formulated with sucrose or glycerol and NaCl at equivalent aw values of 0.925, 0.903, and 0.866. Sucrose was found to have a stronger baroprotective effect for S. cerevisiae than the other solutes at two of the three investigated water activities. For P. expansum at 0.903 aw, NaCl gave the best protective effect. Palou et al. (1999) proposed that enhanced survival at reduced aw could be due to cell shrinkage which causes thickening of the cell membrane, reducing the membrane permeability, and protecting the cells from destruction by HP.

12. Process Implications for Controlling Yeast and Molds

Key process parameters for effectiveness of HPP with regard to inactivation of fungi include ascospore age, suspending medium, and the presence of resistant species. As often suggested for many different food types, Chapman et al. (2007) emphasized that HPP needs to be combined with other hurdles to ensure that the quality of shelf-stable fruit products is superior to currently available heat-processed products.

13. The Effects of HPP on Viruses

The first virus to be pressure-treated was the plant pathogen, tobacco mosaic virus by Giddings et al. in 1929. Unfortunately, few studies were conducted on the pressure inactivation of animal and human viruses. The advent of more sophisticated cell culture techniques and molecular methods has greatly aided study in this field of research. Research has yielded a considerable amount of data on the responses of viruses to HPP (some of which is summarized in Tables 5.2 and 5.3). The field is still an emerging one. Research in the area of viral inactivation by HPP has taken two main routes, the first being the inactivation of food-borne viruses such as hepatitis A virus (HAV) and noroviruses, the second is medical applications such as inactivation of viruses in blood plasma (Bradley et al., 2000) and other biomedical products, as well as vaccine development (Silva et al., 1992).

Table 5.2 Inactivation of human and animal viruses by high-pressure processing
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Table 5.3 Inactivation of bacteriophage by high-pressure processing
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Studies on viral inactivation have revealed the heterogeneous nature of virus responses to HPP. Some viruses are extremely pressure-resistant; for example, poliovirus is only inactivated by less than 1 log when subjected to 600 MPa (87,000 psi) for 1 hour (Wilkinson et al., 2001). Others have been found to be very sensitive, such as feline calicivirus (FCV) which is completely inactivated by pressures as low as 275 MPa (40,000 psi) for 5 minutes (Kingsley et al., 2004).

14. Mechanisms of Pressure Inactivation of Viruses

Viral inactivation has been shown to be more dependent on the magnitude of pressure applied than the duration of the treatment. Jurkiewicz et al. (1995) showed that the infectivity of simian immunodeficiency virus (SIV) was reduced by 5-log units after treatment at 250 MPa (36,250 psi) for 1 hour at 21.5°C. Lower pressure treatments of 200 and 150 MPa (29,000–21,750 psi) required 3 and 10 hours, respectively, to achieve similar reductions. Muller-Merbach et al. (2005) suggested that the size and shape of the virus can have an effect on its resistance to HPP. It was found that both P001 and P008 bacteriophage were more resistant than their lactococcal hosts and that P008 was the more resistant of the two. The resilience of P008 may be attributed to its morphology; P008 is an isometrically headed phage whereas P001 has a prolate or elongated head (Muller-Merbach et al., 2005).

The mechanisms of viral inactivation by HPP are thought to involve the dissociation and/or denaturation of the proteins of the virus coat (Silva et al., 1992), or in the case of enveloped viruses, damage to the envelope (Nakagami et al., 1992) rather than damage to viral nucleic acids (Kingsley et al., 2002). The pressure-induced changes to the coat can be subtle alterations to capsid proteins (Kingsley et al., 2002) or receptor recognition proteins (Pontes et al., 2001), which can lead to loss of infectivity.

Herpes simplex virus and human cytomegalovirus were reduced by more than 7 and 4 logs, respectively, following 10-minute treatments at 400 MPa (58,000 psi) and 25°C. Electron microscopic examination revealed damage to the envelopes which prevented the viruses from binding to cells and initiating infection (Nakagami et al., 1992). Kingsley et al. (2002) found that the capsid of HAV remains intact following HPP suggesting that pressure may denature attachment proteins within the capsid rendering the virus unable to initiate infection. Similarly Pontes et al. (2001) attributed pressure-induced inactivation of rotavirus to alteration of the viral spike protein, VP4.

Treatment of some viruses at low temperature has been found to enhance pressure-induced inactivation. Murine norovirus treated at 350 MPa (50,750 psi) for 5 minutes at 30°C were inactivated by 1.15 log10 PFU/mL compared to 5.56-log10 reduction when the same treatment was performed at 5°C (Kingsley et al., 2007). Oliveira et al. (1999) combined HP (240 MPa; 34,800 psi for 2 hours) and low temperature (−15°C) to inactivate 6 logs of the foot-and-mouth disease virus compared to 4 logs of inactivation at room temperature. The synergy of pressure and low temperature may be explained by the low-temperature-induced exposure of nonpolar sidechains to water resulting in the virus proteins being more compressible and more likely to be denatured under pressure.

15. Effect of Suspending Medium on Pressure Inactivation of Viruses

Similar to pressure-induced inactivation of bacteria, the nature of the suspending medium or food is an important factor to consider in viral inactivation by HPP. A protective effect of substrate on viruses has been reported by Kingsley et al. (2002) and Murchie et al. (2007). Bovine enterovirus (BEV) and FCV studied as surrogates of HAV and norovirus, respectively, were pressure-treated in shellfish, seawater, and culture medium and found to be most resistant when treated in oysters and mussels (Murchie et al., 2007). HAV treated in seawater of 27.4-kppt salinity was protected from the effects of HPP compared to an isotonic tissue culture medium (Kingsley et al., 2002).

Most of our current knowledge on pressure-induced inactivation of virus comes from studies performed in tissue culture media (Table 5.2). As more challenge studies of viruses in food are carried out, the interactions of viral particles and substrate components under pressure will become clearer.

16. Virus Surrogates

The difficulties of working with certain virus cultures have made the use of surrogates a vital aspect of virus research. Viruses, such as noroviruses, are difficult to culture in culture medium and, therefore, surrogates, such as FCV, are used to predict their response to pressure and other treatments. The use of bacteriophage as surrogates for enteric viruses has numerous advantages; they are easy to work with in the laboratory and are not hazardous to human health. Some recent studies have attempted to find suitable surrogates for use in the validation of HPP of food (Guan et al., 2006, 2007; Smiddy et al., 2006; Murchie et al., 2007).

Virus surrogates are generally chosen because of their structural similarity and genetic relatedness to a target virus. Murchie et al. (2007) found a 5-minute exposure to 350 MPa (50,750 psi) at 20°C sufficient to inactivate BEV in seawater or “naturally” infected mussels or oysters. BEV is structurally similar to HAV and FCV, a norovirus surrogate. This study and a study by Kingsley et al. (2007) on murine norovirus inactivation by HPP indicate that noroviruses are highly susceptible to pressure.

A range of bacteriophages has been screened for use as potential surrogates (Guan et al., 2006, 2007; Smiddy et al., 2006), some of which are listed in (Table 5.3). Pressures of up to 800 MPa (116,000 psi) were required to inactivate high levels of Qβ and c2 phage in oysters (Smiddy et al., 2006). Such pressures are not required for inactivation of the enteric viruses that have been studied thus far and, therefore, cannot be used as surrogates for HPP validation. Guan et al. (2007) examined the pressure sensitivities of the coliphages φX 174 (ssDNA virus), MS2 (ssRNA virus), λ imm434 (dsDNA virus), and T4 (dsDNA virus), and suggested that despite their morphological differences, MS2 and T4 may be potential surrogates for human enteric viruses.

17. Other Applications of HPP and Viruses

HPP is a technology that has many potential uses not directly associated with food safety. For example, Muller-Merbach et al. (2005) demonstrated that HPP could be utilized for the treatment of milk used in cheesemaking in order to inactivate bacteriophage of the cheese starter cultures (Table 5.3). While not harmful to humans, bacteriophage can cause huge economic losses in the dairy industry by attacking the starter cultures of dairy fermentations. HPP could also be used in the pasteurization of blood and blood products (Nakagami et al., 1992; Bradley et al., 2000) without damaging plasma proteins such as immunoglobulins.

Some viruses do not disassociate during pressure treatment or can reassemble post-pressure forming nonviable viral particles. Pressure-inactivated viral particles can retain many of the physical and chemical characteristics of the native virus, and remain highly immunogenic (Silva et al., 1992; Oliveira et al., 1999; Pontes et al., 2001), thus opening up the possibility of producing vaccines.

18. Future Research Needs

The area of microbial inactivation by processes incorporating HP has matured dramatically. Nonetheless, there is still a need to reliably predict the effective end point of pressure processes for preservation of food products. Variations in microbial susceptibility will continue to occur on the basis of the food type, pressure equipment used, processing conditions, and quality specifications of the treated product. Thus, it is safe to assume that work will continue on pressure inactivation with attention paid to process resistance mechanisms.
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Mediom Enzyme Treatment Conditions % Inactvation  Reference
88% NaCl Pectin methylesterase Batch: 24 kV/em, 8,000 s, 938 Giner etal, 2000
(tomato) 15°C
Distlled water  Pectin methylesterase Batch: 30 kV/em, <10 Van Loey etal, 2002
(tomato) 40000 s
Orange juice. Pectin methylosterase Continuous: 35 kViem, 88 ‘Yeom ctal., 20008
59 115, 60.1°C
Orange jice Pectin methylesterase: Continuous: 35 kViem, 80 Elez-Martnez et al. 20070
1,500 s, 40°C
Mllvine buffer  Polyphenoloxidase (apple)  Batch: 246 kV/em, 6000 96 Giner etal, 2001
(ot =65) b, 15°C.
Mellvaine buffer ~ Polyphenoloxidase (apple)  Batch: 31 kV/em, 1000 s <10 Van Loey et al, 2002
Polyphenolosidase (peach)  Batch: 243 KVicm, 0 Giner etal, 2002
5,000 s, 25°C
Polyphencloxidase (pear)  Batch: 223 KVicm, & Giner etal,, 2001
6,000 s, 15°C
Lypoxigenase Continuous: 35 kViem, 80 Min tal, 2003
50 s, 20°C
Peroxidase Continuous: 35 kV/em, 100 Elez-Martnez et al., 2006
1,500 s, 35°C
Buffer soluion ~ Peroxidase (leek) Continvous: 2kViem, 347 Zhong etal, 2005
1,863 ps, 40°C
Cascine solution Protease (P fluorescens)  Continuous: 14-15 kViem, 0 Vega-Mercado et al, 2001
196 s
Skimmed milk  Protease (. subiiis) Continuous: 35,5 KV/em, 811 Bendicho etal, 2003
866 15, 46°C
‘Whole milk Protease (B, subls) Continuous: 35.5 kViem, 7.1 Bendicho et al, 2003
866 15, 46°C
Skimmed milk  Protease (7 luorescens)  Continuous: 14-15KVicm, 60 Vega-Mercado et al, 2001
196 s
Buffer (H=2,1) Pepsine Continuous: 41.8kViem, 838 Yang ctal, 2004
126 us
Buffer (pH=6,5)  Lysozyme (egg white) Continuous: 382 kViem, 0 Yang etal, 2004
126 s
Deionized water  a-amilase (B. licheniformis)  Batch: 0KV/cm, 60 s, 90 Hoetal, 1997
20°C
Buffer (pH =5,1)  Glucosaoxidase (4. Niger)  Batch: 63kV/em, 60 s, 75 Hoetal, 1997
20°C
1 mMEDTA Papaine (papaya) Continuous: S0kViem, 90 Yeom etal., 1999
2,000 s, 35°C
Buffer pH =7.2)  Lactate dehydrogenase  Batch: 31 6kViem, 192 s, 0 Barsott et al, 2002
(ovine heart) R
Buffer (pH=2.9)  Quimotripsine Continuous: 342KkViem, 4 Yang ctal. 2004

126 s
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Log

Medium Microorganism Treatment Conditions. Reduction ~ Reference
01% Wl Pseudomonas fluorescens  Batch: 10KV/em, 10 pulses, 6 Hoetal., 1995
peptone 25,20°C
OIMNiCl  Yersinia enterocolitica Baich: 75 kY, 250 puises 7 Lubicki and Jayaram, 1997
Staphylococeus aureus Continuous: 35kViem, 150 45 Sobrino-Ldper et al, 2006
pulses, 8 s, <40°C
Skimmed milk  Escherichia coli Batch: 45 kViem, 64 pulses, 3 Mastin etal, 1997
186 s, 15°C
Skimmed milk ~ Salmonella dublin Continuous: 25 kViem, 100 4 Semsoy etal, 1997
pulses, 1 s, 50°C
Liquidegg  Listeria innocua Continuous: S0kViem, 32 35 Calderon-Miranda et al., 1999
pulses, 2 s, 36°C
Liquidegg  E coli OIST:HT, Salmonella  Continuous: 30KV/em, 105§ Amiali et al., 2007
yolk Enteritidis pulses, 2us, 40°C
Liquidegg £ coli O157:H7 Continuous: 30kViem, 60 29 Amiali et al., 2006
white. Salmonella Entertidis pulses, 2y, 40°C 37
Peassoup  Bacillus subtilis Continuous, 33kViem, 30 53 Vega-Mercado ctal., 1996b.
E.coli pulses, 2 1, 35°C 65
Applejuice £ coli O157:H7 Continuous: 30kViem, 43 5 Evrendilek etal, 1999
pulses, 4 s, 25°C
Melonjuice £ coli Continuous: 35 KV, 400 pulses, 38 Mosqueda-Melgar et al. 2007
Salmonella Enteritidis 4, <39°C 43
Listeria monocytogenes 39
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Defoaming Increased production =6 03 1000 6 wecks
capacity
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Extraction Yield increase >36 2 2000 4 months
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Source Solute Solvent Reference

Sugar bect Sugar Water Chendke and Fogler, 1975

Delatied fizkes Soybean protein Water ‘Wang, 1981

Chinese plants Helicid Ethanol Zhao etal., 1991

Abomasa Rennin HCl Kim and Zayas, 1991

‘Wheat germ Germ oil Supereritcal CO; Chen etal, 1997

Grape seeds and whole grape  Tantaric acid or malic acid  Water or methanol Palma ctal, 2002

Comeob Xylan NaOH. Hromadkova et al, 1999

Sage (Salvia offcinalis L) Polysaccharides Ethanol Hromadkova et al, 1999

Caraway seeds Carvone or limonene Hexane Chemat etal,, 2004

Soybean Soybean oil Hexane, isopropanol, or Lietal., 2004a, 20045
‘mixed solvent

Kabkab date Date syrup. Water Entezari ot al. 2004

Chicken liver Lutein Hexane Sunetal., 2006

Prawn shell Chitin HCl Kiartansson et al, 2006

Eg yolk Lutein Hexane Yue etal,, 2006

Garlic Essental il Dicthyl ether, hexane, or Kimbaris ct al., 2006
ethyl acetate

Chlorella pyrenoidosa Polysaccharides Ethanol Shietal, 2006

Grape stem Resveratrol Ethanol Choetal, 2006

Pomegranate pecl Phenols ‘Acctone, methanol, ethanol,  Yasoubi et al, 2007

‘water, and ethyl acctate






OEBPS/images/c30f003.jpg
Viable cell (CFU/g)

120

80

40

I

m18°C
o25°C
037°C

0

0.05 0.08
Ethanol vapor (%)






OEBPS/images/table07001.gif
1000 10000 905 €8 vSv  $SE LS €€V Sy 09E 9 8SE ISV BV
@ w @ s v @ s s s @ aw 1yousq 1onposd pasgpasag
1000 10000 299 €IS 96 €9 199 S LI Ik S6v 097 009 619
row @ » @ aw Pow P @ qv  Sume Omoeideoos A0
o1 o0 0 5oddeip ® A A0 aydues g s2ddusg oN anqumy.
Bis  owAd 19 s oW L 8@ 19 s ow e 8@ 6






OEBPS/images/c30f002.jpg
T
AN o ©® © ¥ «

qu/n4o 6o

100

Time (h)





OEBPS/images/table05003.gif
Treatment Conditions

Process Lossin
Prsuwe Time  Temperawre  Infectivity

Bacteriophage Substrate P (minues)  (C) (ogip)  References

Qiciacoliphage  Oysters 0 10 2 6 Smiddy etal, 2006

Phage C2 Oysters 700 10 2 6 Smiddy etal 2006

Lciococcal phage. MITbroh+ 600 kY 2 6 Muller-Merbach et al. 2005
Po01 Calcium

Loctococcal prage. MITbroh+ 600 @ 2 3 Maller Merbach et ., 2005
Po0s Calcium

Ms2 Buffer 0 5 2 33 Guan etal, 2006

Bactriophage OX  Buffer w0 120 w0 4 Brauch etal. 1990

Bactcriophage T4 Buffer 0 10 4 8 Grosand Ludwig, 1992
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Treatment Conditions

Process Lossin
Prossure Time Temperature  Infectivty

Virus Swbsre  (MPY)  (minues)  CC) dogi0) References

Adenovinus oM an 15 2 s Wilkinson etal, 2001

Aichivins AB4GRE CCM 600 H 21 Noreduction  Kingsley etal, 2004

AvianinfueniaA  CCM 500 04 15 s Tsbam et al, 2007
HINT

Bovineenterovius  Oysters 450 s 2 s Murcie tal, 2007

Comsackievins A CCM 500 5 2 7 Kingsley etal, 2004

Cowackicvins B CCM 600 H 21 Noreduction  Kingsley tal 2004

Feline calicivirus ccm 275 5 2 7 Kingsley et al., 2002

Foot-and-mouth Buffer 240 120 15 6 Oliviracal 1999
discase virus

Hepaids Avinss  CCM 450 s = 7 Kingsley el 2002

Hemes simplex vins — CCM 400 1 2 7 Nakagami el 1992
type 1

Human oM 1 2 4 Nakagam e, 1992
cytomegalovius

Human oM a0 1 2 >3 Oukeetal, 1997
immunodeficiency
virus (KK-1
cliical i)

Human M s s 2 4 Kingsley tal, 2004
parechovinus-1

Ifectousbursal  COM 230 120 0 s Tian etal, 2000
discase virus

Polovirus oM e ) 2 < Wilkison eal, 2001

Rouvius (uman)  CCM 300 2 2 5 Khadre and Youse,

2002

Simian 250 o 2 5 Jurkiewicz el 1995
immunodefcency

Sindbis virus Bufer 250 480 Notspecied 5 Gaspar et 2002

Vesicular stomatitis  Buffer 260 70 2 4 Silvaetal, 1992
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Treatment Conditions.

Process
Pressre Time  Temperare  Log
Microorganism Substrate OMPo)  (minues)  (C) Reduction Reference
Lactobacilusvirdescens  Skim milk 0 s 2 61 Black etal, 2005
L viidescens Ham S0 s 2 4 Parketal, 2001
Lactobacilus elveticus  Ewe’s milk 50 10 10 3 Gervilaetal, 1997
Lactobacilusplaniarum  Model beer @ s 15 8 Ulmer tal, 2000
Lactobacillus sakei  Cooked ham 0 10 o 4 Hugas etal 2002
Mycobacterium
Mycabacerium aviam Mk s0 10 2 65 Donaghy et 2007
ssp.paratuberculosis
Salmonella
5. Senftenberg TISW Baby food M0 10 E < Metick etal, 1989
5. Typhimurium Phosphate buffered 350 15 20 s Patterson et 1995
5. entriidis Phosphatebuffered 450 15 2 5 Patterson et . 1995
Stigella
5 flemeri Buffer s s 2 6 Waytack el 2002
Staphylococeus
5. aureus Poulty meat & s 2 3 Pattrson et 1995
. aureus 78 19 peptone s s 25 < Alpas tal., 1999
5. aureus Cheese shurry w0 0 2 6 O'Reilly et al. 2000
5 carmosus Cooked ham s0 10 W 129 Hogasetal, 2002
Pseudomonas
P fuorescens Ewe's milk s 10 10 4 Gervilactl, 1997
P fuorescens Skimmilk W s 2 82 Black etal, 2005
P fuorescens Minced bect 00 20 2 5 Carlezctal., 1993
Paeruginosa Buffer w10 B 6 Amoyoetal. 1997
Vibrio
V. cholera Anificilseavater 300 15 2 7 Berln et 1999
V vulnifcus Anificial seavater 30015 2 7 Berlnetal. 1999
V. parahaemolyicus  Oysters s s 2 7 Caik et al, 2002
V. parahaemolyiicus  Clam juice w10 2 3 Styles et 1991
V. parahaemolyiicus  Oysters w13 10 s ook, 2003
03:K6
Yersinia
Y. enterocoltca Phosphate buffered 275 15 ) s Patterson et ., 1995
¥ enterocliica Pork stury 00 10 2 6 Shigehisa tal, 1991
¥.entervcolitca Cheese w10 2 7 De Lamo-Castelvi
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Treatment Conditions.

Process
Pressure Time Temperature  Log.
Microorganism Substrate Py (minues)  (°C) Reduction Reference
Campylobacter
C.jejuni Pork slurry w10 2 6 Shigehisa etal,, 1991
C.jejuni UHT milk ECE ) 2 6 Solomon and Hoover,
2004
C.jejuni UHT soy milk 310 2 6 Solomon and Hoover,
2004
C.jejuni Chicken puree 310 2 6 ‘Solomon and Hoover,
2004
Citrobacter
C. freundii Minced meat % 2 2 5 Carlez etal., 1993
Enterobacter
E. sakazakii A Infant formula 600 2 68 Gonzalez et al, 2006
E. sakazakii B Infant formula 60 11 2 31 Gonzalez etal., 2006
Escherichia coli
E. coli 405 CECT Goat'sfreshmilk 400 15 2 8 Capellas et al, 1996
cheese.
E. coli MC 1061 Skim milk s0 15 2 6s Black etal,, 2005
E coli ATCC29055  Apple juice w0 <1 2 8 Ramaswamy ctal,
2003
E.coli OISTHTNCTC  UHT milk 6 15 2 < Patterson et al., 1995
12079
E.coli OISTHTNCTC  UHT milk w15 0 8 Paterson and
12079 Kilpatrick, 1998
Ecoli OISTHT933 1% peptone 35 s 25 28 Alpas tal, 1999
EcoliOISTHTO2 1% peptone. 345 s 2 56 Alpas etal, 1999
E coli MG1655 UHT milk 0 1S 2 23 Garcia-Graclls et al.,
1999
Listeria
L monocytogenes Scott 1% peptone 345 5 2 <1 Alpas etal, 1999
A
L monocytogenes SLR1 19 peptone 35 s 25 353 Alpas etal. 1999
L monocytogenes Scott UHT milk M0 80 2 6 Styles etal, 1991
A
L monocytogenes Scott  UHT milk 60 10 2 75 Chen and Hoover,
A 2004
L monocytogenes Pouliry meat 75 1S 2 2 Paterson et al., 1995
L monocytogenes NCTC  UHT milk w0 2 8 6 MeClements et al.,
11994 2001
L monocytogenes NCTC  UHT milk ) 2 15 ‘Simpson and
11994 Gilmou, 1997
Lactic Acid Bacteria
Lactococeus lacis ssp. Skim milk a0 2 2 32 Casal and Gomez,
lactis 1999
Lactococcus caseissp.  Skim milk a0 20 2 3 Casal and Gomez,
casei 1999
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Production in

Vesscl Volume  Numberof  VesselFilng  Working Working Metric Tons/
Products in Liters CyclesHour  Ratio HousDey — Days/Year  Year (lbsiyear)
Vegetable products 6,412 s 065 2 300 75,020
(165,420)
Meat products 9015 5 045 2 300 7302
161,012)
Seafoodand fish 2487 7 010 16 180 3509
@1.387)
Juices and beverages 2,032 6 045 2 250 16459
(36,29%)
Other products 1137 s 050 2 200 6822
(15.043)
Total 20962 206,420

(55,155)
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enteridis
Saimonella 0610~40 0s 051065 Water Dave (1999)
enteriidis
Salmonella 43 167 023026 Water Farooq and Akblaque
iyphimirium (1983)
Baclluscereus >20 s o1 Water Broadwateretal,
B cereus (spores) 20 5 229 Water 1973
B cereus 61 1 1 Spore suspension  Khadre and Yousef
B stearothermophitus 13 1 i Aqueousoone  (2001)
Legionella 45 20 032 Water Edelscin et al. (1982)
preunophila
Fecal sreplocci >20 19 22 Raw wastovater  Joret et al. (1982)
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Microorganisms
(concentration)

Surface®

Exposure Time

Bacteria
Escherichia col

@ 10%

E coli

a0

E coli

&l
Staphylococeus aureus
a 107

S. aureus

a 10%)
Preudomonas aeruginosa
@ 107

Endospores

Bacillus punils spores
a 10%)

B. niger spores

a 10%)

Yeast

Saccharomyces cerevisiac
s 10

Candida albicans

as 10

Viruses
Bacteriophage Phi X 174
@s 107

Polypropyienc
Glss

e
Polypropyiene
Filer paper

Polypropylene:

Paper strips

Paper srips

Glass slides

Glass slides

Glass slides

30 seconds.

70 seconds

5 minutes.

60 seconds

30 seconds.

30 seconds

3 minutes

5.5 minutes.

5 minutes

3.5 minutes.

15 minutes

= 1.8 minutes
12 seconds
5.5 minutes
12 seconds

Dy =3 minutes
D3 =30 seconds

2.1 minutes
30 seconds.

1.2 minutes
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NTP Techaology Class

I Remote Treatment

L. Direct Treatment

L Electrode Contact

Nature of NTP applied

NTP density and energy

Spacing of arget from
NTP-genecating.
clectrode

Electical conduction
through target

Suitabiliy for irrgular
surfaces

Examples of

technologies

References

Decaying plasma
(afterglow)—longer lived
chemical species

Moderate density—target
remote from electrodes.
However, alarger volume of
NTP can be generated using
‘multple clectrodes

‘Approx. 5-20 cm; arcing
(Blamentous discharge)
unlikely to contacttarget
any power setting

No

High—remote nature of NTP
‘generation means maximum
Rexibilty of epplication of
NTP afterglow stream

Remote exposure reactor,
plasma pencil

Gadrietal,, 2000
Laroussi and Lu, 2005
Montie etal., 2000

Active plasma—short and
long-lived species

Higher density—target in the
direct path of a flow of
active NTP

Approx. 15 cm; arving can
occur at igher power.
setings, can contact target

Not under normal operation,
but possible during arcing

Moderately high—NTP is
conveyed to target in a
directional manner,
requiring cither otation of
target or multple NTP
emitters

Gliding arc; plasma needle;
‘microwave-induced plasma
wbe

Leeetal, 2005
Niemira et l., 20053, 2005b
Sladek and Stoeffels, 2005
Stoffels et al, 2002

‘Active plasma—all chemical
species, including shortestlived
and ion bombardment

Highest density—target within
NTP generation field

Approx. < 1 cm; arcing can occur
between electrodes and target at
higher power setings.

Yes,if trget is used as an
electrode OR if target between
mounted electrodes is
clectrically conductive

‘Moderately low—close spacing is
required to maintain NTP
uniformity. However,
electrodes can be shaped o fita
defined, consistent surface.

Parallel plate reactor; eedle-plate
reactor; resistive barrier
discharge; dicectric barrier
discharge.

Deng et al., 2005

Kelly-Wintenberg e al. 1999

Laoussi etl., 2003

Montenegro et al., 2002

‘Niemira ct a., 2005, 2005






OEBPS/images/table22004.gif
Room Number, Apple ‘Room Number, Apple

Variety, Ozone? Mold,CFU  Yeast,CFU  Variety, Ozone? Mold,CFU  Yeast,CFU
57, Fuj, yes 1 0 69, Fuji o s o

4 0 1 0

n 0 3 0

s 0 2 0

1 0 5 0

6 0
Sum % 0 Sum 16 0
Average 47 0 Average a2 0
Standard deviation a7 0 Standard deviation 18 0
25, boxed fit, yes 6 2 8, boxed fit,n0 ! 0

2 o 2 0

7 1 2 1

s 0 1 1

1 0 6 0

s 0 4 0
Sum 2% 3 Sum 16 2
verage 43 43 mverage 27 27
Standard deviation 23 23 Standard deviation 20 20
38, Golden, yes 1 [ 39, Golden, o 1 0

2 0 0 1

1 1 0 1

4 0 0 1

0 0 2 0

0 0 0 2
Sum 8 1 Sum 3 15
Average 13 13 Average 05 05
Standard deviation a5 15 Standard deviasion 08 08
40, Gala,no o 9 41, Gala, yes 3 7

1 0 3 0

0 0 It 0

1 1 1 2

2 n 3 0

1 6 6 1
Sum H Bl Sum Bl 10
Average 08 55 mverage 55 17
Standard deviation 08 67 Stndard deiation 59 27
55, Fuji & Rome, no 6 o 58, Fuji & Rome, yes 1 o

4 0 0 0

2 0 0 0

6 0 1 0

2 0 1 0

1 1 1 0
Sun 3 1 Sum 4 0
Average 52 02 verage 07 0
Standard deviation 34 04 Stndard deiation 05 0
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Racks Numberof  %with % withNo
Sampling Checks  Colonies  Colonies.
4 Qur 1998 216 15 93

15 Qur 1999 188 31 8

24 Qur 1999 19 14 93

3 Qu 1999 208 13 9
Ozone System Installed October 6, 1999

Week | 2 1 95
Week 2 50 3 9
Week 3 50 2 %
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Raw Finished
Escherichia.
T coliicoli SPC YeastMold E colioli SPC  YeastMold Tsumami Ozone
Duc  Spees  Neg<ld <S0000 <2000 Neg<3 <1000 <2000  ppm  pom
iy T00AM  Neg/<I0 4000 INIC Neg<l0 100 800 21 252
930AM  New3000 45000 TNIC  Neg<l0 1300 900 21 25
SISPM  NeyTNTC TNIC TNTC  Neg<l0 200 L1021 234
730PM  Ne200 60 12000  Neg<l0  Lio0 1300 21 262
9S0PM  Neg/15000 50000 160000  Neg<l0 330 100 2 247
LIS New/<10 80 TNTC  Neg<l0 30 120 21 304
Laly 200AM  Neg200 INIC INIC  Neg<l0 60 700 a s
235PM New12000 TNIC TNTC  Neg<l0 800 190 12 236
S30PM  Newi2 1400 9000 Neg<l0 1500 950 4 236
T4SPM Neg2100 INIC INIC  Neg<l0 600 750 4 230
935PM  Neg/1300 INIC TNIC  Neg<l0 300 140 3 238
15kl 120PM  Negr7000 INIC TNIC  Neg<l0 60 60 9 286
220PM  Neg®0 50000 16000 Neg<ld 210 500 9 286
320PM  Neg100 INIC INTC  Neg<l0 4100 2000 8 286
S53SPM News00 TNIC TNIC  Neg<l0 10 L60 3 315
T4SPM Neg/1200 INIC INIC  Neg<l0 520 140 3 243
94SPM  Neg/bd INIC TNIC  Neg<l0 @0 L6 5 27
161y G4SAM  Neg1200 TNIC INIC  Neg<l0 200 900 B 215
945 AM  Neg/d00 100 INIC  Neg<l0 10 L8014 275
305PM Neg0 16000 TNIC  Neg<lo 50 400 3 236
S4SPM New/1500 7600 TNTC  New<l0 100 L7004 254
725PM New300 2700 90000 Neg<l0 S0 200 5 24
925PM  New200 14000 70000 Neg<l0 90 2100 5 271
175y 650AM  NeyTNTC INIC  TNIC  NegB000 1200 180 5 296
400PM  Neg/INTC INIC INTC  NegS0 2000 1300 4 285
SOSPM  Neg/INTC INIC INIC  NegS00 180 L0 4 271
TASPM NeyTNTC TNIC  TNTC  Negd0 L3 2500 4 273
925PM  Newl0 0000 8000 Negds00 S0 2700 4 314
1I:10PM  NegINTC INIC  TNIC  Negl20 00 120 5 278
183y 655AM  Neg200 40 TNIC  Neg<i0 300 450 noo2m
825AM  Neg/12000 INIC TNIC  Neg200 700 400 noo2m
1125AM  Neg200 300 INIC  Neg<lo 900 700 2 2w
320PM  NegTNTC INIC  TNIC  Neg<l0 70 1400 4 280
S05PM New TNIC 15000 New<i0 350 Ls0 4 201
Average 767 5650 o 13 95 27
Standard 258 53676 L8 %6 6 02
Deviation
Maximum ™IC  TNTC 00 10 210 29
Minimum 000 15000 30 80 40 25

FTNTC: Too Numerous To Count






OEBPS/images/table22001.gif
Raw Finished
Escherichia.
Time colil-coli SPC Yeast/Mold Ecolifcoli SPC  YeastMold Tsunami Ozone
Dae  Spees  Neg/<l0 <0000 <2000 Neg<3 <1000 <2000  ppm  ppm
6luly 645SAM  NegTNTC' 40000 INIC  Neg<l0 600 L100 4 256
9ISAM  Neg25,000 000 TNIC  Neg<l0 10 <10 s 256
LISPM  New8000 6000 1800 Neg<10 30 20 6 262
S30PM  Neg2,500 8000 900 Neg<lo 100 20 8 250
7auly  LOSPM  Negs000 80 INIC  Neg<3 3 <3 8 277
235PM  Negh0 1200 24000 Neg<d 12 <3 8 277
S22PM Neg000 10000 35000 Neg<3 6 < s 293
T20PM  Neg20 30000 TNTC  Neg<l0 800 1900 6 298
Bluly 230AM  Neg<l0 600 7100 Neg<l0 650 1600 6 298
650AM  Neg/<10 5000 TNTC  Neg<l0 2000 1400 6 279
920AM  Neg/<10 1200 2000  Neg<l0 <10 <10 7 28
250PM  Neg/<10 6000 40000 Neg<l0 <10 <I0 7 2m
S40PM Neg00 INTC  INTC  Neg<l0 180 500 s 270
9y 120AM  Neg300 4000 12000 Neg<l0 900 2500 5 288
SISPM  Neg/ls0 INIC  TNIC  Neg<l0 800 700 5 251
730PM  Neg/INTC 20000 TNTC  Neg<l0 S50 L100 5 255
935PM  NegTNTC 18000 TNTC  Neg<l0 900 800 s 251
11:00PM  Neg1,500 600 9000  Neg<l0 1900 1700 s 276
100Uy LISAM  NegTNTC INTC  INTC  Neg<I0 2200 1500 s 276
220AM  Neg/<10 80000 TNTC  Neg<l0 1480 2000 5 281
T00AM  Neg/INTC INIC INIC  Negi<l0 1000 800 5 278
830AM  Neg/INTC INIC  INIC  Negi<l0 750 600 6 278
230PM  NegINTC INIC  TNTC  Neg<l0 200 150 7 278
T4OPM  NegTNTC INTC  TNTC  Neg<l0 350 1020 5 309
Iy LISPM Neg/<10 INIC  INTC  Neg<l0 100 1700 6 301
TAOPM  Neg<10 INIC INIC  Neg<l0 300 900 s 268
10:05PM  Neg/<10 INIC INTC  Neg<l0 200 500 4 236
Average 141 274 62 101 6 274
Std. Dev. 23063 3049 654 678 1 017
Maximum TNTC  TNTC 2200 2500 8 309
Mnimum 600 900 3 2 4 236

FTNTC: Too Numerous To Count
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Treatment Conditions

Tnacivation Time Concentration
Viruses. (logio CFU units) (minutes) (mg/L) Medium/Food References.
Bactriophage 2 201070 008 0091008 Waer Kim et al. 1980)
Bactriophage MS2  2.96 10 05 Phosphate buffer  Finch and Faitbairn
(591
Bacteriophage MS2 30 017 037
Norwalk ~30 017 03
Poliovinustype 1 >30 017 03 Water Shin and Sobsey (2003)
Poliovimstype] 251030 167 02310026 Waer Farooq and Ablaque
(1983)
Poivinsyped 163 10 05 Phosphase buffer  Finch and Fairbaim
(1591)
~10 050 010
27 0o 025
Hepatts A >28% - 038 Phosphate buffer  Herbold et al. (1989)
Hepatitis A 39 0.08 031004 Phosphate buffer Hall and Sobsey (1993)
Romvinshuman 30 60 011003 Phosphae buffer  Vaughn et . (1987)
RomwinsSALL 30 6080 0110025
Rotavius Wa Upto10 10 211042 Water Khadre et al. (2001)
human ATCC
Rotavirus Wa Upto50 10 190159
human Wooster
Coxsackie virus A9 >17 0.16 0.035 ‘Water Boyce etal. (1981)
Coxsackic vins BS 20 20 032 Sludgeeffucnt  Harakeh and Butler
40 25 040 (1985)
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Treatment Conditions

Incivaton Tme  Concenaon

Protozoa (logio CFU units) (minutes) (mg/L) Medium/Food References

Giardia lanblia 20 [n 07 Water Wickramanayake el
(198

G. lamblia >30 10 15 ‘Water ‘Widmer et al. (2002)

G. lamblia >3.0 20 17 Buffer (pH 6.85) Finch et al. (1993)

=40 50 15 Buffer (1 6.5)

G muris 20 28 0s Water Wickramanayake ol
(1984)

6. muris ~40 50 06 Buffer GH670)  Finch e, (1993)

Coposporidiam~~ >10 50 10 Water Korichetal. (1990)

parvim

Nacgleria graberi 20 21 20 Water Wickramanayake ol

(1984)






OEBPS/images/table13001.gif
Cost Type Unit  Maceraion  PEF
Productionpera 18750 18750
Investment. EUR 37500 150,000
Residual value. EWR  — —
Replacementvalue ~ EUR 45,000 175000
Expenditure EUR 45000 175,000
Depreciation range.~ Years 7 7
Interest % 7 7
Depreciation EURA 6000 200
Interest EURAa 3,150 12250
Maintenance EURA 9,150 10,000
Fixed costs pa. EURA 18300 44250
Variable cosispa.  EURla 140,625 6188
Total costs pa. EUR/a 158925 50438
Variablecosispt  EURL 75 03
Total costs pt EURA 848 269
AToulcostspa.  EURla 108487

ATowlcostspt  EURR 579

Reflux time Yeas 138

Proftability % 19






OEBPS/images/table12002.gif
Ba Eow

Vo (V) Qpue O Number of pulses Qullls) JimL ar [ L
20 100 s 410 21 4 264 3
25 156 852 ) 2 641 2
30 25 1022 st 144 923 I
3s 306 1256 6 1s 1,064 53
20 100 990 50 89 632 2
25 156 12 1675 8 26 1547 7
30 25 2228 111 302 2,143 107
3s 306 302 152 354 2512 126
20 100 1,650 8 136 965 a8
25 156 275 136 384 2578 129
30 25 2 3713 186 95 3512 176
35 306 5053 253 536 3803 190
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Flow rae (Uminute) T Toa Inacivation log (VINo) Input Energy (L)
20 133 23 Y] &
16 135 364 16 8
12 133 a5 -23 1
08 136 579 -0 167
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Dyy (minute)

FlowRae S, L E s

(Uminute) cerevisiae®  innocua® coli® cerevisiac® PPO°
0073 404 166 168 260 1994
0255 340 s 98 129 1806

o4st 254 92 63 118 1567
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Type  Wavelength Range Characteristcs

UVA Long  320400nm Causes skin changes
(tanning)

UV:B Mediom  280-320nm  Causes skin buming
(cancer)

UVC Shot  200-280nm Has germicidal properties
(microorganisms)

[02% 100-2008m  Vacuum UV range
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Region Wavclength (um) Frequency (Hz) Photon Encrgy (V) Molar Photon Energy (J/mol)

Vacuum UV 100200 300 1090300 108 124124 11975-1,197
vve 200-280 300 1050107 10 1240443 1197427
VB 280-315 107 1050952 104 443394 427380
VA 315400 952 10410749 104 394310 380-200
Visible light 400-700 749 10410428 104 310-177 290171
Near Infrared 700-1,400 428 1040214 10" 177089 171855
Mid infrared 1,400-3,000 214 10410999 107 0.89-041 855399

Farinfrarcd. 3,000-10,000 999 10710300 107 041-0.12 399-120
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Reference Radiation Source Temperature. Dig-Value
‘Thayer and Boyd, 2001 cesium-137 wc 034Gy
-~ 061 kGy
~20°C 098 KGy
Black and Jaczynski, 2006 ebeam wc 024Gy
—20°C 033 KGy

Rocelle et al., 1994 cobalt-60 3sc 024-025kGy
—1rC 031kGy

Lopez-Gonzalez etal., 1999 ebeam —15°C 034-063kGy

cobalt-60 —15°C 0.59-062kGy
Chiasson e a., 2004 cobalt-60 wc 013Gy
‘Thayer and Boyd, 1993 cesium-137 wc 028Gy
‘Thayer and Boyd, 1995 cesium-137 wc 030Gy
o and Harsojo, 1998 cobalt-60 Frozen* 046KGy
Oh-Jin-Kwon ct al., 1997 ebeam Frozen® 041Gy
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Type of Magnetic  Field Froquency of
Microorganism  Field® Sweagih (1) Pulse (Hz)  Effect Reference
Mold spores omr 5 85000 Population reduced from _ Hofmann, 1985
pulse) 3,000 sporesL o 1.
Yeastcells SVF 057 - No changes observedin Yoshimura, 1989
srowin.
Yeastcells: omF - Inactivation incease Yoshimura, 1989
E coli Homogeneous 7.0 - Adverely affectedon Tsuchiyactal, 1996
SMF arowth of baterium in
carly logaritmic growth
Heterogencous 52-6.1 - phase. However, in
SMF statonary phase, cll
Horogeneous 3267 — number under high
SMF magnetc feld was sbout
2-3 times higher than
control ndicating that
magnitade of decrease i
el number was reduced.
by high magaetic fied.
Bacillus subilis MI1 Homogeneous 70 - o staionary phase, cell  Nakamura et
13 SME number in 1997
5261 inhomogeneous magnetc
Heteropencous - field was about twofold  Nakamura el
SMF ligher than eference, 1997
indicating tht magnitude
of docreaseincell.
number was reduced by
high magneti fild
5. marcescens SVF somT  — Growth inibited when  Piat etal, 2002
exposed for 24 nd 48
hours.
Shewanella Homogencous 14T — Nodetectable effects on Gao e al., 2005
oneidensis SMF bactrial counts.
‘Transcriptional

expression levels of 65
‘genes were ltered: 21
genes were upregulated
and others were
downregulated.
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Type of Magnetic  Field Froquency of
Microorganism  Field® Steogih (1) Pulse (Hz)  Effect Reference
Wineyeastcells  Heterogeneous 0.0+ o Growth inhibited, exposed _ Kimball, 1937
SMF for5,20,25, 60, 120,or
150 minuies: no
inbibiion for 10, 15, 17
minutes of exposure,
Serratia marcescens  Heterogeneous 1.5 - Growthrae remains same Gerencser e al., 1962
SMF a5 conteols up 106 hours;
srowth rate decreases
between 6 and 7 hours
and again increases
between § and 10 hours;
at 10 hours el
population same as
controls.
Suphylococcus  Heterogeneous 1.5 o Growth e increases  Gerencser et al., 1962
aureus SMF between 3 and 6 hours;
then decreases between 6
and 7 hours, cell.
popuiation 1 7 hoursis
same as controls.
Saccharomyces  Hetogencous 0465 0 Rale ofreproduction Van Nostan tal.,
cereisiae SMF rduced, incubated for 1967
24, 48,0r 72 hous.

5. cerevisiae SME 036 o Decreased growth rae;  Van Nostran et .,
interaction between, 1967
temperature and
magnetic feld only
durin the ogarithmic
phase

Excherichiacoli  SMF 03 0 Growth simulated. Moore, 1979

Halobacterium SVE oois 0 Growth inlibited. Moore, 1979

halobium, Bacilus 003
subils 006

Pewdomonas omr 0015 0103 Growth simulated; Moore, 1979

aeruginosa, 003 simultion ncreases

Candida albicans 006 with increase in
requency.

Ecoli omF o1s 005 Inactivaion ofcellsat Moore, 1979
concentration of 100
celsmL.

Streptococcus omF 120 600001 Cell populationredced  Hofman, 1985

themophilus in pulse) from 25,000 el to
ik 970,
Saccharomycesin  OMF w00 416000(10  Cell population reduced  Hofmann, 1985
yogurt pulses) from 3500 celsmL 10
25.

Saccharomycesin OMF 00 4160000 Cell population reduced  Hofman, 1985

orange juice pulse) from 25,000 el to

6.
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Migrated Element Concentration (ppb')

Number of Circulation  Run Time (minute) T*? o3 Fet B
1 3 0.06(0.06) 023(0.04) 300(173) 583(5.49)
4 12 0.15(0.07) 078(0.05) 850(2.12) 5333 (288)
8 2 0380.09) 15200 1367289 12983 (4:88)
16 a8 109 020) 312016 2400(000) 283.17(7.05)
X % 250(035) 610(119)  4367(208) 617.00 28.49)
o 192 579035 117226  TBET(0S8) 1216002314
80 20 746(06) 1435289 9500(14D) 151033 (35.06)
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Storage Vitamin C
Product HP Treatment Conditions ~ Retention (%) Reference
Guava purée 600 MP2S°C/1S minutes  40days, 4°C 85 ‘Yen and Lin (1996)
Strawberry nectar S00MPu25°C/3 minutes 60days, 3°C 75 Rovere et al. (1996)
Steawberry couls 400MPI20CI30 minutes  28days, 4°C 69 Sancho etal. 1999)
Orange juice. 500 MPu3S°C/5 minutes  30days, 5°C 70 Polydera et al. (2003)
Orange juice cv.Salustiana 500 MPu20°C/S minutes 21 days, 4°C 97 Femindez Garcfa ot al.
(2001)
Orange juice cvSalustiana 800 MPW20°C/S minutes 21 days, 4°C 94 Fernindez Garcfa et .
(2001a)
Orange-carol-lemon juice 500 MPU20°C/S minutes 21 days, 4°C 83 Femindez Garcfa et al.
(2001)
Orange-carrot-lemon juice 800 MPU20°C/S minutes  21days, 4°C 76 Fernindez-Garcfa e l
(2001)
Orange juice cv.Valencia 100 MPW60°C/S minuies  10days, 4°C 100 Séinchez-Moreno et al. (2003¢)
Late
Orange juice cvValencia 350 MPU/30°CA2.5 minutes  10days, 4°C 94 Sanchez-Moreno et al. (2003¢)
Lae
Orange juice cv.Valencia 400 MPw40°C/1 minute. 10days, 4°C 96 Siinches-Moreno et al. (2003¢)
Late
Orange juice cv.Navel 600 MP40°C/d minutes  30days, 5°C 84 Polydera et al. (2005)
Orange juice Valencia Late 400 MP/40°C/1 minute. A0days,aC 7 Plaza e al. (2006)
Carrot juice: 250 MP3S°C/1S minutes  30days, 4°C 70 Dede et al. (2007)
Carrotjuice: 250 MPu3S°ClIS minutes 30 days, 25°C 45 Dede etal. 2007)
Tomato juice 250 MP3S°C/1S minutes  30days, °C 70 Dede etal. (2007)
Tomato juice 250 MP3S°C/1S minutes  30days, 25°C 70 Dede etal. (2007)
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Vitamin

Product 'HP Treatment Retention (%) Reference
Viamin €
Kiw, strawberry jams 400-600 MP/10-30 minutes 9599 Kimura tal. 1994)
Green peas. 900 MPa/20°C/5-10 minutes 82 Quaglia et al. (1996)
Guava purée 400 and 600 MPYIS minutes 100 Yen and Lin (1996)
Strawberrysauce “coulis” 200-600 MPu30 mintes ® Sancho etal (1999)
Orange juce 10060°CIS minutes % Sinchez Moreno ctal. (2003¢)
A0040°C1 mimte 9295 Stncher Moreno et l. 2003,
2005a); Plaza et al. (20062)
500 MPu25°CYS minutes and 9% Feminder-Garci ct o
500 MPa/25°C/S mimtes 00t
3S050°C/2.5 minutes 100 Sinchez Moreno et al. (20036)
Tomato purée 40040°C/15 minutes 7 Stncher Moreno et l. (20060)
Orange-lemon-— carro juice 500 MPa/25°C/S minutes and 96 Femindez-Garcia et al.
500 MPa/25°C/S minmtes 00t
Apple-broceol juce 500 MPu'S minutes o Houska el 2005)
500 MP/20 mimutes 7 Houska et al. 2005)
Green beans. 500 MPa/25°C/1 minute 92 Krebbers et al. (2002)
‘Cowpeas sprout seeds 500 MPa/25°C/15 minutes 59 Doblado et al. (2007)
Papaya slices 400 MPu25°CI1 mimute % De Ancosetal. 2007
Vitanins B, Bs
Model sluton 400-600 MPu25°CI30 99-100 Sanchoetal (1999)

‘minutes
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Shelf Life

Food and Storage Antimicrobia Packaging,  Extension Relative  Quality Index or
Condiion Sysem 1o Control Parameter for Comparison  Reference.
Orange juice, 6°C 05% hexametiylen- 14 Yeastcountof 10° Devleghere tal,
‘etramine.added UL 2000
LDPE fim
Cooked ham, 6°C 05% hexamethylene- 1.7 Aerobic baceral ot Devleghere tal.,
‘etramine-added 10°CFUg 2000
LDPE film
Chicken breast in Ny Slow release CIO 17 Aerobic bacterial count Cooksey, 2005
package, 3°C sachet 10° CFUbreast
Chicken breast i 75%  Slow relase €10y 12 Aerobic bacteral count Cooksey, 2005
Naf25% COy sachet 10° CFU/breast
package, 3°C
Milk, 3C Snisini%chitosen 19 Specfic growth rate of
incorporated polymer ‘acrobic bacteria
coating
Milk, 10°C Snisin% chitosan 17 Spesific growth ate of
incorporated polymer aerobic bactera
conting
Orange juice, 3°C Spnisind%chitosan 11 Specific rowhrateof  Lee ctal, 2004
incorporated polymer yeasts
coating
Onange juice, 1°C 3% nisin3% chitosan 1.5 Specific growthraeof  Leeetal, 2004
incorporatd polymer yeasts

coating
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Fabrication Methods or Forms

Surface Encapsulation
Immobilization, or Bulk.
Extrusion or Heat  Adsorptionor  Solvent Bulk Castingor  Physical  Plasma or UV,
Antimicrobial Substance  Pressing Chemical Bonding Coating Adsorption  Irradiation
Organic acids, their salts PE, LDPE, PET,  lonomer, PEMA  Chitosan flm, EVA,
or anhydrides Ps acrylics, PVOH,
methyl cellulose,
proteins,
polysaccharides
Bacteriocins or peptides  LDPE. P, silicon, starch  PA layer on LDPE, EVA, Paper, PE/PA
acrylics,proteins,
polysaccharides,
chitosan, PVOH.
Enzymes PVOH,nylon  Polysaccharides, PVOH,
cellulose acetate
Nonvolatle plant LDPE Polysaccharide,
extracts proteins, paper
Volatiles Chloritein anbydride  AITC incy-
copolymers with clodextrin,
olefins. silica gel
Chitosan PVOH.
Cationic metalions  Ag-zeolite in ‘Ag coating on PE
PVC, PP,
LLDPE
Other chemical Polysaccharides Nylon
preservatives or
functional group.

AITC, syl isothiocyanate; LDPE, low-density polyethylene, LLDPE, linear low-density polyethylene; PA, polyamide;
PE, polyethylene; PEMA, Poly(ethylene-co-methacrylic acid); PET, polyethylene terephthalate; PS, polystyrene; PVC, polyvinyl
chloride: PVOH., polyvinyl alcohol: EVA, ethylene vinyl acetate: PA: polyamide.
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Type Source. Preservative Adverse Effect
Acid ‘Weak organic acid and ester  Propionate, sorbate, benzoate, benzoate esters, Unwanted residuals;
‘monolautin Increased resistance
of L monocytogenes
o hurdles; Efects on
food sensory
Organic acid acidulant Lactic, ctri, malic, acetc, diacetate, tararic,
erythobate, methyl paraben
Tnorganic acid Sulphite,nitit, hydrochioric, phosphoric,
Other chemical Ethanol, hydrogen peroxide, sal,chlorine
dioxide, monoglycerides, EDTA, SDA
Plant extracts Hop, pimento lear, green tea, Eugenol, cloves, cinnamaldehyde, thymol,  Higher cost; Unclear
horseradish, rosemary, limonene, furanocoumarins, carvacol, adverse effects
clove, oregano, lural, epicatechin galate, epigallocatechin gallate,
lavender, fennel epicatechin, and cafeine
Smoke Isoeugenol, phenols Hazard residuals;
Organoleptic
changing
Synthesized peptide. Pepide-containing leucine and Iysine.
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Source of Pressure Temperature Lossof
Enzyme  Enzyme P Time co Sysiem  Activity  Reference
PE Orangejuice 269 dsmin 56 Bach 100 Balaban etal, 1991
PPO Spiny lobsier 58 I min El Bach 98 Chenetal, 1992
Brown shrimp 1 min 7
Potato 30min o1
PPO. Spiny lobster 01 30min £l Bach 985 Chenetal, 1993
LOX Soybean 103 15 min 50 Bach 100 Tedjo etal, 2009
POD Horseradish 621 55 100
Lox Soybean 621 35 95
PPO Carrot juice: 49 10min s Bach 6l Park etal, 2002
LOX 294 >70

PE. pectinesterase: PPO, polyphenoloxidase: LOX, lipoxygenase: POD, peroxidase.
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Electric Field Stength Treatment

Polarity Mode (®Vicm) Time (119) Orange Juice “Gazpacha”
Monopolar 15 100 412 21de 466
400 376 27abed 446
1,000 381 22ubed a1
25 100 379 26abed a5
400 384 17abede 426
1,000 363 20ab M3
35 100 384 22abede as2
400 374 20sbed a1
1,000 371 19abe a5
Bipolar 1s 100 385 22abede 411
400 379 24abed 462
1,000 378 29abed 39
2 100 02 2icde 465
400 21 35 34
1,000 396 24bede “3
35 100 374 26ibed 32
400 398 25bcde as9
1,000 376 22abed 441
Thermal treatment (90°C/1 354 200 96
minute)
Unireated 303 1sbede 457 16be

Different letersin the same column indicate significant differences (p < 0.05).
PEF treatments were peformed at 200 Hz and pulses of 4 .
*Values are mean  SD from three measurements of triplicate treatments.
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Vitamin C

Juice Retention (%) Reference
Orange 9596 Quuetal. (1998)
35,1=59,P >9 Yeom etal. (2000
14T=601,b
E=80,1=20pulses, P =nd, >97 Hodgins etal. (2002)
100 Min ctal. (2003)
918 Sanchez-Moreno et al. (20052)
92 Plaza ctal. (20068)
35,1=1,000, P = bipolar, 912 Elez-Martinez et al. (2006)
200,74, <40,b
25,1 = 400, P = bipolar, 943 Elez-Martine? and.
F=200,1=4,T<35b Miartin-Belloso (2007)
Orange-carrot 35,1 811 Torregrosa et al. (2006)
't
Apple 35,1 98 Evrendilek et al. 2000)
F=952,7=192,T=2621.b
Apple cider 35,1= 94, P = monopolar, 100 Evrendilck et al. 2000)
26-27,b
Strawberry 92 Odriozola-Serrano et al
(2008a)
Tomato 100 Min et al. (20036)
826 Odriozola-Serrano et . (2007)
35,1=1,000, P = bipolar, 88 Odriozola-Serrano et al.
[=250,1=1,T<40,b (2008¢)
“Gazpacho” 25,1 = 400, P = bipolar, 923 Elez-Martine? and.
2007 =4,T<35,b Martin-Belloso (2007)

E, electic field (kV cm!); , treatment time (us); P, pulse polarity; f, pulse frequency (Hz); 7, pulse width (hs); T, treatment
temperature (°C); , Batch mode PEF treatment; b, Continuous PEF treatment.

nd. no data available.
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Antioxidant

Storage Capacity

Product HP Treatment Conditions ~ Retention (%) Reference

Orange juice Salustiana 500 MP420°C/s minutes 21 days, 4°C 84 Fernindez-Garcfa et l.
(2001a)

Orangejuice Salustiana 800 MPa20°C/S minutes  21days, 4°C 84 Feméndez Garcfa ot al.
(2001a)

Orange juice Valencialate 350 MPY30C/S minutes 30 days, 4°C 53 De Ancos et al. 2002)

Orange juice Valencia late 400 MPw40°C/1 minute. 10days, 4°C 95 Stinches-Moreno et al. (2003¢)

Orange juice Valencia late 400 MPw/40°C/1 minute. 40days, 4°C 60 Plaza ctal. (20068)

“Gazpacho soup” 350 MPUGO°C/IS minutes  40days, 4°C S0 Plaza et al. (2006b)

Tomato juice 250 MPu3S°C/1S minutes 30 days, 4°C 80 Dede et al. (2007)

Tomato juice. 250 MPaS"ClIS minutes 30 days, 25°C 80 Dede etal. 2007)

Carrot jice: 250 MPu/3S°C/1S minutes 30 days, 4°C 80 Dede ctal. (2007)

Cartot juice: 250 MPu3S°C/1S minutes  30days, 25°C 80 Dede etal. (2007)
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Carotenoid

Product/Carotene HPP Treatment Retention (%) Reference
Persimmon purée
Total carotenoid 400 MPu25°C/15 minutes 16 De Ancos etal. 2000)
CarrotJuice
a-Carotene 500 MPa/25°C/10 minutes. 5018 Kimetal. (2001)

500 MPW/60°C/10 minutes. 27.60
p-Carotene 500 MPu/25°C/10 minutes. 5945

500 MPW60°C/10 minutes. 0.4
Tomato purée
f-Carotene 600 MP4/25°C/60 minutes. 100 Bugz etal. (2002)

400 MPa/25°C/15 minutes 136 Snchez-Moreno et al. (2006)
Lycopene 600 MPa/25°CI60 minutes. 100 Buwz etal. (2002)

500 MPu25°C12 minutes. 121 Qiu etal. (2006)

500 MPa20°C/2 minutes 160 Krebbers et al. (2003)

400 MPu/25°C/15 minutes 149 Snchez-Moreno et al. (20062)
Orange Juice with pulp
p-Criptoxanthin 400 MPa/40°C/1 minute. 14321 Snchez-Moreno et al. (20052)
Zeaxanhin 400 MPw/40°C/1 minute. 14452
Lutcin 400 MPW/40°C/1 minute: 17543
B-Carotene 400 MPa/40°C/1 minute. 13024
a-Carotene: 400 MPa/40°C/1 minute. 13376
Orange-lemon-—carrot juice
p-Carotene 500 and 800 MPu25°CI5 100 Ferminder Garcfa et .

‘minutes (2001a)
a-Carotene: 500 and 800 MPa25°C/S 100
‘minutes

“Gazpacho soup”
Antioxidant carotenoids® 400 MPa/60°C/15 minutes 108 Plaza etal. (20062)
Carrot (whole)
a-Carotene: 600 MPa/25°C/2 minutes 100 Melnerey et al. (2007)
p-Carotene 600 MPa/25°C/2 minutes 100
Green Beans (whole)
Lutein 600 MPa/25°C/2 minutes 100 Melnemey et al. (2007)
Broccoli (whole)
p-Carotene. 600 MPa/25°C/2 minutes 8 Melnemey et al. 2007)
Lutein 600 MPa/25°C/2 minutes %
Papaya slices(cy Sunrise)
Antioxidant carotenoids® 400 MPa25°C/1 minute 156 De Ancos etal. (2007)
Papaya sices (cv BHGS)

Antioxidant carotenoids

400 MPa25°C/1 minute

81

De Ancos et al. (2007)

*Gazpacho antioxidant carotenoids = B-carotene - y-carotene -+ lutein -+ Iycopene -+ lycopene-epoxide.
bPapaya antioxidant carotencids = f-criptoxanthin + B-criptoxanthin-S,8-epoxide + B-carotene + lutein + zeaxanthin + lycopene.

+ neo lycopene.
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Innovation 2002

Demo site NOFST
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H. Zhang IFT Prescott
Award

0SU Integrated PEF System
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General Mils, Hirzel &
Ameriqual. Ended 2003

'WSU IEEE—award
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Difference in Color® ~ Difference in Aroma®  Difference in Flavor®  Overall Likeability”
Hiddenroference  1.48° 238 246 623°
DP-1 2000 20 a3 598
DP2 167 2200 3020 595
HTST 178 sab a7 a0

aValues with similar letters within columns are not significantly different (LSD test, p > 0.05).






OEBPS/images/c38f002.jpg
GROUP ASSAULT

> Nonthermal—

> Radio frequency PEF/HPP
> Nonthermal - PEF/HPP > Stabilization/hurdle
»> Stabilization/hurdle technologies
technologies > Imradiation

» Ohmic processing » Dynamic packaging
> Irradiation

> Dynamic packaging

> Microwave processing

> Nonthermal—HPP > Dynamic packaging
> Innovative moisture > Biosensors.
removal > Biotechnology

> Iadiation > Nutraceuticals

> Dynamic packaging

INDIVIDUAL ’ SPECIAL
Food Fuels the Warfighter ... PURPOSE





OEBPS/images/table24001.gif
Toul Soluble  Antoridant
Anthocyanins®  Phenolics?  Capacity®
Treament  (mglL) (wgfl) (M TEmL)
Unprocessed  1,105* 2210 21
DP-1 Lo 2212 07
DP2 1102 215 2
HIST 866 g 182

“Values with similar leters within colums are not significantly

different (LSD test, p > 0.05).
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E.coli ‘Salmonella

2ppm  Sppm  2ppm  Sppm

Original 665 669 646 644
Aflerdsecond 422 398 471 428
wash
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Special cause:
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Materials Gascous Ozone (Dry) Gascous Ozone (Humid) ‘Aqueous Ozone
Metals

Copper - . .
Brass - * *
316L Stainless steel v I o
Plasics

ECTFE (Halar®) B e e
PTFE (Teflon®) s - poees
PVC (rigid) - - o
PVC (flexible) - e o
PVDF Ky e e o
Elastomers

FPM (Viton®) - e o
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ArcaNumber ~ Descripion  Mold, CFU  Yeast, CFU

1 Arsbovebin =487 s
dump
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3 Airsbore a1 In
packing sation
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ing 6.1(6.3 OSU)- initial;
3mos 4C; 6.4 - 6 mos. 4C;
24 mos. 4

Hedonic rating
Initial ~ 4.5,
3 mos 80F - 2.6

Blueberry yogurt drink

Hedonic rating
Initial - 5.3, 3mos 80F 4.1

Strawberry yogurt drink -

IQF strawberries, no added
color
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Pressure Temperature Log
Solution Microorganism  (MP) _ Time () System Reducton Reference
Sterile GisilledBacills megaerion. 58 300 60 Bach 7 Enomoro etal 1997
water
Physiological  Bacilluspolymyza 30 60min 45 Micro-bubble 6 Ihikawa tal., 1997
sline Bacillus cereus 50
B subils 55
Steil ringer B, subiiis 5o w0 Bach 35 Ballesra and Cug,
soluion  Byssochlays fue 1998
ascospores
Sterile water  Bacillus 0 2n 3 Bach 0
stearothermophilus
Orangejuice  Saccharomyces 15 <i0min 45 Continvous ~ >6 Sims and Estigaribia,
cerevisiae membrane 2002
ascospores i
Alicyclobacillus 75
acidoterrers spores
Geabacills TR ) Bach s Watanabe et al, 2008

stearothermophilus
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Hedonic rating
initial 5.9,

Tech quality initial 6.6,
3 mos 80F 6.6, 6 mos-6.4

67,6 mos-6.8

Blueberry applesauce

Hedonic rating
Consumers initial
3 mos 80F — 4.7, 6 mos-5.4

Tech quality initial 5.7,

3 mos 80F — 5.1, 6 mos —3.9 (faded)
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Pressure Temperature Log
Medium Micooganism  (MP)  Tme  (°C) System Reduction  Reference
5B Bacilliscereus 205 4h 60 Batch 8O Dilowetal, 1999
Wpolymers  Liseriaimocua 205 06h 34 90
5. aureus 05 4n @ 9(©)
Saimonella 05 4n 4@ 90
salford
Prewdomoras 205 4n 40 80
aeruginosa
E.coli 05 osn 3 30
Proteus wigaris 205 06h 34 30
Legionella dunifi 205 15h 40 4©
Growth Lactobacilies 138 Hmin 30 Batch 560 Hongetal, 1999
medium planiarum
PSwithbrolh L monocyiogencs 6 7min 35 Batch 698(C)  Erkmen, 20000
Ps Enterococcus 605 18min 35 Batch 8©  Erkmen, 20006
Fruitjuice- Jacclis 36h 45 5©
milk
Ps Brobothirix 605 100min 35 Batch 5©  Eekmen 20000
Skinncd meat thermosphacta 150 min
MRSbroth L plantarum 7 100min 30 Bach 8 Hong and Pyun,
1999
Ps Salmonella 6 tsmn 3 Bach 7©  Edmenand
thyphimuriun Karaman, 2001
PSwihbroh S thyphimurium 6 140min 25 Batch 7(©  Erkmen, 2001
Whole milk . coli 0 6h 30 620
Skimmik  E col 0 en 7240
Ps Bacills subilis 74 25min 38 Serni- 70 pilimbergoctal,
continuous 2002
Sterile water  Pseudomonas 74 25min 38 Continuous 87 Sims and
aeruginosa ‘menbrane Estigaribia,
E.coli 75 samin 24 2002
Onngejuice L monocyiogenes 38 10min 25 Batch 6 Parketal, 2002
Onngejuice  E.coliOISTH7 107 10min 25 s
Applejiice  E.coliOLSTH] 206 2min 25 57
Camotuice  Acrobic plate 49 lomin 5 4
count
Watermelon  Acobicplase 344 Smin 40 Coninuous 65 Lecky, 2005
uice count fow
Mandarinjuice  Acrobicplae 411 9min 35 Coninuous 347 Yagiz etal, 2005
count Tow
Cocomitwater  Aebicplse 345 6mn 25 Continuous >3 Damar and
count fow Balaban, 2005
Omngejuice  E.coliOLSTHT 107 10min 25 Continuous 5 Kincaletal, 2005
S typhimuriam 21 flow 6
L monocytogenes 38 6

TSB, tryptic soy broth: PS, physiological saline: MRS, De Man Rogosa Sharpe: C. complete inactivation.
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Solid-state DTI puiser
Tetra Pak aseptic unit

Benco aseptic packaging

Up to 50 kviem

Typical 300 90 ps treatment
500102,000 Lh

Viscous limits, particles to 1/8"

Temperature control

Boron carbide electrodes

DTI & Genesis Juice IFT Industrial Achievement
‘Award 2007 Unit now at USDA ERRC
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Microorganism Food Comments Reference(s)
E.coli O157: Milk 400 MPa/S0°C/15 min treatment  Patterson etal, 1995; Patterson
(NCTC12079) for 5 logg reduction and Kilparrck, 1998
E. coli O1ST:HT Orange juice: 6 log reduction at 550 Linton et al, 1999
MPu30°C/S min
. aureus, Bacillus spp., Juices and organic acid 8 log reduction at 345 Alpasetal, 2000
L monocytogenes, E coli liquids 'MPW/S0°C/S min except for .
OIS7:H7, Salmonella aureus. Most vegetatve cells
enteritdis, S. typhimurium are sensitve t0 700 MPa.
Entemobacteriaceae and Sansages 500 MPW/BO°CS min Yuste ot al, 2000
Listeria
L monocytogenes Milk Growth at 43°C increases Bull etal, 2005

resistance to HHP.
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gteriM
Product type Current processes
Thermal-UHT
Thermal/dehydration
Thermahot fil
Thermal/concentration

Thermal

i

zation

Future processes

HPP/heat + PEF

Ohmic/MW/RF/HPP

HPP/ohmic

HPP/UV/pulsed light

Irradiation/RFMW/HPP
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Technology  Incnsiie of Pasturization Applicaions with Success Limited Use or Eficacy
HHP Hydrostatic compression Ready-to-cat meats, seafood, Spores
100-1000 MPa marinated raw meats, rit, and
vegetable products
Imadiation  In United States, upper trestment  Freshor processed futs and Negtive organoleptic changes in
doscis limitcd 10 10 Gy, with  vegelables, poultry, cerealsand  some dairy producs. Damage
excepton of spice reatment derived producs,seafood, orsoftening induced in some
spces, germinaled sprouts, vegetable products at excessive
ready-to-cat medls doses
PEF High inensity (ypically,20 080 Fruit juices and beverages, fuid  Further research required
KViem) elecrial pulcs of dairy products, sauces undersand inactivation
short duration (). Destruction ‘mechanisms causing lethal or
of microbial cell i result of sublethal injury
the clctroporation ofcll
membrancs
Uliasound  Power inensites Microbial nactivation n liquid  Potential of ultrasound as  sole
11,000 Wiem? foods, applications in food reatment o paseurize foods is

quality control, hydrogenation
of oils, modification of
crystallzation, aging of
alcohol, coalescence of
particls, texture modification
of meat products

minimal; more research is
neaded to clucidate mechanistic

insight of changes induced by
ultrasounds

HHP: high hydrostatic pressure: PEF: pulsed electric fields.
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Product type Current processes Future processes

Dairy products Thermal HPPIPEF

Fruits & veges Chemical washes Ozoneiradiation/pulsed light
Fruit juices ThermalHPP HPP/PEF/UV/pulsed light
Eggs Thermal Irradiation/ozone/PEF

Baked goods. MAP 5“:%\1 o Hurdle processes

Complex foods MAP Hurdle processesfradiation?
Meats Imadiation/HPP Shockwave

Seafood Chemical washes/HPP. HPP/iradiation
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Disinfecting Halogenation

Onidant Effciency Onidizing Effciency Capability

Chlorine. High High Low

IO (pure) High High Low

CIO; (made from High High Variable, depending on
NaCIO; -+ excess amount of free
chlorine) chlorine

CINHy Low Low Low

Ozone High High Zero, except when

bromide is present

KMaO; Low High Zero

H,0; Low Moderate Zero

Bromine High Low High

lodine High Very low Low

aReproduced with permission from “Environmental Health Perspectives.”
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Source 55 a Ms P Poale
BTg 347¢7 1 347¢" 301 00006
Whgp  92¢% 8 Li6ett

Toul  440¢* 9
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Groups  Count  Sum  Average Variance

Unvashed 5 244000 48500 222,200,000
Washed 5 57600 11520 8852000
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Malic Acid Glucose

Product mpl00mL  APC Suroe  gl00g  Fructose
Fresh raw uice 24 1 0 70 56 9
PEF weated—intal 152 aw 10 55 is 53
Sensory scores—0-point quality sale tchrical pancl
PEF tested 2/28 (held at 66
40°F)

s 65

ani 64

“Total phenolics untreated juice—34.9 mg/L gallc acid cquivalent intial PEF juice 2/28-21.1 mg/L
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Processing Factors Thermal High Pressure Pulsed Blectric Fields

Inactivation indicator Timetemp. Pressure/timeltemp. Pulse energy, frequency, number-and
duration

Batch o continuous Either Bateh/semi cont. Continuous

Process in package. Yes Yes (flexible pkg.) No

‘Continuous processing with aseptic  Yes—limited by ‘Demonstrated acid foods  Yes—limited by particulates

pe. later particulates

Chemical changes in foods. Many Little or none Linited

Physical changes in food Many Some—gelation Limited—membrancs

Inactivation of food enzymes. Yes—most Varies Limited
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PEF-Treated Vegetable Soup (n = 6) FM Vegetable Soup (n = 6)

Baseline: 7days. 14days Baseline 7days 14 days.

VitaminC (umo/LP 496 10 599 22 65 13 495 15 52 10 626 12
S-epiPGFy (pgml)F 1863 181 1365 89 1124 64 1762 222 1644 210 1385 185
Uricacid (umol) 3293 208 2946 221 2922 204 3159 302 2893 314 2714 300

“Values presented as mean _ SEM (PEF, n = 6; FM, n = 6). There was nosignificant ircatment _/ime ineraction for vitamin C (p =
0.989), 8-¢piPGF4 (p = 0.523), and uric scid (p = 0.958) bas onrepeated measures ANOVA.

"Vitamin C significanly igher han baseline for PEF-{reated and FM vegetable soups at both 7 and 14 days (i effet) (p < 0.05)
based on repeated-measures ANOVA (Tukey's est)

“8-epiPGF significanly lower than bascline for PEF-teated vgetable soup a both 7 and 14 days and for FM vegetabe soup at

14 days (time effect) (p < 0.05) based on repeated-measures ANOVA (Tukey's test).
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PEF Treated Fs

Bascline 7 days 14 days Baseline 7days 14 days
ViaminC(umolL 437 32 570 38 568 32 458 34 6l4 47 601 45
BepiPGEy, (pg/mL) 2194 76 1762 97 122 67 1988 95 1851 97 1650 117
Uricacid (umolll) 2716 337 2540 291 2585 305 2592 388 2374 365 2351 388

Values are means  SEM (PEF, n = 6; FS, n = ). There was no significant treatment. _time interaction for vitamin C (p = 0.933),
8-€piPGF (p = 0.260), and uric acid (p = 0.987), based on repeated-measurcs ANOVA.
*Vitamin C significantly higher than baseline for PEF and FS combined at both 7 and 14 days (time effect), p < 0.05, based on

repeated measures ANOVA (Tukey est).
b8.pIPGF signifcantly lower than baseline for PEF at both 7 and 14 days and for FS at 14 (ime effec), p < 0.05, based on

repeated-measures ANOVA (Tukey test).
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Men Women
Buscine  dey7 day 14 Buscine  dayT day 14
Vitamin C pmolL. 444 1.1 542 17 561 18 51113 639 20 637 18
BepiPGEscngl 1951 116 1552 169 1415 132 1373 83 1147 8 982 79°
wicacidd pmolL 4202 210 3570 83 3624 92 2765 1LI* 2487 132" 2532 107°
PGE,.* ng/L. 3218 212 ND' 2560 183 2364 253* ND 161.5 156"
MPC-1 8 nglL. 6186 455 ND W54 56 400 3 ND 215 a0
TNFa gL 55 17 ND 5819 41 12 D 39 11
115, g 09 02 D 102 08 01 ND 06 01
16, g 037 009 ND 02 005 02 003 ND o12 005

Values are means  SEM, n

VHighe than baselne for men and women atdays 7 and 14 (dme effect), p < 005, based on repeated-measures ANOVA (Tukey's

est).

“Lower than baselne for men and women a days 14 time effect), p < 0.05, based on repealed-measures ANOVA (Tukey's tes).
“Lower than bascline for men at days 7 and 14 (time cffect), p < 0.05, based on repeated-measures ANOVA (Tukey's test).
“Lower than baseine for men and women atdays 14 (ime offect), p < 0.05, based on a Suden's st

ND, not determined.

ELower than bascline for men and women at days 14 (time effect), p < 0.05, based on a Student’s f tst.

*Different from men at that time, p < 0.05.
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Men ‘Women

Baseline aay7 sy 14 Baseline aay7 day 14

VieminCSumoll 428 21 639 28 617 42 558 38 93 47 74 34
SepiPGRy, ngl 1508 122 1333 181 1117 100 1331 41 1165 95 112 33
Uricacid umoll. 398 327 3310 264 364 33 237 1L 129 183 1813 178
CREmg/L. 025 007 ND* 015 007 023 008 ND 010 006
POEL gL 337 187 ND 2259 212 3143 214 ND u84 127

Values are means  SEM, n
There was not a significantsex _time interaction for vitamin C (p = 0.671), 8-epiPGF2, (p = 0.641), uric cid (p
(p = 0.817), and PGE (p = 0.959) based on repeated-measures ANOVA.

“Higher than bascline for men and women combincd at both 7 and 14 d (ime effect), p < 0,05, based on repeated-measurcs ANOVA.
(Tukey's est).

“Lower than baseline for men and women at d 14 (time effect), p < 0.05, based on repeated-measures ANOVA (Tukey's test).

“ND, not determined.

“Lower than baseline for men and women at d 14 (time effect), p < 0.05, based on a Student’s ¢ tes.

*Different from men at that time, p < 0.05.

1746), CRP
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Groups ~ Count  Sum  Average  Variance
Unwashed 5 31900 6380 4927000
Washed 5 18600 3720 3712000
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Source S5 o Ms F o Povalue
BT 326¢7 1 326e7 116 0009213
Whgp 224¢% 8 008

Toul 5506 9
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Groups  Count  Sum  Average Variance

Unvashed 5 186000 37200 559,200,000
Washed 5 555  L110 623,000






