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Preface

High-pressure processing (HPP) of food, one of the most successful nonthermal
technologies, has been adopted by the food industry because of the number of
advantages it offers to some conventional methods of preservation. The high demand
for minimally processed foods, but at the same time very safe, makes this technol-
ogy appropriate for a number of applications. HPP could replace or partially replace
well-accepted technologies because it offers the opportunity for the development of
new products and it might bring an alternative to address processing issues not yet
resolved.

The possibility to use HPP to treat foods is not new, but applications at industrial
scale are fairly recent. Some of the pioneering research on high pressure in food
processing has been reported by Hite (1899) and Bridgman (1912). However, it took
nearly 80 years for the food industry to embrace high-pressure processing as a via-
ble food manufacturing technology for preserving a variety of value-added products
of excellent quality and very safe from a microbiological point of view. HPP offers
the possibility to have mildly processed, wholesome, convenient, fresh-tasting
foods with minimal to no preservatives to satisfy health conscious lifestyles.

Pressure-treated jams and jellies were introduced in the Japanese market in early
1990, followed by introduction of HPP guacamole in the USA in 1997. Now high-
pressure processing is a commercially viable technology for the pasteurization of
products of diverse origin such as meat, seafood, beverages, dairy, fruits, and veg-
etables that are enjoyed by consumers all over the world.

This comprehensive book includes the basic principles to understand the tech-
nology behind high-pressure processing as well as its current and future applica-
tions within the food industry. The book has 31 chapters distributed in seven parts
addressing topics such as process engineering characterization, industrial equip-
ment, packaging, microbial safety, preservation of bioactive compounds, quality
changes, and applications in the food industry.

The editors are very thankful to more than 80 authors for sharing their expertise,
experience, and vision to come up with very valuable chapters to make the book an
excellent reference for high-pressure processing of food for the years to come. The
editors are aware of some overlaps between a few chapters, but this is inevitable in
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a book of this magnitude. This, however, will also help to visualize basic concepts
from different angles for the benefit of the readers in this rapidly evolving field. The
gratitude is extended to all the reviewers who contributed their time and expertise to
improve the chapters.

It is worth mentioning that from the pioneering efforts made by the Japanese to
bring this technology to fruition, to what is taking place now, a significant number
of developments took place. Nonthermal strategies to process foods caught the
attention of a number of institutions, scientists, regulatory agencies, the food indus-
try, and, of course, the consumers. Several technologies were scrutinized roughly at
the same time, and it is quite apparent HPP is the one that, so far, has been receiving
the most attention based on its potential to process a wide variety of food products
and because it is amenable to be combined with other technologies, such as in the
case of pressure-assisted thermal processing (PATS), which allows sterilization of
low-acid foods.

The development of HPP technology and its adoption by the food industry were
expedited by a number of factors such as the vision of some of the earlier research-
ers, investors who believed in long-term commercial viability of the technology, as
well as worldwide coordinated research and technology transfer efforts among sci-
entists and engineers from academia, equipment manufacturer, food processors,
policy makers, and regulatory agencies. In 1997, the Institute of Food Technologists
(IFT) Nonthermal Division and European Federation of Food Science and
Technology (EFFoST) started to organize annual workshops on nonthermal pro-
cessing in various European countries and a number of places in the USA. Later on,
these workshops have been offered in other parts of the world such as Australia,
China, and Brazil. These professional clusters facilitated the rapid growth of several
nonthermal technologies, and, as mentioned before, HPP is one that has been receiv-
ing great attention. The team approach to develop these technologies has been an
example of cooperation, fast development, and an unselfish manner to disseminate
acquired knowledge by leading groups. The synergism between regulatory agen-
cies, equipment manufacturers, consumer groups, scientists from research institu-
tions, and food processors has been remarkable, maybe like never seen before. Such
collaborative environment enabled fruitful technology partnership between equip-
ment manufacturers and the food industry taking advantage of basic and applied
research developed in a number of research institutions, mainly universities.
Participation of regulatory authorities facilitated development of science-based reg-
ulations that are also harmonized across many countries. Academic researchers not
only contributed to technology development and evaluation but also in the training
of numerous postdoctoral fellows and graduate and undergraduate students as future
leaders in the high-pressure industry. A number of academic institutions developed
centers of excellence around nonthermal technologies facilitating interaction among
all constituencies interested in exploring new alternatives to process the foods of the
future. Universities also play a critical role in providing a pipeline of trained, scien-
tifically sound, next-generation workforce with industrially relevant skills for
sustained long-term success of this advanced food manufacturing industry.
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We sincerely hope the book will be inspirational to entrepreneurs to continue
bringing to the market new and exciting high-pressure-treated food products to
enhance the health and well-being of a good number of consumers.

V.M. Balasubramaniam
Gustavo V. Barbosa-Canovas
Huub L.M. Lelieveld
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Chapter 1
Fundamentals and Applications
of High-Pressure Processing Technology

Sergio I. Martinez-Monteagudo and V.M. Balasubramaniam

Abstract High-pressure processing has been established as a commercially viable
food preservation technology, where application of elevated pressure serves as the
main lethal agent for pathogen reduction without compromising nutritional and
organoleptic properties of the food. The rapid temperature increase during compres-
sion, and subsequent cooling upon decompression, is a unique benefit of high-
pressure-based technologies to reduce product thermal exposure during treatment.
A variety of pressure-pasteurized products (including juices, meat, seafood, and
vegetable products) are commercially available worldwide. To date, FDA issued
letters of no objection to two industrial petitions for preserving shelf-stable low-
acid samples by pressure-assisted thermal process (PATP). This chapter summarizes
the basic principles associated with preserving foods by the application of various
pressure-based technologies and reviews relevant process and product parameters
for product microbiological safety and quality. Various pressure-based unit opera-
tions have been reviewed. Application of pressure-based technologies in different
commodity food processing has been discussed.

Keywords High-pressure processing * Pasteurization ¢ Sterilization ¢ Process uni-
formity * Microbial safety and quality

S.I. Martinez-Monteagudo

Food Safety Engineering Laboratory, Department of Food Science and Technology,
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4 S.I. Martinez-Monteagudo and V.M. Balasubramaniam
1.1 Introduction

Modern consumer’s health and wellness-oriented lifestyle prompted the food
processors to consider introducing alternative food technologies for preserving
fresh-like organoleptic and nutritional quality attributes in foods. Further, these
technologies may only use minimal or no preservatives.

Among the alternative preservation technologies, advanced “volumetric-based”
thermal technologies utilize rapid volumetric heating of food materials to overcome
the limitations of conventional thermal processes. Ohmic heating, microwave heat-
ing, and radio-frequency heating are examples of advanced thermal technologies.
While rapid volumetric heating reduces the nutrition and quality degradation, the
processed products still need to be cooled by conventional conduction and convec-
tion heat transfer.

Nonthermal technologies describe those processing technologies where alterna-
tive form of source of energy is used as the main lethal agent. Nonthermal technolo-
gies are designed in such a way that the main lethal agent (high pressure, electric
field, irradiation dose) with or without the combination of heat is used to inactivate
pathogens and spoilage microorganisms. Nonthermal technologies have the
potential to retain product nutrients and preserve “fresh-like” organoleptic quality
attributes by reducing or minimizing thermal exposure during processing.

Among nonthermal technologies, the application of high pressure (400-600
MPa) at chilled, moderate, or elevated temperature has met consumers’ rising
demands, delivering a variety of innovative food products. Like thermal processing,
the technology can be used for both liquid and solid foods and considered as one of
the greener and cleaner processes as the preservation effect can be accomplished
with minimal or no preservatives. The pressure-treated products were first intro-
duced in Japanese and US market by the early to mid-1990s. Since then, a variety
of pressure-pasteurized products are commercialized worldwide. The technology
has been recognized by US Department of Agriculture (USDA) Food Safety
Inspection Service as one of the intervention technology for inactivating variety of
pathogens commonly found in the meat. In 2009, the Food and Drug Administration
(FDA) issued no objection to an industrial petition for pressure-assisted thermal
sterilized mashed potato product.

1.2 Historical Progress

The use of high pressure for the preservation of foods dates back to the late nineteenth
century. Technological developments have allowed operating vessels at pressure lev-
els in the range of hundred MPa, which opened a window to an unexplored region.
Historical developments of high pressure for food processing are provided in Chap.
2. The industrial use of high pressure has its origins in mechanical and chemical engi-
neering. Mechanical industry developed steam engines that withstand few MPa,
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while chemical industry employed vessels in the range of 10-70 MPa for the synthetic
production of ammonia. Alongside with such developments, other components
including high-pressure pumps, compressors, tubes, fitting, sealing, and pressure
vessels were also developed (Eggers 2012).

1.3 Process Engineering

1.3.1 Equipment

High-pressure pasteurization of foods is essentially a batch operation. The major
components of a high-pressure equipment systems consist of pressure vessel cou-
pled with top and bottom closures, yoke mechanism to secure pressure vessel while
in operation, pressure intensifier and pump for generating the pressure, material-
handling system for loading and unloading the food, and process control system for
monitoring and recording various process variables (Ting 2011). Chapter 3 presents
commercial-scale high-pressure equipment available to the food processors.
Semicontinuous systems are being developed for pumpable foods in which three or
more vessels are used. The vessels are connected in a way that when one vessel
discharges the product, the second vessel pressurizes, while a third vessel gets
loaded with food samples. Chapter 4 reviews the state of the art of semicontinuous
or continuous high-pressure operations.

1.3.2 Typical High-Pressure Process

A typical operation of high-pressure processing resembles that of thermal retort
system. The food to be treated is vacuum packaged in flexible polymeric package
and subsequently loaded inside a cylindrical carrier basket. At least one interface of
the package should be flexible enough to transmit pressure to the material. Typically
high-barrier packaging material is used so that product quality attributes can be
preserved during extended storage. The effect of high pressure on different packag-
ing materials is reviewed in Chap. 5.

The carrier basket containing the product packages is then loaded into pressure
vessel. The pressure vessel and its content are closed with the end closures. The
pressure vessel is filled with pressure-transmitting fluid (typically water). The target
process pressure is achieved through compression of pressure-transmitting fluid
using the combined action of a pump and intensifier. The physical compression of
high-moisture content foods typically reduces its volume by 15 % while under pres-
sure. The product returns close to its initial volume upon decompression. During
high pressure, the product is held for the desired time at the target pressure, the ves-
sel depressurized quickly at the end of the treatment time, and the product is
unloaded. Typical cycle time for the process is about 10 min.
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During high-pressure treatment, compression of the product also transiently
increases temperature of the foods (3°/100 MPa for water and high-moisture con-
tent foods; 8-9 °C/100 MPa for lipid-based foods). Upon decompression, the prod-
uct temperature returns back close to its initial temperature value. The rapid
volumetric temperature increase in the product during compression and subsequent
cooling upon decompression is a unique advantage of high-prssure technologies for
food pasteurization and sterilization. A modified operational high-pressure method
consists of subjecting the product to compression-decompression cycles, a process
known as pressure pulsing. Details of such method are given in Chap. 9.

1.3.3 Governing Principles
1.3.3.1 Isostatic Principle

The term hydrostatic refers to the equilibrium of fluids under the action of force or
pressure. In general, all fluids yield to a force imposed on them and possess the abil-
ity to transport such force among themselves without friction. Isostatic principle
considers that a force transported to the surface of a fluid is equally transmitted
through the contact surface. In high-pressure applications where a packed food
material is surrounded by pressuring fluid, the pressure effects are quasi-
instantaneously and homogenously distributed within the food, regardless of geom-
etry and size. Since air and water are compressed differently during application of
pressure, the structure and shape of the foods containing air pockets (as in the case
of marshmallows) may be altered upon pressure treatment, unless the food is per-
fectly elastic and consists of closed-cell foam from which air cannot escape
(Balasubramaniam and Farkas 2008).

Hydrostatic pressure reduces the volume of the pressurized material without
changing its shape. Mechanistically, pressure alters the distance between mole-
cules having direct effect on distance-dependent interactions. For instance, van der
Waals forces are one of those interactions strongly affected by pressure because
their optimal working distance is altered by pressure, which disrupts the balance
between attractive and repulsive forces. Other interactions affected by pressure due
to their working distance are hydrogen bonding, electrostatic, and hydrophobic
interactions (Martinez-Monteagudo and Saldafia 2014). Contrary, covalent bonds
are unlikely to be affected by pressure because their working distance can be hardly
reduced any further. Indeed, covalent bonds from primary structure of proteins
were unaffected by pressure (up to 1500 MPa) (Mozhaev et al. 1994). The fact that
high pressure does not alter covalent bonds has been the central hypothesis behind
the preservation of activity of functional compounds. Chapter 22 reviews the effect
of high-pressure treatments on the biological activity of bioactive compounds and
nutritional content.
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1.3.3.2 Le Chatelier’s Principle

According to Le Chatelier’s principle, a system in equilibrium will shift to new
equilibrium to partially undo any induced change. This principle has a basis in the
second law of thermodynamics, and it is valid for reversible processes. Le
Chatelier’s principle is often used to explain the effects of pressure and tempera-
ture on chemical, biological, and physical phenomena. Despite its various applica-
tions, Le Chatelier’s principle is rather vague and ambiguous. In the 1920s, the
term of affinity was developed based on the thermodynamic conjugate pairs, exten-
sive and intensive variables. Basically, thermodynamic variables come in conju-
gate pairs: temperature and entropy, pressure and volume, chemical potential and
moles. An interpretation of affinity is that such system held at fixed entropy, and
volume will come to equilibrium by varying temperature and pressure. In the case
of HPP, if pressure (extensive variable) changes, the equilibrium shifts in the direc-
tion that tends to reduce the change in the corresponding intensive variable (vol-
ume). Thus, any phenomenon (phase transition, change in molecular configuration,
chemical reaction) accompanied by a decrease in volume is enhanced by pressure
(Hamann 1957).

1.3.3.3 Principle of Microscopic Ordering

This principle postulates that an increase in pressure at constant temperature
increases the degree of ordering of molecules of a given substance. According to
this principle, pressure restricts rotational, vibrational, and translational motion,
which will increase the molecular order. Interestingly, pressure and temperature
exert antagonistic forces on molecular structure and chemical reactions (Balny and
Masson 1993).

1.3.3.4 Transition State Theory

Transition state theory states that if the molar volume of the intermediate state
(activated complex) differs from that of its reacting components, the reaction
velocity can increase or decrease by changing pressure, according to whether the
intermediate state is less or more voluminous (Wentorf and De Vries 2001). This
principle is used to explain the effect of pressure on chemical and biochemical
reactions as well as physical processes (Chap. 17). For a given chemical reaction,
the effect of pressure favors those reactions with negative reaction volumes and
those reaction pathways with negative activation volumes (Martinez-Monteagudo
and Saldafia 2014). Chapter 21 exemplifies the effect of pressure on the formation
of volatiles in milk.
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1.3.4 Importance of Considering Pressure-Thermal Effects

Pressure just like heat is an extensive thermodynamic variable. According to the
second law of thermodynamics, the effects of temperature cannot be separated from
the effects of pressure during compression. This relationship (pressure-temperature)
has been exemplified through the phase diagram of water, where for every tempera-
ture there is a corresponding pressure. Thermal effects during pressure treatment
can cause volume and energy changes. On the other hand, pressure primarily affects
the volume of the product being processed. The combined net effect during a high-
pressure processing may be synergistic, antagonistic, or additive (Gupta et al. 2011).
Mathematically, the impact of pressure (p) and temperature (7) can be quantita-
tively related using Gibbs’s definition of free energy G:

G=H-TS (1.1)
where S and H are the entropy and enthalpy, respectively. Further,
H=U+pV (1.2)

where U=internal energy and V=volume.
From above equations, it can be deduced that

d(AG) = AVdp — A SdT (1.3)

Therefore, reactions such as phase transitions or molecular reorientation depend on
both temperature and pressure and cannot be treated separately.

1.3.5 Process Development Consideration

In order for high pressure to be an effective preservation technology, it requires that
the entire food material is subjected to uniform processing conditions at which
safety and quality are achieved. Variations in both temperature and pressure can
contribute to the development of nonuniformity within a processed volume during a
high-pressure processing experiment. 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 charac-
teristics of the pressure chamber.

During pressure treatment, the temperature of different food material increases
transiently due to physical compression and returns back to its initial value upon
decompression. The thermal exchange between the food, pressure-transmitting
fluid, and the environment through the walls of the pressure chamber can influence
the uniformity of a high-pressure process. This heat exchange can be further gov-
erned by the thermophysical properties of food, packaging material, and the
pressure-transmitting fluid. The understanding of the extent process uniformity
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during pressure treatment requires the knowledge of thermophysical properties.
Chapter 6 discusses in situ measurements during high pressure.

For practical purpose, pressure treatment is assumed to be transmitted uniformly
and quasi-instantaneously throughout the sample volume. However, pressure non-
uniformity may exist in heterogeneous samples (e.g., large ham product containing
bone). Researchers have reported that pressure at the geometric center of a large
food such as ham is approximately 9 MPa less than 600 MPa delivered by the pro-
cess system. Numerically, simulations showed that the nonuniformities may arise
due to the effect of convective transport and heterogeneous heat transfer during high
pressure. It has been hypothesized that a fluid flow develops which interacts with
temperature changes affecting the uniformity of the treatment. Mathematical mod-
els of combined pressure-heat treatment are reviewed in Chap. 12. Other factors
influencing process nonuniformity during HPP and PATP may include position of
the sample within the high-pressure chamber and sample phase transition character-
istics. Several approaches have been proposed to minimize thermal nonuniformity
during pressure treatment. Temperature control of the product, package, pressure-
transmitting fluid, and pressure vessel for each cycle during high-pressure process-
ing is critical. Chapter 13 discusses approaches used to evaluate the process
uniformity during HPP and PATP.

1.4 High-Pressure-Based Unit Processes

Application of elevated pressure (100800 MPa) is a proven tool for a number of
processing and unit operations including homogenization, extraction, freezing and
thawing, blanching, pasteurization, extended shelf life (ESL) and commercial ster-
ilization. Figure 1.1 organizes the current and promising industrial applications of
high-pressure technologies based on pressure-temperature intensity.

1.4.1 Pressure-Assisted Freezing and Thawing

Pressure caused depression of the freezing point, a colligative property. Pressure
levels of 200 MPa depress the freezing point of water from 0 °C to —21 °C. This
colligative effect is reversible upon decompression. Pressure-assisted freezing and
thawing could be potentially exploited to rapidly freeze and thaw high-moisture
content foods. During pressure-assisted freezing (PAF), the sample is cooled under
pressure up to its phase change temperature at applied pressure. The product is fro-
zen under pressure by super cooling at faster ice-nucleation rate. This process helps
in preserving the microstructure of food and biological materials. Pressure-assisted
thawing (PAT) involves thawing a food material under constant pressure. The pro-
cess can help in reducing the thawing time and the drip loss. Another potential
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Fig. 1.1 Schematic diagram illustrating processing technologies conducted at high pressures
(>100 MPa). PAF pressure-assisted freezing, PAT pressure-assisted thawing, HPH high-pressure
homogenization, HPP high-pressure processing, PAE pressure-assisted extraction, PATP pressure-
assisted thermal processing, POTS pressure-ohmic thermal sterilization (adapted from
Balasubramaniam et al. 2015)

application is the storage at freezing conditions (up to —20 °C) without the transition
from liquid to solid. Principles and potential applications of pressure-assisted freez-
ing and thawing are discussed in Chap. 8.

1.4.2 High-Pressure Homogenization

This technology consists in forcing a pressurized fluid (up to %320 MPa) to pass
through a minute orifice, homogenization chamber. High-pressure homogenization
is based on the dissipation of kinetic energy due to the passage of a pressurized fluid
through the tiny gap, which results in reduction of particle size and rise in fluid
temperature. The rise in the fluid temperature is due to heat of compression (similar
to HPP) as well as temperature increase due to homogenization effort. Unlike
hydrostatic pressure, the temperature increase during homogenization, which is
about 18 °C per 100 MPa, is not reversible. The magnitude of this temperature
increase in part depends upon specific HPH valve geometry. Valve geometry can
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also influence the characteristics of the final processed product. By adjusting initial
fluid temperature, target pressure, and HPH valve design, it may be possible to
achieve both pasteurization and sterilization treatment temperatures. Chapter 7
presents current developments in high-pressure homogenization of liquid foods.

1.4.3 Pressure-Assisted Extraction

Extraction of valuable compounds from biological matrix has been enhanced by
high hydrostatic pressure. Extraction yields obtained by pressure mainly depend on
the pressure, time, and type solvent used. Mixtures of organic solvents have been
tested under pressure to assist the extraction of antioxidants and other bioactive
compounds. Upon decompression, pressure can break weak chemical bonds of the
extracting matrix, making some compounds available for extraction. The latest
developments on pressure-assisted extraction are discussed in Chap. 10.

1.4.4 High-Pressure Processing

Pressure levels of 400600 MPa at ambient or chilled conditions have been effective
in inactivating variety of pathogenic and spoilage vegetative cells, yeast, mold, and
viruses (Chaps. 14 and 15). The magnitude of microbial reduction during pressure
treatment is also influenced by the composition of the food, its pH, and water activ-
ity. Even within a given microorganism, wide variation in pressure resistance of
different strains is reported. Thus, food processor should work with competent expert
to identify appropriate target microorganism for the process validation studies.

The term pasteurization not only applies for heat treatment, but recently, in 2004,
the National Advisory Committee on Microbiological Criteria for Foods recom-
mended to federal regulators to redefine pasteurization as any process treatment (not
just heat treatment alone) 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. It should be highlighted that like thermal pasteurization, pasteurized food
products via HPP still require additional barriers (such as refrigerated storage) for
product stability during subsequent handling and distribution. There can be signifi-
cant variation among strains. Microbial cells in stationary growth conditions tend to
have higher pressure resistance than exponential phase. Resistant to pressure treat-
ment varied considerably among microorganisms. High-pressure processing condi-
tions (400-600 MPa at ambient or chilled temperature) can be useful for pasteurizing
a variety of liquid and solid foods including deli meats, salads, seafood, fruit juices,
and vegetable products (Tonello 2011). High-pressure pasteurization units are avail-
able in both vertical and horizontal configurations with range of sizes (35 liter
through 525 liter capacity; see Chap. 3).
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1.4.5 Pressure-Assisted Thermal Processing

Pressure alone at or near ambient temperature has very limited or no effect on spore
inactivation. Pressure-assisted thermal processing (PATP) is an emerging steriliza-
tion technology. During PATP, prepackaged products are then preheated to a certain
initial temperature (7;, 75-90 °C) from the knowledge of target PATP temperature
(T, 90-120 °C), applied pressure (AP, 400-600 MPa), heat of compression (5,,)
values for different food and packaging materials, pressure-transmitting fluid, and
their respective mass (My) fractions

(X6, x M)

In Eq. (1.4), ATy represents heat gain or loss by the product from the surroundings.
The entire process results in a shorter treatment time (3—15 min) when compared to
that of the conventional canning, which involves slow external heat transfer.

PATP was first developed to inactivate bacterial spores and achieve commer-
cially sterility of low-acid foods. Chapters 11, 14, and 29 discuss the inactivation of
bacterial spores by means of PATP. In 2009, FDA issued no objection to an indus-
trial petition for sterilization of mashed potato by PATP (Chap. 29). The petition
primarily considered thermal lethal effects and did not consider pressure lethal
effects on ensuring commercial sterility of treated low-acid foods. In July 2015,
FDA issued no objection to second industrial petition on pressure-enhanced steril-
ization (PES) process. The petition demonstrated the achievement of commercial
sterility of a multicomponent complex particulate-bearing low-acid food using pro-
cessing conditions of time and temperature that are lower than those used for a
conventional thermal sterilization process.

Although there are no low-acid products preserved by PATP commercialized yet,
this technology has the potential to deliver a variety of commercially sterilized or
extended shelf-life (ESL) low-acid products, such as egg, and milk-based products,
baby foods, vegetables, ready-to-eat foods, desserts, gravies, soups, and sauces.
Further, PATP equipment is primarily restricted to pilot scale. Since PATP utilizes
intensive pressure and heat, from the standpoint of materials science and engineer-
ing, the process demands significant stress on the vessel and seals, potentially limit-
ing the equipment life. Pressure-temperature inactivation kinetics of bacterial spores
has been the topic of discussion over the last decade. Unlike thermal treatment, the
inactivation kinetics obtained by PATP are nonlinear, showing a shoulder at the
beginning and a tail at the end of the treatment. If this issue is not addressed prop-
erly, the calculated lethality can lead to over-processing or under-processing condi-
tions. Chapter 17 reviews the use of nonlinear kinetic models to describe combined
pressure-heat microbial inactivation.

An interesting application of PATP is the inactivation of infectious agents
like prions. The conventional inactivation methods for prions are pretty aggres-
sive using elevated temperatures. Feasibility studies have proven that PATP can
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inactivate prions with less severe conditions, and it has been suggested as an
alternative to decontamination of prions. Chapter 16 describes the pressure inac-
tivation of prions.

1.4.6 Pressure-Ohmic Thermal Processing

Pressure-ohmic thermal processing (POTP) is a novel technology involving sequen-
tial and simultaneous application of elevated pressure and ohmic heating to pre-
serve shelf-stable low-acid foods or extended shelf life (ESL) food products. The
technology synergistically combines the heat of compression effects of elevated
pressures along with ohmic heating to minimize thermal exposure effects on prod-
uct quality (Balasubramaniam et al. 2012). The rate of temperature rise in the food
within the pressure vessel during POTP pressure holding can be adjusted by con-
trolling of electrical heating under pressure; POTP design also avoids the require-
ment of preheating the pressure vessel, thereby reducing energy demand and thermal
stress on the pressure equipment (Balasubramaniam et al. 2015). Other process
combinations are presented in Chap. 11.

1.5 Food Chemistry and Quality

The motivation of using high pressure lies on chemical and physical effects induced
by pressure. There are three important consequences of applying high hydrostatic
pressure:

1. Changes in physical properties, such as melting point, solubility, density, viscos-
ity, etc.

2. Effects on equilibrium processes, such as dissociation of weak acids, acid—base
equilibria, ionization, etc.

3. Effects on rates of processes, such as delaying or accelerating the rate at which a
particular reaction occurs.

Some quality attributes such as microbiological safety, functionality, instrumen-
tal quality, and nutritional attributes are the resultants of the way these three phe-
nomena are affected by pressure. For instance, inactivation of microorganisms is a
combination of changes in physical properties of membrane lipids, changes in the
chemical equilibrium that modify the internal pH, and changes in the rate of specific
physiological functions that cause irreversible or lethal damage on bacteria cells
(Molina-Guitierrez et al. 2002). Table 1.1 summarizes various examples on how
food quality attributes are dictated by the way pressure affects the physical, equilib-
rium, and rate processes. A rate process was considered when pressure increases or
decreases the concentration of a particular compound.
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Table 1.1 Examples on how food quality attributes are influenced by the effect of pressure on
physical properties and equilibrium and rate processes

Effect upon pressure treatment

Quality attribute | Physical property Equilibrium process | Rate process
Mechanically — Detaching the — Releasing — The extent of
shucking of adductor muscle intramuscular shucking depends
oysters components on the pressure level
Improving of — Pressure causes — Shifts the pH — Biochemical
meat tenderness disaggregation of value that reactions are
by pressure-heat proteins prevents controlled by
treatment reassociation of pressure
protein fragments

Starch — Changes in viscosity | — Shifts the — Retrogradation rate
gelatinization of starch suspension chemical balance is controlled by

— Changes in pressure

rheological properties

Increasing — Disruption of casein — Alters mineral — Pressure controls the
cheese yield micelles balance extent of protein-fat

— Denaturation of whey (colloidal and interactions

proteins soluble calcium)
Improving — Increases viscosity of |- Change in pH, — Pressure affects the
texture in egg egg patties, protein which enhances rate of protein
patties aggregation hydrophobic aggregation
interactions

Cell membrane |- Induces membrane — Shifts the — Pressure controls
damage in permeabilization balance between diffusion of solutes
onions extra- and within the cell

intra-cellular pH

Another relevant aspect of high pressure is the effect on endogenous enzymes.
These enzymes are known to have beneficial or detrimental effects on foods. The
enzyme activity is highly influenced by high pressure. Inactivation of enzyme by
combination of high pressure and temperature is a complex phenomenon. The pri-
mary structure of the enzyme is minimally affected by pressure, while the second-
ary structure suffers structural modifications only at very high pressures. The tertiary
structure is greatly affected by pressure because pressure disrupts hydrophobic and
electrostatic interactions. Consequently, water solvates the exposed charge groups,
leading to a volume reduction that inactivates the enzymes. A discussion on the
inactivation of enzymes due to high pressure is provided in Chap. 19.

Pressure unfolding of proteins has been studied for quite some time. The extent
of unfolding depends on the type of protein and processing conditions. Protein
unfolding due to pressure is partially irreversible, and it has great relevance in pro-
viding unique functional properties to the unfolded proteins. A summary of recent
developments on the effects of high pressure on proteins is described in Chap. 18.
Examination of pressure-temperature-treated proteins and carbohydrates revealed
significant structural and morphological changes, which can be exploited in the
development of texture, consistency, and other physical properties. Chapter 23
illustrates structural modifications induced by pressure-temperature treatments.
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1.6 Food Industry Applications

A remarkable example application of pressure is the mechanically shucking of
oysters. Pressure treatment released the abductor muscle from the shell with mini-
mal drip loss values. Quality parameters in seafood affected by pressure are
reviewed in Chap. 27. Combination of high pressure with moderate thermal treat-
ment could improve meat tenderness when applied to pre-rigor meat. Chapter 26
deals with the effects of pressure on meat and meat products. Another interesting
application of high pressure is the phase transition of starch suspensions. The gela-
tinization temperature decreased when suspension is exposed to high pressure.
Effect of pressure on starch gelatinization is provided in Chap. 20. It has been dem-
onstrated that moderate pressure treatments could increase cheese yield, ripening
characteristics, and functionality possibly due to complex interactions between
whey proteins and casein micelles. Applications of high-pressure processing of
dairy foods are discussed in Chap. 24. Pressure in combination with thermal treat-
ment has become a valuable alternative to retorting for the production of high-
quality shelf-stable products. Indeed, pressure-temperature conditions approaching
commercial sterilization produced shelf-stable scrambled egg patties with desired
quality attributes such as texture, color, and flavor.

Chapter 28 discusses advantages of pressure-assisted thermal processing for the
production of egg-based products. The potential benefits of HPP over thermal pro-
cessing have been exemplified in a variety of vegetables products. The changes
induced by pressure are less intense than those induced by thermal processing.
Chapter 24 exemplifies the effects of pressure on vegetables.

1.6.1 Industrial Implementation of High-Pressure Technology

Since the 1990s, high-pressure-based technologies have received significant com-
mercial interest. Products such as guacamole deli meat, juices, salads and oysters
are now being marketed in the United States; jams, jellies, sauces, fish, meat prod-
ucts, sliced ham, salad dressing, rice cakes, and yogurt in Japan; and fruit juices in
France and Portugal. Due to emerging nature of the technology, pressure-pasteurized
products are slightly more expensive (5—10 cents/pound more than conventionally
processed products). Accordingly, identification of suitable value products is criti-
cal for commercial success for pressure-treated products (Fig. 1.2).

As new HPP products are launched, consumer acceptance is a key factor for
commercial success. Consumers are generally receptive toward HPP technology. In
addition, HPP is perceived as environmental sustainable due to energy efficiency.
However, misconceptions regarding the influence of HPP on food safety may repre-
sent significant barriers to consumer acceptance. Chapter 31 discusses consumer
acceptance of pressure-treated products.

Developing techniques to validate HPP is not a trivial task. Unlike traditional
thermal treatments, the minimum processing conditions that warrant microbiologi-
cal safety of HPP-treated products especially for ESL and commercially sterile
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Fig. 1.2 Identification of suitable value-added products is critical for commercial success of the
pressure-treated products

products, are still being developed. European regulation for novel foods and ingre-
dients governs commercial introduction of pressure-pasteurized products. Details
on EU high-pressure regulation are reviewed in Chap. 30. Future outlook and
opportunities for pressure-based technologies are summarized in Chap. 32.
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Chapter 2

A Short History of Research and Development
Efforts Leading to the Commercialization

of High-Pressure Processing of Food

Daniel F. Farkas

Abstract The history of the development and commercialization of high hydrostatic
pressure processing of foods includes groups in Japan, Europe, and the United
States. This narrative focuses on early research and development commercialization
efforts starting in 1984 in the Department of Food Science at the University of
Delaware, Newark, Delaware. Research efforts expanded in 1990 as a joint program
among the University of Delaware, the Department of Food Science and Technology
at Oregon State University, and the US Army Combat Feeding Directorate at the
Natick Soldier Research, Development and Engineering Center, Natick,
Massachusetts. Activities of an industry-university High Pressure Consortium,
managed by Marcia Walker and D. Farkas, at Oregon State University, helped
commercialization by providing a focus for research, development, technology
transfer, regulatory challenges, and solutions. The plan was to develop the use of
high hydrostatic pressure into a profitable, new food processing technology that
provided safe, fresh-tasting, convenient foods, with an extended shelf life.

Dr. Edmund Ting at Flow International recognized that breakthroughs in the
design of high-pressure vessels and pump intensifiers would be needed. He pio-
neered unique equipment developments required by the food processing industry
and helped clear the way for cost-effective commercial use of high pressure for food
preservation.

The commercial use of high hydrostatic pressure for food preservation started in
Japan in the late 1980s. Acid products, including yogurt and strawberry jam, were
produced. These products resulted from work by a consortium of 25 companies
brought together by Professor Rikimaru Hayashi to exploit the potential of high
pressure as a nonthermal technology for pasteurizing foods with minimum heat
damage.

Independently, Professors Dan Farkas, Dallas Hoover, and Dietrich Knorr initi-
ated studies on the feasibility of high-pressure food processing starting in 1984 at
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the University of Delaware. Workers from the two programs met for the first time in
June 1989 at a conference on engineering and food in Cologne, Germany, convened
by Professors Walter Spiess and H. Schubert. In 1992 R. Hayashi and C. Balny
edited a book (Hayashi and Balny, 1992) covering a joint conference drawing from
Japanese and European research work on high-pressure food processing.

A symposium held at the University of Reading, England, on March 28-29,
1994, and the subsequent book, High Pressure Processing of Foods, serves as a
milestone marking the end of the early history of research and development leading
to the wide commercial use of high-pressure food processing. This symposium rec-
ognized that: “The scientific basis for the success of the process does involve many
disciplines including both chemistry and microbiology. However, its commercial
success, as with many food operations, has to be based on an effective integration
with the engineering disciplines involved in the design and manufacture of equip-
ment and plant capable of efficiently and safely applying such pressure to both solid
and liquid food” (Ledward et al., High Pressure Processing of Foods, Nottingham
University Press, Leicestershire Press, UK, 1995).

Keywords High-pressure processing * History ¢ Research and development ¢
Commercialization

2.1 Introduction

The use of high hydrostatic pressure to preserve foods is the first truly new method
for food preservation since Nicolas Appert developed the use of heat to preserve
foods in sealed glass bottles some 200 years ago. High pressure does not depend on
heat, chemicals, reduced water activity, or reduced temperatures to control patho-
gens or spoilage microbes. Pressures in the range of 200-600 MPa have been found
to unfold proteins so that they lose their biological functions as cell wall membranes
and enzymes. In contrast to heat, high pressure does not break covalent bonds. High
pressure is transferred instantly throughout a package of food independently of size,
shape, or composition. These advantages give the food processor an almost ideal
method to preserve food without heat and to conserve the product without any loss
of original nutrients, flavors, pigments, or functionality.

The benefits of high-pressure food preservation (HPP) were recognized as early
as 1894 through the research efforts of Burt Hite at the West Virginia State University
Agricultural Experiment Station in Morgantown, West Virginia (Hite et al. 1914).
Burt Hite worked with field gun engineers at the Harper’s Ferry Arsenal to develop
pressure vessels capable of operating at hydrostatic pressures over 680 MPa. His
research showed that pressures between 200 and 680 MPa could inactivate yeasts,
molds, and spoilage bacteria in foods. However, he was not able to sterilize whole
cow’s milk to allow room temperature storage. This was Hite’s original objective.
Hite, and his associates, predicted that fruit juices, in large containers, could be
sterilized by high pressure. Work showed that there would be little change in their
fresh flavor during room temperature storage.
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The work of Hite and his associates did not attract the attention of food proces-
sors even when his 1914 paper was cited in W.V. Cruess’ Commercial Fruit and
Vegetable Products first published in 1924. A considerable number of research
papers were published over the following years describing the effects of high pres-
sure on microbes, starches, and various proteins including enzymes and enzyme
activity (Johnson et al. 1954). However, food processors concluded that the use of
high pressure for commercial food processing would be impractical. Pressure ves-
sels, pumps, and instrumentation needed development. Food grade, low gas trans-
mission, and flexible packaging were not available. The availability of frozen foods
was increasing and their preservation and packaging technologies were easily
adopted. Consumers perceived frozen foods to be close to fresh in quality, nutri-
tional value, and convenience. Frozen foods became a source of convenient meals
with the marketing of frozen “TV dinners” through the 1950s.

In this period the demand for polymer plastics drove the development of high-
pressure pumps, seals, vessels, tubing, and instrumentation. The 1950s saw the
development and increasing demand for jet engine turbine blades. Blades were
made by fusing shaped, powdered metal, at high temperatures and pressures, in an
argon gas atmosphere. The process required rugged pressure vessels, pumps, and
instrumentation. The systems for hot and warm isostatic pressing of powered metal
and ceramic parts, in effect, pioneered safe and reliable high-pressure equipment.
Pressures in the range of 680 MPa became available in relatively large-volume ves-
sels for routine manufacturing use.

2.2 Early Exploration of High Pressure for Food Processing

Macfarlane (1973) and Bouton et al. (1977), in Australia, published research work
on the effect of high pressure, in the range of 140 MPa, on cuts of red meat pre and
post rigor mortis. Commercial trials indicated that these pressures could help ten-
derize cuts of beef. The action of the pressure appeared to be through activation of
in vivo proteolytic enzymes in the beef muscle. This was noted by Kennick et al.
(1980). D.C. Wilson reported, at the 34th Annual Meeting of the Institute of Food
Technologists in 1974, that high pressure could preserve fruits such as apricots
packaged in flexible, hermetically sealed pouches.

Sale et al. (1970) published an excellent description of the effects of high pres-
sure on spore survival. Spores of non-proteolytic Clostridium botulinum were
shown to be extremely resistant to inactivation at pressures approaching 680 MPa.
The high-pressure tolerance of bacterial spores indicated that food preservation by
high pressure may be limited to pasteurization processes in the absence of hurdles
that inhibit the germination and outgrowth of spores in low-acid foods. Foods with
a pH value lower than 4.5 would be ideal products for high-pressure commercial
sterilization. Clostridium botulinum spores in foods with a pH below 4.5 are pre-
vented from producing toxin.

Still, in the early 1980s, a number of technical problems were perceived to pre-
vent the commercial application of HPP to food preservation. These perceptions



22 D.F. Farkas

were strong enough to discourage the application of available, off-the-shelf, com-
mercial high-pressure equipment. In this period consumers were beginning to
accept new preservation technologies such as modified atmosphere bagged salads
with an extended shelf life. Preservation was achieved by modifying the gas atmo-
sphere composition surrounding the vegetable mix during refrigerated storage and
distribution. As more families included two working parents, the demand for conve-
nient fresh-tasting foods strengthened.

2.3 Shifting Consumer Preferences and Perceptions

The food marketing scene in the early 1980s in the United States and in some coun-
tries in Europe began to shift in response to consumer demands for fresh-tasting,
convenient, and safe refrigerated foods. Frozen foods were providing an increased
selection of plated meals. The quality of frozen foods was improving dramatically.
Companies were experimenting with cook-chill entrees that were microwave ready
from the refrigerator rather than the freezer. Bagged salads were taking over the
produce section of the supermarket. Controlled atmosphere packaging was being
used to inhibit molds and yeasts in conjunction with reduced water activity. Reduce
water activity could control bacterial spore germination and outgrowth. Extended
room temperature shelf life of selected fresh-like foods was becoming a reality.

Ionizing radiation for food pasteurization and sterilization was available from the
early 1950s as one of the early commercial “cold sterilization” technologies.
Ionizing radiation sterilization of drugs and medical devices was embraced by the
pharmaceutical, plastics, and packaging industries starting in the 1950s. However,
commercial application of this technology for food pasteurization and sterilization
was slowed by concerns that ionizing radiation could break covalent bonds. It was
thought that the myriad compounds found in foods could form carcinogens or other
harmful products during irradiation. Additionally, foods high in sulfur-containing
amino acids, such as certain meats and milk, could produce strong off-odors and
flavors when irradiated. Negative public perception of the safety of irradiated foods,
and the classification of irradiation treatments as chemical additives, effectively
blocked the general early acceptance of this technology for food treatment (Baily
et al. 1957).

2.4 The Race to Develop Nonthermal Food Preservation
Technologies

New technologies for “cold sterilization” of liquid and solid foods were needed to
fill the gap left by low consumer interest in ionizing radiation. The race was on to
develop viable pasteurization and sterilization technologies that required minimum
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amounts of heat. These technologies would not depend entirely on heat and could
be called minimum-thermal preservation methods. A simple example was the suc-
cessful use of membranes to remove microbes in beer by filtration. While this tech-
nology had been demonstrated in Europe in the nineteenth century using porous
ceramic filters, newly developed polymer membranes greatly facilitated expanded
commercial applications. Some other nonthermal preservation technologies of
interest included pulsed light, pulsed electric fields, and sonic energy. Each of these
technologies was found to have advantages and disadvantages when considered for
commercial food preservation. For example, particulate foods could not be treated
effectively in some cases.

The drawbacks that slowed the commercialization of ionizing radiation for food
preservation highlighted the challenges that had to be overcome for a new food
preservation technology to be accepted. Acceptance had to be by consumers, food
processors, equipment manufactures, and regulatory agencies. Regulatory agencies
would need across-the-board assurance of the safety of the food products produced,
the processes used, packaging, and equipment.

Equipment manufactures would have to deliver systems that would operate dur-
ing multiple shifts with very low down time and have ease of maintenance and
repair. Equipment would have to have the productivity that would allow both the
food processor and the equipment manufacture a reasonable return on their invest-
ment. Additionally systems would need low operating costs and would be compat-
ible with environments found in a typical food processing plant.

2.5 Research at the University of Delaware to Meet
the Requirements for Successful Commercialization
of High-Pressure Food Preservation

In the early 1980s Dallas Hoover, Dietrich Knorr, and Daniel Farkas, faculty mem-
bers in the newly formed Department of Food Science at the University of Delaware,
decided to explore the commercial application of high pressure. A perceived attrac-
tion was the availability of cost-effective, off-the-shelf, commercial, warm isostatic
pressing equipment. As an example, the lab-scale units manufactured by Autoclave
Engineers in Erie, Pennsylvania, were portable, fully instrumented, and very user-
friendly. Pressure chamber volumes were large enough to accommodate up to one
or more liters of packaged food samples. Despite the findings of Sale and cowork-
ers, that high pressure had little effect on spore inactivation, the incentives for using
high pressure, even for pasteurizing foods, appeared to far surpass actual and per-
ceived drawbacks.

Literature research indicated that high pressures, in the range of 340-680 MPa,
would not break covalent bonds, but would disrupt hydrogen bonds. The preserva-
tion of covalent bonds in biological materials, such as foods, meant that flavors,
pigments, and nutritionally important compounds would be conserved when treated
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with high pressure. The disruption of hydrogen bonds could result in the loss of
enzyme and membrane activity of proteins. This loss of activity could result in the
death of bacteria, yeast, molds, and parasites.

The effects of high-pressure treatment were instantaneous and uniform through-
out a mass of food. Effects were not limited by heat, mass, or momentum transfer.
Pressure applied to a 5-g packet would result in the same treatment as a 50-L bulk
bag.

The major advantage of high-pressure food treatment, from a regulatory point of
view, is that the process does not break covalent bonds. The effects of high-pressure
would be similar to freezing or homogenization. Existing microbial safety, process-
ing, labeling, and packaging regulations could apply to high-pressure treated foods.
Simply put, the process would be benign and consumer friendly. The consumer
could not differentiate treated from untreated products.

The decision to go forward with commercial high-pressure food preservation
studies was driven by the favorable factors noted. Research would be needed to
place the following essential developments on a sound scientific basis.

* Demonstrate that published research findings indicating that pressures in the
range of 200—680 MPa could indeed inactivate six log cycles of bacterial patho-
gens, spoilage microbes, yeasts, molds, parasites, virus, and insect eggs.
Inactivation would need to take place in foods with a range of pH and water
activity values and in a wide range of food compositions.

* Determine that package shape and size does not influence inactivation kinetics in
various sizes of cylindrical pressure vessels.

* Show that high-pressure processing (HPP) can actually operate at or near room
temperature given that compression heating of water can cause significant prod-
uct temperature increase.

* Demonstrate that foods treated by high pressure for a time sufficient for pasteuri-
zation show no change in chemical composition.

* Demonstrate that laboratory and pilot plant size equipment can yield experimen-
tal data that can be scaled and applied directly to industrial processes.

* Demonstrate that existing flexible packaging films and laminates can be used to
package foods for high-pressure preservation.

* Demonstrate that high-pressure processing systems can be designed to be entirely
compatible with existing food processing equipment; processing lines; and plant
operating requirements such as ease of installation, cleaning, maintenance, and
repair.

Additional process details such as the effect of high pressure on packaging mate-
rials; the operation of high-pressure vessels and supporting equipment in a food
processing environment; the projected high treatment cost per package; the lack of
information on the effects of high pressure on food enzymes; and the batch nature
of the process would have to be addressed in subsequent laboratory and pilot plant
studies.
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2.6 Developing Support for High-Pressure Food Preservation
Research, Development, and Technology Transfer

On October 24, 1984, two faculty members from the University of Delaware’s Food
Science Department in Newark, Delaware, traveled to Autoclave Engineers’ head-
quarters in Erie, Pennsylvania. The objective of the visit was threefold: to discuss
the use of Autoclave Engineers’ laboratory-/pilot plant-scale cold isostatic pressing
equipment for food preservation; to inquire if a unit could be loaned to the
Department to conduct feasibility tests; and to convince the management of
Autoclave Engineers that if the tests were successful, a lot more high pressure
equipment possibly could be sold to the food industry than could ever be sold to the
metal working industries. Autoclave Engineers was a leader in the manufacturing of
small, reliable, high-pressure vessels and supporting systems. They were also an
established supplier of replacement valves, fittings, high-pressure tubing, and acces-
sories for commercial isostatic high-pressure users.

The isostatic press equipment industry is tied closely to the cyclic market for
parts requiring fabrication in hot or warm isostatic presses. During good times
companies expand and purchased capital equipment. During a recession, orders
decrease. The isostatic pressing process itself requires long process cycle times for
heating, cooling, and loading and unloading. Equipment may operate six cycles per
day. This equates to about 2000 cycles per year. Orders for wear and replacement
parts are tied to the number of cycles per year.

During the morning’s conversation with company sales and development per-
sonal, and after the Autoclave Engineers’ people had a good laugh about squeezing
tomatoes in one of their presses, the potential for year-round equipment and parts
sales to hundreds of potential food processors began to come into focus. The idea of
an equipment loan took root based on the potential production tonnages of products
such as fruit juices.

The Department of Food Science began work in earnest with the commissioning
of a 2-in. inside diameter by 22-in.-long Autoclave Engineers CIP 2-22-60 isostatic
press. The high-pressure chamber featured a pin closure and mono-block construc-
tion. The complete, self-contained system with pump, intensifier, pressure vessel,
pin closure, instrumentation, and controls had a maximum working pressure of
400 MPa. The front and back of the unit are shown in Fig. 2.1. This unit is still in
use in the high-pressure research program of Professor Brian E. Farkas. Professor
Farkas was the first undergraduate student to use the equipment at the University of
Delaware in conjunction with high-pressure research directed by Professor Dietrich
Knorr.

As predicted the advantage of the off-the-shelf Autoclave Engineers’ system for
high-pressure food research was the ease and simplicity of loading, compression,
decompression, and unloading samples. The equipment was used, with a minimum
of instruction, by undergraduate and graduate students, faculty, and research associ-
ates. Sufficient samples could be prepared in the 1-L pressure chamber for sensory
tests, long-term storage shelf life tests, and multiple microbial samples. The
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Fig. 2.1 Autoclave Engineers CIP 2-22-60 isostatic press at Oregon State University

convenience and simplicity of the system allowed high-pressure research to be
undertaken by microbiologists, sensory scientists, nutritionists, food chemists, and
food engineers.

2.7 Early Research Observations

In honor of Nicolas Appert, cranberries and orange-cranberry sauce were the first
products treated. These were foods first preserved with heat by Appert. Treatment
of dry spices showed the resistance of spores to pressure, but more importantly
demonstrated the need for high water activity for the efficacy of high pressure as a
pasteurization technology. A water activity close to one was needed to optimize the
inactivation rates of vegetative bacteria, yeasts, and molds in spices.

One question that was answered in early experiments was the effect of high pres-
sure on different strains of microbial pathogens. Early experiments on the sensitiv-
ity of heat-resistant and heat-sensitive Salmonella strains showed that reverse results
were observed with pressure (Metrick et al. 1989). The heat-resistant strain was
sensitive to pressure and the heat-sensitive strain was quite resistant to high-pressure
inactivation.

Professor Hoover was able to study the effect of pressure magnitude and holding
time on the ability of microbes to recover from sublethal pressure treatments.
Storage time, temperature, and enrichment of recovery media were found to play a
role in the rate of recovery of microbes exposed to sublethal treatments. The need
for storage studies of pressure-treated foods was underlined since products could
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show no growth just after treatment, but would show growth after one or more
weeks of storage (Pandya et al. 1995).

Professor Knorr was able to show that certain compounds, such as chitosan,
could increase the rate of microbial inactivation during HPP treatment. He investi-
gated the role of food composition on inactivation rates of microbes during pressure
treatment. The “protective effect” of foods was quickly noted since the rate of inac-
tivation of food pathogens and spoilage microbes was found to be less than in buffer
solutions (Papineau et al. 1991).

2.8 Building a Scientific Foundation and a Technology
Transfer Program for the Commercial Use of High-
Pressure Food Preservation

As laboratory research data accumulated showing the favorable effects of high pres-
sure on food quality, shelf life, packaging, and pathways of microbial spoilage, it
became clear that several areas of development were needed to facilitate technology
transfer and to educate the food processing industry. The unique nature of high-
pressure food processing, in contrast to heat processing, would require education of
regulatory agencies, equipment suppliers, consumers, and marketers. Needed devel-
opments were:

* Knowledge was needed to help regulatory agencies understand the technology
and develop regulations for the use of high-pressure processing (HPP) in any
desired food processing application.

* Knowledge was needed by HPP equipment makers, in the form of performance
specifications, to meet the operating requirements and returns on investments of
food processors. Projections were for pressure systems to operate at six cycles
per hour during 20-h daily shifts. Production could be 250 days per year. A total
of 30,000 cycles per year was projected. This projection was many times the
existing use level of available isostatic pressing equipment.

* Knowledge was needed by food processors on the effect of HPP on enzyme
activity, package-product interactions, and appropriate packaging materials and
package shapes to optimize the fill (volumetric efficiency) of high-pressure ves-
sels. Vessel diameters above 10 in. (250 mm) were favored.

* Knowledge was needed by food processors on how to build and operate efficient
high-pressure food processing lines, their staffing, maintenance, and repair
needs, space needs, and utility requirements.

* Also needed were HPP pilot-scale food processing lines to allow food processors
to prepare sample products for storage studies, home use tests, and consumer
focus studies. Processors needed to evaluate the actual pressure, time, and tem-
perature requirements to preserve products prepared under commercial process-
ing conditions using good manufacturing practices. This information would help
regulatory agencies write science-based regulations.
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2.9 Formation of a High-Pressure Food Processing
Consortium

In 1990 Dr. Farkas moved to Oregon State University’s Department of Food Science
and Technology. The Department had a food processing pilot plant that food proces-
sors could use to manufacture small batches of new products for market tests. The
decision was made for the Department to sponsor a university-industry-government
High Pressure Consortium to help coordinate and facilitate the transfer of research
data to interested food processors, equipment makers, regulatory agencies, consum-
ers, marketers, and other researchers. This information also could help to identify
operating and regulatory needs that could be made into relevant research projects.

Hayashi (1989) had described the successful use of an industry-university con-
sortium in Japan to help apply HPP research to the development of commercial
high-pressure pasteurized products. Consortium meetings in Japan resulted in the
publication of three important summaries of ongoing research and development
work (Kyoto, San-Ei Publishing Company 1989, 1990, 1991).

The Oregon State University HPP Consortium was based on the successful Fruit
Juice Quality Advisory Committee established by Professor Ronald Wrolstad in
1987 in the Food Science and Technology Department. The High Pressure Food
Processing Consortium was supported through a small yearly dues contribution
from industrial members. Dr. Marcia Walker managed the Consortium and arranged
the twice-each-year meetings. The January meeting was held at the Northwest Food
Processors Association annual meeting in Portland, Oregon. The June meeting was
held in conjunction with the annual Institute of Food Technologists national meet-
ing at various major cities in the United States.

Consortium meetings were open to all personal from companies, government
agencies, and universities, from any country in the world. The only requirement for
participation was an interest in high-pressure food research, equipment develop-
ment, government regulations, packaging, microbial safety, spoilage issues, shelf
life studies, and related research. Industrial members were not required to make a
presentation at each meeting, but were encouraged to ask questions that would high-
light needed research. All other participants were encouraged to present summaries
of their current research activities. Domestic and international university faculty
and students, and government researchers, from around the world, were encouraged
to expand on their fields of research. High-pressure equipment suppliers were
encouraged to describe the latest developments in their high-pressure food process-
ing systems and any new applications.

The Consortium provided a forum for the then newly created National Center for
Food Safety that was established in Chicago as a joint program between the Illinois
Institute of Technology and the Food and Drug Administration. The missions of the
Center were to help Food and Drug personal develop science-based regulations and
to keep FDA workers abreast of rapidly developing new and novel food preservation
and processing technologies (Lechowich 1993).
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The US Army Natick Laboratories in Natick, Massachusetts, has played a lead
role in the development of new food processing technologies in the United States
for over 50 years. The Army Quartermaster Corps pioneered the application of ion-
izing radiation to food preservation starting in the 1950s (Baily et al. 1957).

As research results confirmed the commercial potential for high-pressure food
preservation, it was suggested that the Army Food Ration Development Program at
Natick be contacted to determine their interest in high-pressure food processing.
A seminar “Application of Ultra-High Pressure to Microbial Inactivation” was
scheduled for July 28, 1989. Drs. Dallas Hoover and Daniel Farkas were
presenters.

Dr. C. Patrick Dunne recognized the potential benefits of fresh-tasting foods with
minimal heat damage and suggested a possible joint research and development
effort. The food development program at the Natick Labs covered food ration needs
from space feeding to assault rations. Single serve and group feeding requirements
in arctic, dessert, and jungle feeding situations were included. Soon military-
sponsored research on high-pressure food processing joined programs on ionizing
radiation, freeze-drying, microwave heating, pulsed electric field pasteurization,
and pulsed light treatments. The US Army Natick Combat Feeding Directorate
coordinated product, process, and packaging studies. These studies, along with
other developments, would result in military and civilian food quality break-
throughs. Commercialization of high-pressure processed foods in the United States
would follow.

2.10 High-Pressure Research on Food and Food Components
in Europe

High-pressure food processing research spread across Europe. Research support
from the European Union and industry resulted in active programs in Germany,
France, the United Kingdom, and Italy. Several countries were encouraged to come
together to submit joint proposals for funding by the European Union. In this period,
Professor Dietrich Knorr accepted a faculty position at the Technical University of
Berlin. Professor C.J. Cheftel (1992) carried out high-pressure research on meat
preservation. Mark Hendrickx at the Catholic University, Leuven, Belgian, began a
lengthy, key study on the effect of high pressure on the activity of food enzymes.
Starch and protein denaturation by high pressure was described by Professor
K. Heremans (1982). Professor Bernard Tauscher studied the effect of high pressure
on vitamins and other nutrients. Professor Margaret Patterson and coworkers (1995)
developed an active high-pressure food research program at Queen’s University in
Belfast. Much early work is summarized in High-Pressure and Biotechnology
(1992), edited by C. Balny, R. Hayashi, K. Heremans, and P. Masson, John Libby/
INSERM. European and Japanese researchers supplied important research findings
on the chemical and biological effects of high pressure in foods and food
compounds.
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In 1995, High-Pressure Processing of Foods, edited by D.A. Ledward,
D.E. Johnson, R.G. Earnshaw, and A.P.M. Hasting, was published. The book was
based on the proceedings of a symposium held at the University of Reading, in
England, March 28-29, 1994. This book served to mark the end of the exploratory
phase of research and development on the use of high pressure for food preserva-
tion. The book organized basic research on the effect of high pressure on food qual-
ity and safety and focused this research on the development needs of the industry.
As aresult international research and development efforts began to focus on solving
equipment and food plant manufacturing problems.

2.11 Development of Dedicated High-Pressure Food
Processing Equipment

The rapid expansion of high-pressure food research around the world provided the
basic science needed for the commercialization and regulation of the technology. As
predicted, in the United States, the minimum chemical changes in foods treated by
high pressure resulted in regulations based on existing good manufacturing prac-
tices. Food processors were required to demonstrate that HPP-treated foods were
safe to consume by insuring a six-log reduction of pathogens likely to inhabit the
product. Use-by dates were required to insure the quality and safety of refrigerated
and shelf-stable products.

A large amount of research data describing the inactivation kinetics of a wide
range of microbes was being generated in laboratories in Europe and the United
States. Researchers began comparing the shapes and rates of inactivation curves
published by workers using identical microbes, pressures, and time values. At a
Nonthermal Processing meeting, several members presented data showing discrep-
ancies in the rate of inactivation of identical microbial samples among reporting
laboratories. There was an immediate interest in determining the source of the dis-
crepancies. A group was formed and charged with finding the cause of the discrep-
ancies and proposing methods for their prevention.

The ability to produce accurate inactivation data for pathogens and spoilage
microbes using high pressure is fundamental to the commercial success of the tech-
nology. Accurate and precise inactivation data is central to regulatory acceptance of
a process, to proper equipment design specifications, to HACCP programs, and to
the cost and efficiency of the process.

The study group analyzed the variables that could affect the lethality of a high-
pressure treatment and concluded that the source of lethality variability rested in the
design and operation of the high-pressure chamber and associated equipment used
in any lethality study. While high-pressure processing is considered a nonthermal
process, when water or high-moisture foods are compressed, there is a parallel
increase in sample temperature due to compression heating. A thermocouple located
in the center of the sample may show a higher temperature than a thermocouple
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located in the sample in contact or near the pressure vessel wall. These temperature
discrepancies may be transient and may depend on holding time at pressure or on
the rate of compression and decompression. High-pressure systems that used oil
instead of water could generate perhaps three times the temperature increase over
those systems using pure water. Similarly fatty foods would increase in temperature
much more than low-fat products.

Dr. VM. (Bala) Balasubramaniam, Food Engineering faculty member at the
National Center for Food Safety and Technology, Illinois Institute of Technology’s
Moffett campus, undertook the preparation of a protocol that could help researchers
produce lethality rate data that did not depend on the type of high-pressure equip-
ment used. This information was a set of guidelines for measuring the lethality of
high-pressure treatments (Balasubramaniam et al. 2004). Subsequently Dr.
Balasubramaniam proceeded to do basic studies on compression heating rates of
foods and food components at various pressure levels (Rasanayagam et al. 2003).
After moving to The Ohio State University in 2002, Dr. Balasubramaniam carried
out additional studies on heat capacities, thermal conductivities, and other physical
properties of foods under pressure (see Chap. 6).

In the mid-1990s, food processors desiring to use high pressure were still ham-
pered by the costs of high-pressure treatment (Demetrakakes 1996). Equipment
manufacturers were challenged to design, fabricate, assemble, and install high-
pressure food processing equipment that would treat retail size packages of food at
costs in the range of five to ten US cents per pound rather than 30 or more cents per
pound.

The development of cost-effective, dedicated, high-pressure food processing
equipment required a shift in the thinking of the companies’ manufacturing pressure
vessels, pumps, intensifiers, valves, high-pressure tubing, seals, and instrumenta-
tion. While the science was available for designing pressure vessels with cycle lives
of well over 100,000 cycles at pressures in the range of 680 MPa, the requirements
for the use of water for compression dictated stainless steel liners for these pressure
vessels. Pressure relief valves operating 120 times or more per day required special
designs to protect the valve from rapid erosion by decompressing water. Erosion
and wear were one set of challenges that needed to be overcome. The need for
reduced capital costs, cost-effective operation, and ease of maintenance and repair
seemed to present an impossible challenge.

Several high-pressure vessel manufactures showed an early interest in the treat-
ment of foods using high pressure. These included Uhde in Germany; ABB Pressure
Systems (Quintus) in Sweden; Engineered Pressure Systems, a division of National
Forge, in Belgium and the United States; ACB GEC, in France; and Stansted Fluid
Power, in the United Kingdom. High-pressure equipment companies in Japan that
had manufactured production systems for Japanese food companies did not appear
to be interested in developing food processing pressure vessels operating above
400 MPa. Research had established that treatment pressures just under 610 MPa
allowed hold times of 3 min to achieve a six-log reduction of most vegetative micro-
bial pathogens and many types of spoilage microbes. Since bringing the treatment
vessel to pressure was a function of intensifier horsepower and vessel volume, in
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principle ten cycles per hour, with a 3-min hold, could be possible. The vessel
needed to be loaded, sealed, compressed, held at pressure for 3 min, decompressed,
and unloaded in no more than 6 min. A more feasible six cycles per hour appeared
to be possible with a 3-min hold at 600 MPa. Dr. Ed Ting, Vice President of
Research, at Flow International Corp., in Kent, Washington, observed that without
dependable, cost-effective equipment, the commercial development of high-
pressure food processing would remain a technical curiosity.

Dr. C.P. Dunne, in 1995, at the Army Combat Feeding Directorate, Natick Labs,
proposed funding a design contract. The contract had the objective of challenging
the pressure vessel industry to design a high-pressure food processing system that
would meet the production needs of both the food processors and equipment suppli-
ers. System goals would be high production rates, ease of integration into existing
food processing lines, reliability, ease of maintenance and repair, and low operating
costs. A team of pressure vessel experts was assembled to evaluate submitted design
proposals. This design competition was a first step in developing an economically
feasible high-pressure food processing industry in the United States and later in
Europe. Design proposals were submitted by most of the builders of high-pressure
processing systems.

The design contract was awarded to Dr. Joseph Kapp of Elmhurst Systems.
Elmhurst Systems was a high-pressure-equipment consulting firm. His design pro-
posed the use of multi-wall pressure vessels made from used 155-mm field guns
available at the Army Watervliet Arsenal. The gun barrels would be sawed to length
and machined to form an outer layer and an inner layer held in compression by
shrinking the outer layer on the inner layer. A third inner layer of stainless steel
would be inserted in such a manner that the residual compression pressure at its
inner surface would be in excess of 680 MPa.

The ASME pressure vessel code, in the United States, required a design that
would allow the vessel to leak before breaking if its maximum operating pressure
was exceeded or if the inner stainless steel liner wall was damaged through routine
use. The strength and thickness of the steel in each layer was specified to achieve a
theoretical vessel cycle life well over 100,000 cycles. The design operating pressure
was just under 610 MPa. The vessel volume was 30 L, and the inside diameter was
in the range of 150 mm (6 in.).

The design proposal showed a pair of 30 L vessels alternately driven by a single
pump/intensifier and mounted on frames that would allow each vessel to move from
a 45° angle, for automatic gravity driven loading (Fig. 2.2) to the vertical position
inside the yoke, for compression, holding, and decompression. Unloading was
achieved automatically as the vessel was returned to the 45° angle starting position
and the bottom closure was automatically opened. After closing the bottom closure,
the vessel was ready to receive water and packages by automatic gravity feed to
begin the next cycle.

Two special design features were used to fully automate the system. As the filled
vessel tilted toward the vertical position, the top closure plug was automatically
placed in the end of the pressure vessel just as the vessel swung inside the yoke.
Clearance for the top and bottom closures was achieved by fully inserting them in
the vessel.
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Fig. 2.2 Prototype
Elmhurst Research tilting
HPP system showing
pressure vessel ready to
receive packages from an
automated feed chute.
After loading, the vessel is
moved to the vertical
position inside the yoke. A
10-L pilot-scale Elmhurst
unit is located in the
Department of Food
Science of Rutgers
University in New
Brunswick, NJ

In order to deliver compression water to the vessel through the top closure, the
design called for a high-pressure tube to be inserted into a hole drilled through the
yoke above the vertically positioned pressure vessel. The high-pressure water line
was held in place using a special seal in the top closure. The water delivery tube was
held in place during compression, holding, and decompression by the insertion
apparatus. After decompression the tube was retracted to allow tilting the pressure
vessel for product discharge and reloading.

Elmhurst Systems built a commercial food processing system incorporating the
design features described. The pair of vessels remained in commercial operation
logging many tens of thousands of cycles.

One major advantage of the EImhurst design was the movement of the packaged
foods through the vessel. This insured that treated product would be handled sepa-
rately from untreated product. The through flow design is now standard in commer-
cial horizontal units.

Dr. Edmund Ting was Vice President of Research at Flow International Corp.
in Kent, Washington. Flow pioneered the use of high-pressure water jets for
stone, metal, plastic, and food cutting. He became interested in high-pressure
food processing as an expanded market for their high-volume, high-pressure,
reliable, rugged, pump/intensifier systems. Under Dr. Ting’s direction, with
microbial study help from Dr. Errol Raghubeer, Flow was able to develop a semi-
continuous high-pressure processor for liquid and semiliquid foods. The system
consisted of three 20-L vessels. Each vessel operated on a four-stroke cycle and
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discharged pasteurized product to an aseptic holding tank. The treated product
was filed aseptically in presterilized packages. Results from testing of salsa in a
pilot-scale, semicontinuous unit were published by Raghubeer et al. (2000).

In operation untreated product was pumped into the pressure vessel through the
intake valve, against a moving free piston, to fill the vessel. High-pressure water
was then pumped into the vessel behind the free piston to cause the free piston to
compress the product. The product was held at the desired pressure for the neces-
sary time. A discharge valve, leading to the treated product holding tank, was
opened, and the treated product was discharged from the vessel by low water pres-
sure on the backside of the free piston. The piston pushed the product through the
discharge valve. The pressure vessel was then ready for the next cycle. The fully
automated system could achieve over six cycles per hour on all three vessels.

In Europe GCE demonstrated both the feasibility of a semicontinuous system for
treating liquids and a horizontal, through flow, high-pressure vessel system for
batch treating packaged foods. The horizontal batch system solved two operating
problems encountered in the use of existing vertical high-pressure vessel systems in
food plant operations. First, the horizontal system removed the need for a high ceil-
ing production area to house large-volume, high-pressure, vertical vessels. Second,
high-volume, larger-diameter vessels could be built in longer lengths to meet the
package sizes and greater production capacities desired by food marketing people.
Horizontal vessels with an internal diameter of 250 mm or larger could be built with
the lengths needed to accommodate vessel capacities well over 350 L. Increased
production per hour could be achieved, not so much through increased cycle rates
per hour but by increased capacity per cycle and increased volumetric efficiency.
Larger diameter vessels allowed better packing of desired consumer package shapes.
Volumetric efficiencies of 75 % became possible.

Very quickly horizontal, wire wound vessels, 300 L and larger, became the stan-
dard for the high-pressure food processing industry. Despite some operating draw-
backs, these systems have brought capital and operating costs toward single-digit
pennies per package. Flow purchased the Swedish company ABB Pressure Systems
and marketed large, horizontal, wire wound food processing systems under the
Avure brand. Dr. Raghubeer was able to use these systems to demonstrate the con-
sistent ability of this equipment to pasteurize a wide range of food products. His
work helped to achieve acceptance of high-pressure processing by both the Food
and Drug Administration and the USDA meat inspection agency in the United
States.

The lessons learned from the commercialization of high-pressure food processing
in the United States underscore the value of open communications among academic
and government research laboratories, regulatory agencies, equipment manufactur-
ers, and food processors and their trade associations. As with the development of
heat preservation by Appert in France, military support, in the United States, through
the vision of Dr. C. Patrick Dunne, played an important role in moving high-pressure
processing technology to successful commercial food processing use.

In 1995 Food Engineering Magazine published an article: “Avomex to Pioneer
High Pressure Food Process in the U.S.” The goal of full commercialization had
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been attained in the United States. The first product was guacamole made from
fresh ripe avocados. This refrigerated product with an extended shelf life is still
produced by Avomex’s successor company Fresherized Foods and several other
companies in high volumes. A number of other different high-pressure pasteurized
products, including seafood, fruits, and fruit juices and ready-to-eat meat products,
are now marketed worldwide with a volume of sales in the United States estimated
at over $2 billion annually.
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Chapter 3
High-Pressure Processing Equipment
for the Food Industry

V.M. Balasubramaniam, Gustavo V. Barbosa-Canovas,
and Huub L.M. Lelieveld

Abstract High-pressure processing has been adopted by a number of food processors,
and the demand for adequate equipment in size and throughput is continuously
growing. This chapter provides information on the basic components of industrial-
scale high-pressure equipment and how they work. This may help to select appro-
priate high-pressure systems to match industrial needs in a cost-effective manner
where safety of the operations is paramount. This chapter includes write-ups from
the most relevant companies manufacturing pilot plant and industrial high-pressure
systems for processing foods. Major components of the systems are presented,
specifications are summarized, and modes of operations are described. The contri-
bution from manufacturers makes the presentation of a number of models very
accurate and facilitates highlighting those that are the most promising. At the same
time, the equipment manufacturers are key to recommend the selection of the right
piece of equipment for a given application and the identification of pros and cons of
each model.
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3.1 Introduction

Industrial high pressure food processing is typically carried out in batch processing
mode. Batch systems can process prepackaged liquid and solid foods. Though no
continuous equipment is available for commercial practice, the importance and ben-
efits of developing continuous or semicontinuous systems are highlighted in
Chap. 4. It is worth mentioning that high-pressure homogenization systems, as
described in Chap. 7, work in a continuous fashion but at lower pressures than con-
ventional batch high-pressure units.

The pressure vessels can be oriented either in vertical or horizontal configura-
tion. Moderate-sized vessels can also be configured vertically and to tilt to load or
unload products. Available ceiling height, dimensions of the food processing plant,
and the specific product to be processed may be factors for deciding pressure vessel
configuration. For example, vertically configured equipment may offer advantages
for shellfish shucking.

In vertically configured vessels, a carrier basket containing the prepackaged food
is loaded into the pressure vessel through the top opening of the pressure chamber
using either a simple manual chain hoist mechanism or an automated robotic sys-
tem. Careful attention must be paid to separate processed products from raw prod-
ucts when utilizing vertically configured pressure vessels to prevent raw (untreated)
product from inadvertently bypassing the pressure treatment. Horizontally config-
ured pressure vessels facilitate the circulation of the product through the production
floor by having distinct loading and unloading zones located at each end of the
pressure chamber.

3.2 Components

Batch equipment typically consists of the following components (Traff and Bergman
1992; Mertens and Deplace 1993; van den Berg et al. 2001; Ting 2011):

(a) Pressure vessel

(b) Closures

(¢) Yoke

(d) Pressure pump

(e) Process control system

3.2.1 Pressure Vessel

Typical commercial pressure vessel range from 35 to 525 L in volume. Pilot-scale
systems may be available from 1 to 30 L capacity. Cylindrical pressure vessels are
typically constructed using one of the following three approaches (Ting 2011):
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(a) Monoblock: The single forged monolithic chamber is often constructed of low-
alloy steel of high tensile strength. In comparison with other designs, they are
less expensive to fabricate and operate at moderate pressures (less than 400
MPa), and they have small vessel diameters (less than 15 cm). Over-
pressurization of monoblock vessels may promote plastic deformation of the
inside wall of the pressure chamber leading to crack formation.

(b) Multiwall vessel: The chambers are constructed from a series of concentric
cylinders that are shrunk fit on each other to form a multiwall chamber.

(c) Wire-wound vessels: These vessels are formed by layering high-strength wire
under tension on a thin wall core of a pressure vessel. Most of the industrial-scale
vessels are fabricated using wire-wound technology. This enables the manufac-
turer to make large diameter pressure vessels operating at higher than usual pres-
sures (typically 600 MPa). The industrial-scale wire-wound high-pressure vessels
typically utilize a few hundred kilometers of wire. The technology also enables
the pressure vessel to “leak” before breakage, thereby avoiding catastrophic fail-
ures. Wire-wound and pre-stressed technology vessels can be operated more than
hundreds of thousands of cycles by periodically replacing the core cylinder.

The compression energy within a high-pressure vessel can be estimated using the
following relationship:

e, =Lpy 3.1)

comp 2

where E.,., is the compressed energy stored within the pressure vessel of a specified
volume (V;) and operated at a target pressure (P). f is the compressibility of the
pressure-transmitting medium. For example, a 100 L vessel pressurized to 400 MPa
at room temperature may contain 1920 kJ of compression energy. This is lower than
the energy in a retort containing 1 kg of saturated steam at 120 °C (2700 kJ) (Deplace
1995). The temperature of the pressure chamber, carrier basket, and pressure-
transmitting fluid of the laboratory-scale equipment often can be controlled by heat-
ing or cooling through a jacket surrounding the pressure vessel. For industrial-scale
high-pressure equipment used in food pasteurization applications, the temperature
of the pressure chamber is not controlled but equilibrates with ambient temperature.
The equipment is generally placed in a chilled/refrigerated room. The temperature
of the pressure-transmitting fluid tank can be controlled by heating or cooling
through a plate exchanger or a serpentine.

3.2.2 Closures

Both ends of the pressure chambers are sealed by means of two closures (also
known as plugs). When designing closures, sealing system, mechanical safety of
pressure vessel, and efficiency of material handling via loading and unloading
should be considered.
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For high-pressure vessels, the high-pressure seals used on the end plugs can be a
major source of maintenance cost. Seals are subject to frequent wear, especially at
elevated pressure conditions. They should be replaced periodically as per the
recommendation of the equipment vendor.

3.2.3 Yoke

The yoke retains high axial forces that act on the sealing plugs of the pressure ves-
sel. The yoke may be made by laminating a number of steel plates or wire-wound
steel frame (or yokes and columns).

3.2.4 Pumping System

A pumping system is used to bring the pressure vessel, packaged product, and
pressure-transmitting fluid from atmospheric pressure to the target processing pres-
sure. This can be achieved by direct or indirect pressurization methods. The
commercial-scale pressure vessels utilize the indirect pressurization approach
through external electro-hydraulic intensifiers located in one or several cabinets
(called HPP pumps). Typically, the prepackaged food is loaded in the pressure ves-
sel by placing it inside a carrier basket. The pressure vessel is then closed with the
yoke mounted on it. Then the vessel is filled with pressure transfer medium (typi-
cally water) using a low-pressure pump. Subsequently, the chamber is pressurized
to target pressure via external compression using robust HPP pumps.

3.2.5 Pressure-Transmitting Fluid

The pressure vessel of small units, such as those utilized at laboratories or pilot
plants (often fabricated using non-stainless steel material), typically uses oil, or
water with MPG glycol mixture as the pressure-transmitting fluid to avoid corrosion
issues and also to provide greater process temperature range for the pressure-
transmitting fluid, which is sometimes needed for systems operating below 4 °C and
above 95 °C. Industrial-scale high-pressure food processing systems use only pure
water as the pressure-transmitting fluid. Difference in choice of pressure-transmitting
fluids (and their heat of compression properties) between laboratory- and industrial-
scale equipment will influence the magnitude of heat transfer among the pressure-
transmitting fluid, food product, and the environment (see Chap. 6). Thus, adequate
caution must be exercised for process scale-up.
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3.2.6 Process Control System

A computer is commonly used to control the pressure vessel operations as well as
to keep electronic records of the processes to meet GMP standards for a food fac-
tory. Typical variables monitored by this computer system are processing pressure,
temperature, and holding time. For certain processes, the sensors should be cali-
brated using the National Institute of Standards and Technology (NIST) procedure.
At the same time, some critical processing operations require sensor redundancy
(Ting 2011). For example, when high pressure is identified as a critical control point
in an HACCP program, potential pressure transducer failure or drift needs to be
anticipated and addressed. Other considerations to include as part of the control
system are the extent of plant automation for loading and unloading the carrier
baskets, drying, and wrapping treated packages prior to distribution.

3.3 Cost

Typical investment costs of high-pressure equipment may range from 0.6 to 4 mil-
lion American dollars depending upon options chosen. The capital cost of a high-
pressure equipment system may be distributed as follows:

(a) High-pressure vessel, closures, and yoke | 50-60 %

(b) Pumping system 30-35 %
(c) Process control and allied 10-15 %
instrumentation

Capital cost (75-80 %) is the major cost for installing a commercial high-
pressure processing plant. In comparison to equipment cost, operating costs are
modest: labor (5-10 %), maintenance (5-10 %), utilities (2—4 %), and space (1-2 %)
(Farkas 2010).

3.4 Industrial-Scale High-Pressure Equipment

Table 3.1 lists major industrial-scale high-pressure equipment manufacturers. In the
following sections, we summarize the specifications and more relevant features of
commercial scale as well as pilot-scale high-pressure equipment available from vari-
ous equipment manufacturers who responded to the editors’ request for information.

The editors acknowledge that the equipment vendor list (Table 3.1) is not compre-
hensive. Listing specifications of the equipment vendor does not imply that the editors
endorse the equipment vendors listed over others. In addition to learning from the
material provided in this chapter, the reader is encouraged to do independent research
prior to selecting specific equipment for industrial processing of food products.
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Table 3.1 Suppliers of industrial-scale high-pressure equipment

Manufacturer
Avure
Technologies
Hiperbaric

KOBELCO

MULTIVAC

Resato

BaoTou KeFa
High Pressure
Technology Co.,
Ltd

EPSI Inc.

Harwood
Engineering
Stansted Fluid
Power

Toyo Koatsu Co.

Ltd
Unipress

Wenzhou Binyi
Machinery Co.,
Ltd

Address

2601 South Verity Parkway, Middletown,
OH 45044, USA

Poligono Industrial Villalonquéjar. C/
Condado de Trevino, 6-09001 Burgos,
Spain

2-4, Wakinohama-Kaigandori 2-chome,
Chuo-ku, Kobe, Hyogo 651-8585, Japan
MULTIVAC Sepp Haggenmueller GmbH
& Co. KG, Bahnhofstr. 4, D-87787
Wolfertschwenden, Germany

Postbus 232, 8440 AE Heerenveen, The
Netherlands

No. 38, Campus Road, Baotou Rare-
Earth Hi-tech Zone Baotou, Inner
Mongolia 014030, China

EPSI, Inc., 165 Ferry Road, Haverhill,
MA 01835, USA

Harwood Engineering, Inc., 455 South
Street, Walpole, MA 02081-2799, USA
Unit 5/New Horizon Business Centre/
Barrows Rd, Harlow CM19 5FN, UK
Toyo Koatsu Co. 2-1-22, Kusunokicho,
Nishiku, Hiroshima 733-0002, Japan
Institute of High Pressure Physics, ul.
Sokolowska 29/37, 01-142 Warsaw,
Poland

Zhengzhai Tianzhu Village Road,
Yongzhong Street, Longwan District,
Wenzhou, Zhejiang 325025, China

3.5 Avure Technologies Industrial-Scale
High-Pressure Equipment

Jerry Toops, Avure Technologies, Middletown, Ohio

Avure Technologies (www.avure.com) traces its high-pressure processing his-
tory back to the 1950s with former owner ASEA’s work in the development of the
industrial diamond. This early work includes industrial processes with pressures
ranging from 100 to 800 MPa (approximately 15,000 to 120,000 psi). The ability to
safely and efficiently employ such high pressures has enabled Avure Technologies
to become among the leading high-pressure equipment manufacturers for food and
beverage processing worldwide. Avure’s 60+ years of expertise relating to the safe
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Website

http://www.avure.com

http://www.hiperbaric.com

http://www.kobelco.co.jp

http://www.multivac.com

www.resato.com

http://www.btkf.com/enindex.
htm

http://epsi-highpressure.com/
http://www.harwoodeng.com/

http://www.
stanstedfluidpower.com/

http://www.toyokoatsu.co.jp/
toyo-e2/index.html

www.unipress.waw.pl

http://www.wzbinyi.com/en/
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Fig. 3.1 Practical uses of high-pressure pasteurization

containment and utilization of high pressure have made it a global leader in every
market they occupy.

Avure’s programs in high-pressure processing (HPP) of food, beverages, and
other emerging applications (Fig. 3.1) began in the 1990s to extend the shelf life
of avocado-based products in support of Avomex (now Fresherized Foods). This
work, spearheaded by the vision of Don Bowden of Avomex, took HPP from a
laboratory curiosity into the widely accepted nonthermal pasteurization and shelf
life enhancement technology (see Chaps. 1, 14). According to industry estimates,
high-pressure technology produces nearly 10 billion US dollars per annum of
products.

Avure has developed a wide range of equipment sizes and designs to meet the
demands of the ever-increasing number of products for which HPP is desirable
(Fig. 3.2). Avure has developed equipment specifically designed for:

» Research applications and product development application
* Specialty companies and low-volume production companies
» Seafood and shucking applications

* High-volume production

» Large-throughput and larger-sized products (525 L)


http://dx.doi.org/10.1007/978-1-4939-3234-4_14
http://dx.doi.org/10.1007/978-1-4939-3234-4_1
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Fig. 3.2 Commercial-scale high-pressure equipment system (horizontal configuration)

In addition, a specialty HPP system for research and development of commercially
sterile shelf-stable products has been delivered to the Institute for Food Safety and
Health (IFSH), Chicago, IL. The system has the capability of operating at 700 MPa
(120,000 psi) at elevated temperatures for pressure-assisted thermal sterilization
(PATS) of shelf-stable low-acid foods (see Chaps. 14, 29). Avure’s commercial food
processing equipment features horizontal and vertical processing solutions to fit
facility and processing requirements and ease of product loading.

The heart of any HPP system is the pressure containment system. Avure
Technologies designs and builds its systems using wire-winding and prestress tech-
nology that provides a combination of long cycle life, maximum safety, and low ves-
sel weight when compared to other pressure vessel designs. The wire-wound vessel
is designed a to leak before burst mode of failure, which makes it the safest high-
pressure containment system available. Avure also wire-winds and pre-stresses its
frames. Avure’s HPP systems are designed in accordance with both the ASME
Section VIII, Div. 3 pressure vessel codes and meet the EU directives and CE mark
as well as other national high pressure and food regulations.

As of mid 2015, Avure delivered more than 260 HPP systems with many multi-
ple system owners. In this same time frame, Avure placed over 160 HPP systems
into commercial applications. These presses have an available producible volume of
over 2.8 billion pounds per year (1.3 billion kg). These HPP equipment owners
represent 30 different countries and a variety of applications, including ready-to-eat
meats and meals, guacamole, juices, deli salads, seafood, salad dressings, and hum-
mus, to name a few (Fig. 3.3). Avure also supplies equipment to the growing toll or
contract HPP processing industry, which has rapidly expanded as HPP has become
a mainstream process and as smaller and emerging companies seek access to this
exciting technology.

All Avure HPP systems feature a combination of the largest pressure cylinder
diameter, combined with high-throughput pumping systems to allow for the highest
product throughput per cylinder volume in all system sizes. Larger-diameter HPP
systems allow for the greatest load efficiencies and therefore allow for the lowest
unit cost to produce. In addition larger-vessel-diameter pressure vessels provide the
greatest load efficiencies for larger products and bulkier packages.


http://dx.doi.org/10.1007/978-1-4939-3234-4_29
http://dx.doi.org/10.1007/978-1-4939-3234-4_14
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Fig. 3.3 Selected examples of pressure-treated products

Avure HPP systems are designed with the end user in mind. The AV-10 vessel
was designed for small- to medium-sized businesses, but with a large-diameter cyl-
inder and rapid cycling to allow plenty of room for growth. The AV-30 unit is
Avure’s most popular production HPP system because of its high throughput (Table
3.2). The AV-60 size vessel utilizes a number of new design concepts to speed up
cycling, lower operation, and maintenance costs and produce more than 8200
pounds (3700 kg)/h even for products requiring a 3-min hold in the processing
cycle. Avure has recently introduced a new series of expandable and upgradeable
HPP machines. The new “X” series of presses allows producers to grow their busi-
ness and have the Avure HPP machine grow with them.

While Avure systems are designed to maximize uptime, when something does
break down, Avure has trained and experienced service technicians in the major
HPP food markets to get the equipment backup and operating as quickly as possi-
ble. Remote diagnostics and 24-h service hotlines make solving problems, wherever
they occur, quick and easy.

Avure can offer many additional items and auxiliary equipment needed to install
and run a successful HPP operation. Items like chillers, load baskets, and product
handling equipment are either Avure designed or supplied through partnerships
with some of the world’s leading food equipment companies so that each customer
gets a solution best suited to its products, volume, and budget.
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Table 3.2 Avure Technologies HPP machine portfolio

Cycles/h Estimated annual
HPP system model Internal vessel diameter (3-min hold) throughput
AV-10 12"/306 mm 10 10,000,000 Ib
4,600,000 kg
AV-30 15.3"/386 mm 8.4 33,000,000 1b
15,000,000 kg
AV-40X 18.7"/471 mm 6.8 43,000,000 Ib
19,500,000 Ib
AV-50X 18.5"/471 mm 9 57,000,000 1b
25,800,000 kg
AV-60x 18.5”/471 mm 10 63,500,000 1b
28,800,000 kg
AV-70X 18.5"/471 mm 11 70,000,000 Ib
31,700,000 kg
AV-S 18.7"/475 mm 8.7 23,800,000 1b
10,800,000 kg

Although equipment is the heart of HPP, successful entry into the market, as well
as longevity in producing HPP products, is equally dependent on understanding the
science of HPP. That is why Avure, along with its equipment solutions, offers assis-
tance to its customers with expert support including:

* Food science and technology

* Pathogen and shelf life testing

* Product formulation

¢ Development of HPP production parameters
* Packaging requirements

* Facility design and HAACP planning

¢ Product promotion

This knowledge can shorten capital expenditure payback, time to market entry,
as well as successful launch and market penetration.

Avure HPP systems are designed and manufactured in Middletown, Ohio,
USA. Avure also operates an HPP high-pressure application laboratory staffed
by world-renowned experts in HPP technology and food safety. At the same
time, Avure also collaborates with a number of HPP certified laboratories
around the world. Avure employs HPP business development managers through-
out North America and in various European and Asian countries, along with
agent representatives in additional locations. These individuals and companies,
and a Netherlands-based logistics center, serve the aftermarket needs of Avure
clients throughout Europe and more than 30 countries where Avure equipment
resides.
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3.6 Hiperbaric Equipment for Successful Commercial
High-Pressure Processing

Carole Tonello-Samson, Hiperbaric, Calle Condado de Treviiio, 6-09001 Burgos,
Spain

3.6.1 Hiperbaric Company

Hiperbaric is exclusively dedicated, since 1999 to the design, manufacture, and mar-
keting of HPP industrial equipment for the food industries. Its machinery, consisting
of more than 140 industrial units (total vessel volume of more than 33,000 L) at the
end of 2014, is operating in all five continents, serving more than 100 different cus-
tomers processing meat, dairy, fruit, vegetable, and seafood products (see also
Chaps. 24 to 28 for more information about various high pressure applications in the
preservation of different food material). Hiperbaric has more than 50 % of the HPP
machines currently in production in the world, with North America as its main mar-
ket, with 60 % of total Hiperbaric vessel volume installed in the USA and Canada.

3.6.2 Design and Materials

From its conception, each machine is designed to meet the needs of the food industry.
The fluid used to transmit the pressure is additive-free non-toxic water, which dries
off without leaving any waste on machine components or food packaging materials.
To be successful every system component is optimized for high-pressure conditions
and to operate in a food industry environment. Particularly, pressure intensifiers,
machine enclosures, and all materials in contact with processing water and food prod-
ucts are made of food-grade stainless steel. Equipment cleaning is fast and simple
with an automated clean-in-place (CIP) cycle programmed into the control system.

3.6.3 Quality

Hiperbaric manufactures its equipment in compliance with the most demanding sani-
tary and safety directives, rulings, and standards. Its machinery can be installed in any
country, as it fulfills all of the requirements of the Pressure Equipment Directive
97/23/CE enforced in Europe (Anonymous 2015), those of the U3 Certificate of
Authorization according to ASME (American Society of Mechanical Engineers 2015)
Code VIII, Div. 3 Boiler and Pressure Vessel Code (for the USA, Canada, Australia),
and those of GOST-R, mandatory in Russia and several other countries. Hiperbaric is
one of the few companies in the world having these three certifications.


http://dx.doi.org/10.1007/978-1-4939-3234-4_28
http://dx.doi.org/10.1007/978-1-4939-3234-4_24
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3.6.4 Horizontal Design

Horizontal design by Hiperbaric is the current standard (94 % of the machines
installed in the last 3 years were horizontal) because it provides clear advantages:

— Improves product traceability as input and output locations are at different sides
of the equipment.

— Being physically separated and avoiding the risk of mixture between processed
and non-processed products.

— Increases production, as ergonomics eases loading and unloading of products,
speeding up the process and avoiding unnecessary use of cranes inside the
factory.

— Allows easier maintenance operations in any part of the equipment and facili-
tates cleaning of the area.

— Reduces equipment height, thus facilitating installation that helps the equipment
fit into any food production line.

For these reasons, Hiperbaric builds only horizontal models (vessel in horizontal
configuration). Its vessel size range is the world’s largest with six different sizes of
industrial machines. This includes vessel volumes of 55, 120, 135, 300, 420, and
525 L, working at a maximum pressure of 600 MPa at chilled (or room) temperature
(see Hiperbaric 525 model in Fig. 3.4 and characteristics in Table 3.3).

3.6.5 Reliable and Safe

Equipment reliability and safety have been two important key considerations in
technical design. The design of the “multiple wall” vessel (“wire-winding” technology)
guarantees its reliability in equipment operation. This way, the “leak before burst”

Fig. 3.4 Hiperbaric 525 equipment: vessel volume of 525 L, integrated design with five high-
pressure pumps including double intensifiers on the top of the vessel, carriers loading and unloading
lines, carrier return line, and operator panel. Maximum working pressure: 600 MPa (87,000 psi)
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Table 3.3 Main characteristics and processing cost of the Hiperbaric equipment portfolio
Hiperbaric | Hiperbaric | Hiperbaric | Hiperbaric | Hiperbaric | Hiperbaric
Model 55 120 135 300 420 525

Vessel volume | 55 (14.5) | 120 (32) 135 (36) 300 (79) 420 (111) |525(139)
inL (US

gallon)

Vessel diameter | 20 (7.9) 20(7.9) 30(11.8) |30(11.8) |38(15) 38 (15)
in cm (in)

Footprint 22 (237) 37 (398) 39(420) |61 (657) 56 (601) 63 (679)
m? (ft?)

Number of 9.7 9.1 8.7 8.1 9.0 9.0
cycles/h

Production® 321 (707) | 658 (1450) | 708 (1559) | 1459 (3216) 2257 (4972) 2821

in kg/h (Ib/h) (6215)
Processing 0.140 0.102 0.117 0.079 0.074 0.071
cost in €/kg (0.064) (0.046) (0.053) (0.036) (0.034) (0.032)
(US$/1b)

*Calculations for HPP during 3 min at 600 MPa (87,000 psi), considering a vessel filling efficiency
of 60 %, including amortization in 5 years, 300 working days/year, 16 h/day, wear parts, and utili-
ties. Exchange rate: €1=US$1.15

mode of failure is guaranteed for the vessel. Safety features include alarm systems
for monitoring over-pressurization of the chamber and the intensifiers, alignment
(between vessel, plugs, and yoke), elongation of the yoke, interlocked doors, and a
safety programmable logic controller (PLC) for communication. A patented low-
pressure filling system of the vessel uses a circuit that is separated from the high-
pressure one without the presence of valves subjected to high pressure and minimizes
wear and tear on main parts for closing, compared to traditional systems of over-
sized high-pressure valves.

An industrial-grade SCADA (supervisory control and data acquisition) computer
control system registers all data (batches, process parameters, user ID, errors, main-
tenance data, etc.). This maximizes traceability and meets the quality requirement
of the food industry. It is possible to access the inputs/outputs of the machine from
any part of the world via a modem in the electrical cabinet. It may be also possible
to perform equipment maintenance, diagnosis, and support via remote control.

3.6.6 High-Pressure Pumps

All Hiperbaric high-pressure pumps are made of stainless steel and work on a single
stage from O to 600 MPa. Each high-pressure pump is equipped with a hand valve
which enables it to be disconnected for maintenance work while the other high-
pressure pumps continue working; this prevents unnecessary equipment downtime.
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3.6.7 Hiperbaric Integrated Design

The Hiperbaric integrated design, with high-pressure pumps on the top of the ves-
sel, minimizes the distance between intensifiers and chamber. This arrangement has
three main advantages:

— Itreduces the pressure drop occurring along high-pressure pipes, minimizing the
work of the intensifiers and mechanical fatigue.

— It shortens the length of high-pressure pipes between the intensifiers and the ves-
sel, reducing wear-and-tear cost and increasing reliability. High-pressure piping
must be changed after a specified number of cycles.

— It saves space and makes Hiperbaric machines far more compact than any other
commercial equipment (e.g., the 525 L machine occupies 40 % less space than
required by other high-pressure equipment manufacturer).

3.6.8 Automation

Automatic carrier loading/unloading systems are part of each Hiperbaric machine.
Additional investment in special equipment for handling of products in the carriers,
like a crane, is not necessary. After unloading, the return line for empty carriers
back to the loading point makes the process even easier.

Hiperbaric is the only HPP manufacturer that has in production fully automatic
HPP lines (with several machines working in parallel) without the need for manual
labor. In such lines, automatic devices load the products into the carriers. Carriers
are then loaded on the loading line of Hiperbaric equipment (Fig. 3.5) using
automated-guided vehicles (AGV). Carriers are automatically moved into the high-
pressure chamber at the start of the cycle. At the end of the high-pressure cycle,

Fig. 3.5 Fully automated HPP lines with Hiperbaric 420s. Carriers loaded and unloaded, thanks
to automated-guided vehicles (AGV)
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carriers exiting from the vessel are unloaded. Depending on subsequent operation
steps, the carriers can be stored, or they are directly brought to an automatic station
for emptying the carrier content onto a belt. This belt then brings the product to a
drying and packaging station.

3.6.9 Production Capabilities and Costs

Regular increase of production capabilities through increased vessel size has been a
main driving force in the implementation of high-pressure processes in the food
industry. The largest machine commercially available working at 600 MPa con-
sisted of a vessel of 215 L volume in 2001, but in 2014 it had a 525 L vessel. During
the same period, the maximum number of cycles achieved using an HPP machine
(at 600 MPa with a 3-min holding time) also increased from 6 cycles/h to 10
cycles/h. This has been achieved by reducing machine operational time (carrier
loading/unloading, low-pressure water filling, chamber moving into the yoke) as
well as shortening the pressure come-up time (time to reach processing pressure).
Come-up time reduction was possible through increasing high-pressure pumping
power and improving the efficiency of the intensifiers. The machine operation gen-
erally takes from 1 to 2 min/cycle. The standard pressure come-up time is currently
from 2 to 3 min, depending on the installed pumping power and vessel volume.

At present, the cost for an HPP machine is in the range of €500,000-€2,500,000
(US$ 575,000-2,875,000) depending on the volume of the vessel. Table 3.3 pres-
ents processing cost per kg or pound of the product for a 3-min holding time at
600 MPa processing pressure, with a vessel filling efficiency of 60 % (60 kg or 60 L
of product processed/100 L of vessel). This estimate considered amortization,
energy cost, and maintenance cost, but did not include manual labor cost, which
may be variable depending upon the country and the extent of automation used. The
cost ranged from €7.1 cents/kg (US$3.2 cents/Ib) to €14 cents/kg (US$6.4 cents/Ib)
depending on machine size. Since equipment amortization is the main component
of the processing cost, the larger the machine, the lower the processing cost. It is
further worth noting that equipment price is not directly proportional to its volume.
For example, a Hiperbaric 525 costs about five times more than a Hiperbaric 55, but
it produces ten times more: about 3000 kg/h (6500 1b/h) against 300 kg/h (650 1b/h)
for the Hiperbaric 55.

HPP is a volumetric process and the products are packaged prior to treatment.
Thus, packaging has a significant impact on processing costs. The cost varies in
direct proportion with the amount of products that fit in the vessel at each cycle
measured by the vessel’s filling efficiency. As illustrated previously, processing cost
is €7.1 cents/kg (US$3.2 cents/Ib) for a Hiperbaric 525 if we assume 60 % vessel
filling efficiency. The cost would double (€14.2 cents/kg or US$6.4 cents/Ib) if the
same product is to be packaged in a given vessel with 30 % filling efficiency. Thus,
it is important to select and/or optimize the packaging to maximize vessel filling
efficiency.
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Table 3.4 HPP vessel filling efficiency versus packaging type

Packaging type HPP vessel filling efficiency (%)
Bag-in-box big pouches 75-85
Vacuum-sealed small pouches/Doypacks 60-65
Hexagonal bottles 50-55
Square bottles 45-50
Round bottles 40-45
MAP pouches 40-55
Vacuum-packed trays—skin packaging 35-55
Cups 35-40
MAP trays 25-40

Table 3.4 provides some examples of vessel volume efficiency for different types
of packages. Packaging with the lowest vessel volume efficiency (25-40 %) is that
using MAP trays. This is because the MAP packages include gas, which also takes
away vessel space. Further, since compressibility of the gas is much higher than
many high-moisture-content foods, additional time and energy is required for com-
pression. Further, the trays do not fit perfectly into the cylindrical-shaped carrier
basket and void space is left between trays. Vacuum-packaged big pouches can
provide maximum volume efficiency (75-85 %), since such packages are free from
headspace gas, have flexible shape, and reduce volume. It is possible to package the
product using bottles; bottle shape can influence vessel filling efficiency. Hexagonal
bottles have less void space between bottles and have a higher filling efficiency
(50-55 %) than square (45-50 %) or round bottles (40-45 %).

3.6.10 Market for HPP Industrial Equipment

At the end of 2014, there were around 270 high-pressure machines currently in
commercial production (this count does not include pilot plant- or laboratory-scale
machines), representing a total vessel volume of about 55,000 L (14,500 gallons).
Commercial-scale pressure equipment is found in approximately 200 companies all
over the world. Global HPP food production can be estimated at more than 500 mil-
lion kg (or more than 1000 million 1b). The main markets are North America (more
than 40 % of global HPP equipment is installed in the USA), the European Union,
Japan, Korea, Australia, and New Zealand. HPP equipment can be also found in
Peru, Chile, Brazil, Dominican Republic, South Africa, Thailand, Taiwan, China,
and Russia.

Most of the equipment installed around the world is dedicated to the processing
of fruit- and vegetable-based products (40 %). This high percentage is due to the
avocado industry that has been one of the main drives for this innovative technology
since the 1990s. Nevertheless, since 2012, the majority of HPP lines installed in this
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sector is used for processing juices, smoothies, and cleanses (detox juices). The
beverage sector use about 15 % of global HPP equipment.

Since the US Department of Agriculture recommended HPP as a suitable method
for controlling Listeria monocytogenes in ready-to-eat meat and poultry products,
this technology has gained acceptance from consumers and companies; about 25 %
of the global HPP equipment is used to process meat products.

At the end of 2014, more than 25 companies worldwide (toll processors or con-
tract manufacturers) were offering HPP services to other companies to treat vari-
ous products. Companies pay toll processors per cycle (or kg or 1b). In recent
years, the toll processors, who have about 15 % of all HPP machines, have been
mainly serving the juice industry. Some other HPP food processors provide HPP
service while manufacturing their own HPP products. This enables effective utili-
zation of their extra production capacity, and thus the amortization of their invest-
ment is much faster.

Shucking meat from crustaceans (lobsters, crabs) and opening bivalves (oysters,
mussels, clams) are another application of high-pressure technology in the food
industry. The seafood processing industry employs 12 % of the machines installed
around the world. Shucking meat from mollusks or crustaceans is not the only
application for seafood products; the manufacture of ready-to-eat products is
another main application for HPP in this sector. The reminder of the machines can
be found in companies processing dairy, egg products, etc.

3.7 MULTIVAC Industrial-Scale High-Pressure Equipment

Tobias Richter, MULTIVAC, Wolfertschwenden, Germany

MULTIVAC was established in 1961 and employs more than 4400 people world-
wide, with around 1600 employees based at its headquarters in Wolfertschwenden,
Germany. With over 70 subsidiaries, the family-owned company has a presence on
every continent (http://www.multivac.com). Advisors and service technicians use
their expertise and experience to assist food processors to ensure the maximum pro-
duction of all installed MULTIVAC machines.

In addition to being an HPP equipment provider, MULTIVAC is one of the
world’s leading suppliers of packaging solutions; it is a global market leader in
thermo formers and manufacturer of an extensive range of various packaging
machines, labelers, and quality control systems, as well as automated turnkey lines.

MULTIVAC has pooled its HPP, packaging, product, and application expertise in
both its HPP division and its worldwide in-house application and innovation cen-
ters, in order to offer top-class and tailored equipment solutions. MULTIVAC’s
products cover vast areas of the food industry—including meat, poultry and fish,
bakery and dairy products, fresh fruit, vegetables, and ready meals. All solutions are
designed specifically to meet the needs of customers in the catering, wholesale, and
retail sectors.


http://www.multivac.com/
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MULTIVAC HPP represents the completion of MULTIVAC’s extensive packag-
ing and product handling portfolio. Among a new durable state-of-the-art HPP
machine generation, an innovative concept for HPP treatment of MAP packs was
developed, and several patents were granted. An integrated HPP packaging solution
was thereby established, consisting of three pillars:

» Packaging technology
» Packaging design
» High-pressure process management

3.7.1 MULTIVAC HPP Machine Portfolio

MULTIVAC HPP products range from small 2 and 4 L units for basic R&D up to
commercial HPP units tailored for higher-throughput expectations. Low production
capacities for start-ups or small batch production can be realized with MULTIVAC
HPP 055 (Table 3.5). This machine size enables average throughput capacity in the
range of 170-250 kg/h. Depending on process parameters, product and package
characteristics, and finally the number of packages that fit in the transport basket,
different production volumes can be obtained.

In general, optimization of throughput capacities can be attained with larger ves-
sel diameters. Therefore, MULTIVAC HPP 160 and HPP 350 were designed with
an inner diameter of 380 mm, which enables more efficient processing of large and
voluminous bulk products. As a result, medium throughput capacities of up to
1800 kg per hour could be reached.

The MULTIVAC HPP 700 Tandem provides optimal solutions in terms of effi-
cient processing and throughput (Fig. 3.6). The MULTIVAC HPP 700 Tandem con-
sists of two HPP 350 machines operated by one central pressure-building system
that alternates between the two vessels. This machine layout makes the MULTIVAC
HPP 700 Tandem unit up to 25 % more efficient compared to two stand-alone units.
Due to the tandem operation mode, a quasi-continuous treatment of products, which
are continuously supplied in-line from the packaging machine, is possible.
Furthermore, this tandem concept enables production in dual-operation mode,
whereby different recipes/products can be processed at the same time.

The redundant machine concept results in very efficient processing with reduced
machine downtime. In addition, individual control of the vessels allows for their
independent maintenance. Service and repair due to wear of the machine, replacing
spare parts, and periodic inspections can be carried out without losing complete
production capacities. The MULTIVAC HPP 700 is equipped with six high-pressure
pumps, each containing two pressure intensifiers. As part of the redundant
maintenance concept, every pump can be disconnected in order to conduct the rec-
ommended maintenance work program with the least negative impact on overall
machine performance and availability.



Table 3.5 MULTIVAC HPP machine portfolio

HPP 055 HPP 160 HPP 350 HPP 700
Vessel volume 55L 160 L 350 L 2x350 L
Inner diameter 200 mm 380 mm 380 mm 380 mm
Vessel length 1730 mm 1430 mm 3060 mm 3060 mm
Machine 7.7mx2.9 7.7 mx3.95 11.2 mx3.95 11.2mx11
dimensions mx2.1 m mx3.32 m mx3.32 m mx3.32 m
(length, width,
height)
Weight ~17t ~53t ~65't ~2%x65t
Number of pumps | 1 (1 intensifier) |2 (4 intensifiers) |3 (6 intensifiers) |6 (12 intensifiers)
Cycle time for ~4.8 min ~4.4 min ~4.8 min ~3.6 min
vacuum products
(without product
specific pressure
holding time)
Throughput 170-250 kg 700-950 kg 1400-1800 kg 3400-4000 kg
capacity per hour
for vacuum
products®

“The exact throughput will vary depending on process and product requirements. Listed numbers
show the average range for vacuum products, treated at 600 MPa and 3-min holding time

Fig. 3.6 MULTIVAC HPP machine models: MULTIVAC HPP 055 (upper left), MULTIVAC HPP
160 (upper right), and two combined MULTIVAC HPP 350 units resulting into the MULTIVAC
HPP 700 Tandem solution [© MULTIVAC]
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3.7.2 Design and Processing of HPP Packs

Despite many global success stories, HPP cannot be considered as a standardized
process for every application. Special focus should be directed toward the optimal
selection of packaging and HPP processing parameters.

Design and development of suitable packages for high-pressure processing is
required to ensure package integrity, safety, and quality of the food product and
operational efficiency through the HPP step (see Chap. 5 for discussion on packages
for high-pressure treatment). Some key considerations during package design for
HPP revolve around the barrier characteristics of the package material such as water
vapor permeability, oxygen transmission, use of modified atmosphere, or light
transmission. Additional considerations such as film characteristics, printing, and
labeling should be predefined. Several other convenience features as well as an
innovative design contribute to a unique and successful package that is both present-
able and market-worthy.

The treatment of modified atmosphere packages (MAP) at high-pressure levels
demands a high level of expertise in terms of packaging, process, and product know-
how. Thus, package shape and format need to be tailored in accordance with prod-
uct characteristics as well as with the individual package filling. Inappropriate
design of gas packages may result in the deformation and potential damage of the
pack and subsequently the product. In addition, delamination effects may occur in a
multilayered film which negatively compromise the protective barrier properties
(Fleckenstein et al. 2014). Nonetheless, despite defining a suitable packaging con-
cept, uncontrolled rapid decompression of pressure during an HPP cycle may nega-
tively affect the product and film surfaces/properties (Figs. 3.7 and 3.8). This is
especially observed in products such as sliced or deli meats, as “white spots” on
meat surface, also described as localized decompression failures, that alter the mar-
ketability or aesthetic appeal of the HPP-treated products.

Fig. 3.7 Analysis of a
local decompression
failure by optical
microscope (upper left),
Raman microscopy (lower
left), and atomic force
microscopy (upper right)
(Richter 2011)

AFM

Optical microscope - top view

Raman - vertical scan
N
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Fig. 3.8 Localized decompression failures after inappropriate process control in product. Lyoner-
type sausage (left) and packaging film tray (right), respectively (© MULTIVAC)

To overcome those deficiencies with MAP packages during HPP, MULTIVAC
has developed a patented (EP2308325, US2011007341) “soft decompression” pro-
cess that assists in the control of decompression during HPP.

3.8 Stansted Fluid Power Laboratory-Scale
High-Pressure Equipment

Mark Freeman, Stansted Fluid Power, Harlow, Essex, UK

Stansted Fluid Power Ltd (SFP) is a UK-based company supplying and support-
ing quality high-pressure systems globally (http://www.stanstedfluidpower.com/).
Established in 1970, SFP has evolved from a range of standard high-pressure
products while continuing to develop new and novel high-pressure systems for
evolving technologies with systems operating at 1400 MPa.

SFP’s range of high-pressure equipment includes pumping systems for liquids and
gases, valves, pressure vessels, telemetry lead throughs, fittings, and tubing. Diverse
applications include systems used at the laboratory, pilot plant, and production scales,
in areas such as nuclear power, pharmaceuticals, food, and biotechnology.

From the 1970s SFP have been manufacturing isostatic compaction and other
high hydrostatic pressure systems, these comprise of pressure vessels, decompres-
sion valves, and temperature control systems (Figs. 3.9 and 3.10). Pressures used in
these systems are generally in the 50400 MPa range, but also include special appli-
cations to 1000 Mpa and this core technology has been used to develop the SFP
range for food and bioscience applications.

While working with high-pressure homogenization for cell rupture since 1971,
SFP’s involvement in the modern era of high-pressure bioscience for food applica-
tions began in 1992 in the first European conference on high-pressure bioscience in
France. Shortly following this conference, SFP developed and sold their first system
specifically designed for food research (Fig. 3.11). This system was supplied in
1993 to Queen’s University in Belfast, UK, and is still in service, having the
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Fig. 3.9 Multi-
configuration laboratory
isostatic pressing system

Fig. 3.10 SFP high-
pressure valves

Fig. 3.11 Five liter HPP { ——
systems N
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capability to work at 900 MPa, and is the first of some 70 systems worldwide SFP
that was installed specifically in the food and bioscience areas. Although commer-
cial scale has been adopted with great success, SFP, in line with overall corporate
philosophy, concentrates on the development and supply of high performance
research and development scale equipment.

3.8.1 High Hydrostatic Pressure Systems for Research
and Development

While technical requirements for production systems have become focused around
operation at 600 MPa, generally at ambient temperature, the requirements and
ambitions of research scientists working in HHP for food and beverage applications
have required the design and development of systems to work at performance levels
well in advance of those required for industrial production (Table 3.6).

For equipment development at the pilot plant level, the design emulates perfor-
mance, such as pressure cycles, of large capacity industrial units.

The majority of systems are offered with pressure ratings of 800/900 MPa, pro-
viding pressure capability beyond the majority of current production requirements.

For most HHP processes, pressure may be considered the predominant parameter;
however, for many researchers, control over other key cycle parameters is essential.
SFP HHP systems provide, in addition to control over the cycle pressure, tempera-
ture control, pressurization, and decompression ramp rate control. To accommodate
applications in pressure shift freezing (PSF) operation down to —20 °C is permissi-
ble, while at the other end of the temperature range, operation up to +130 °C with
initial cycle start temperatures of up to +110 °C allows researchers working on pres-
sure-assisted thermal sterilization (PATS) to fully develop their process cycles. In
addition, for those systems where the primary pressurization pumping system is
external to the pressure vessel, a heat exchanger is provided allowing injected fluid
(typically up to 20 % of the pressure vessel volume) to be temperature conditioned
to the pressure vessel temperature while in transmission to the pressure vessel.
Control over pressurization and decompression rates allows users to investigate the
effects of these parameters and also mimic those of production scale equipment.

Control systems and data logging options range from simple manual systems to
full PC-based SCADA (supervisory computer and data acquisition) systems, which
allow users to simply recall data from previous tests, to recall and repeat parame-
ters, and to record and store pressure and temperature information.

In addition to the range of standard systems, SFP has continued to evolve cus-
tomized technical solutions in conjunction with clients to meet new and challenging
technical requirements. Examples include multiple vessel systems (Fig. 3.12), opti-
cal systems, very high pressurization ramp rates (e.g., 0—-1400 MPa <S5 s), special-
ized telemetry, and sampling systems.

With a broad range of systems from 5 ml to more than 10 L capacity, and with pres-
sures ranging from 200 to 1400 MPa accompanied by telemetry features, temperature,
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Fig. 3.12 Multi-vessel system 8 vessels

and pressure control, SFP system design does not adhere to a single design concept,
but rather utilizes a combination of proven designs to manufacture systems with opti-
mized performance, reliable operation, and safe and simple operation.

SFP pressure vessels are constructed with a number of prestressed materials
depending on the size of the equipment and its specifications. Prestressing is a tech-
nique to improve longevity of the pressure vessel when coupled with other design
strategies already mentioned.

3.8.2 Homogenizer Systems for Research, Development,
and Pilot and Production Scale

In addition to an extensive range of systems for HHP applications, SFP also designs,
manufactures, and supplies a range of high and ultrahigh-pressure homogenizers for
chemical, pharmaceutical, cosmetic, and food applications (Fig. 3.13). The range
extends from small-volume bench-top systems able to work with volumes as low as
1 ml through bench-top, pilot- and large-scale production with pressures up to
400 MPa and with operating temperatures to over 140 °C.

SFP’s philosophy for UHUP, as with HHP, is to ensure that high-pressure pump-
ing elements run slowly to ensure best life and reliability. Principal systems feature
electro-hydraulically driven high-pressure intensifier pumps, typically cycling
between 2 and 12 each times per minute.

For high-pressure homogenization, while the pumping system is a key element
for reliability of the system as a whole, the homogenizing head (valve) will deter-
mine for many applications the effectiveness of the treatment. SFP offers a choice
of both variable geometry “piston gap”-type valves and fixed geometry, high shear
devices, which can be fitted individually and in combination, allowing optimal
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Fig. 3.13 Laboratory and production high-pressure homogenizer
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Fig. 3.14 Pressure time schematic for twin synchronized intensifier system

choice for each application. Some applications, such as oil in water emulsions, will
be much more effective with a micro channel-based high shear device, while other
applications such as sterilization benefit from specially profiled geometry in a
reverse flow piston gap-type valve (Fig. 3.14).

3.9 Final Remarks

High-pressure processing offers unique opportunities to food processors to develop
minimally processed healthy foods with consumer-desired sensory properties and
extended shelf life. The food industry now has nearly two decades of successful
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operational experience with industrial-scale high-pressure equipment. The commercial-
scale equipment operates reliably over millions of cycles to deliver pressure-treated
foods. At the same time, equipment cost and operating cost have been reduced as a
result of innovative concepts introduced by various equipment manufacturers. More
research and development efforts are needed to make the technology commercially
viable for more commodities as well as shelf-stable products.
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Chapter 4

Continuous High-Pressure Processing
to Extend Product Shelf Life

Huub L.M. Lelieveld and Hans Hoogland

Abstract The majority of commercial high-pressure pasteurisation operations is
essentially conducted as a batch process, wherein prepacked product is subjected to
pressure treatment for a specific time. However, the food manufacturing industry
has been looking for opportunities to introduce continuous flow processes. This
chapter reviews some of the recent efforts in the development of semi-continuous
and continuous high-pressure equipment.

Keywords Continuous high-pressure processing ® Semi-continuous operation ®
Energy efficiency

4.1 Introduction

Batch wise high-pressure processing is presumably expensive, as the intended pro-
cess itself may take only minutes, the entire operation takes a much longer time. It
involves vessel preparation, filling with product and pressure transfer fluid, pressure
built up, pressure holding and depressurisation, including subsequent unload of the
vessel. The true utilisation of the high-pressure vessel is therefore rather low. For
other processes, a solution might be sought in increasing the scale of the operation
such that the cost of “manual” loading and unloading of the vessel could be carried
by large product batches. However, in the case of high-pressure batch processes, the
size of the vessel is limited by the strength of construction materials. The larger the
surface of the high-pressure container walls, the larger the forces at the prevailing
pressure. Furthermore, the machinability and availability of the large high-grade
steel parts become of an issue upon size increase.

H.L.M. Lelieveld (E<)
Formerly Unilever R&D, Ensahlaan 11, 3723 HT Bilthoven, The Netherlands
e-mail: huub.lelieveld@inter.nl.net

H. Hoogland
Unilever R&D, PO Box 114, NL-3130 AC Vlaardingen, The Netherlands

© Springer Science+Business Media New York 2016 67
V.M. Balasubramaniam et al. (eds.), High Pressure Processing of Food,
Food Engineering Series, DOI 10.1007/978-1-4939-3234-4_4


mailto:huub.lelieveld@inter.nl.net

68 H.L.M. Lelieveld and H. Hoogland

Next to the economic limitations, a high-pressure batch process is limited in
active fast temperature control of the vessel content, in vessel mixing operation and
sequential dosing of ingredients. All constraints are clearly driven by the construc-
tional limitations of a high-pressure vessel, for which the aim of reliably withstand-
ing high-pressure regimes is already a very complex design challenge. A solution
might be found in a continuous high-pressure process.

Repetition of a large number of the operation steps carried out during batch wise
processing can be avoided after implementation of continuous high-pressure pro-
cessing, which would contribute to cost-effectiveness and scalability of the process.
Furthermore, it would contribute to active temperature control and mixing opera-
tions within the vessel.

The simplest continuous high-pressure process uses a high-pressure homogeniser,
where the homogenising valve is adjusted to the desired pressure. The product is
subjected to a high pressure for an adjustable time, depending on the volume of the
pipe between the high-pressure pump and the homogenising valve. At the homogenis-
ing valve, the product is also subjected to high shear, cavitation and impingement,
resulting in a significant rise in temperature. Due to aforementioned effects, this
method is suitable for liquids, such as milk and fruit juices, but not for particulate
products. As discussed by Frederico Harte (see Chap. 7), the effect of high-pressure
homogenisation on the inactivation of microorganisms occurs most probably due to
the temperature effect.

Several companies, such as ACB Pressure System-Alstom, Kobe Steel and Avure
(formerly Flow International), developed semi-continuous processes, the principle
of which is shown in Fig. 4.1.

The liquid product is delivered by a low-pressure transport pump into the pres-
sure vessel, followed by closure of the supply valve. Required pressure level in the
vessel is reached using a high-pressure pump. The floating piston separates the pres-
sure transfer medium from the product. After treatment, the product is transferred to
a surge vessel that feeds a filling machine. Microbes in all parts of the machinery
that are pressurised will be subjected to the same pressure treatment, and hence,
susceptible microorganisms, which are relevant to the processed product, are being
inactivated. However, decontamination of the machinery before the process starts,
from the low-pressure side of the outlet valve up to and including the filling machine,
should be taken care of. For conditions that are set to inactivate vegetative microor-
ganisms, this may be done by using hot water at the adequate temperature and time.
Self-evidently, when the process is set to sterilise the product, by applying pressure
at elevated temperature (see Chap. 29), the line needs to be sterilised prior to use,
e.g. by using hot water or steam. To obtain sufficient capacity, given the relatively
small size of the pressure vessels, a number of vessels may be connected together in
such a way that while one vessel is being filled, another one is pressurised and a
third one is being emptied, as shown schematically in Fig. 4.2, maximising the time
the high-pressure pump is used. Pressurising requires energy that does not have to
be lost. During depressurisation of the vessel, pressure transfer fluid may be released
into the next vessel, and energy required for pressure build up could be partially
recovered.
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Fig. 4.2 Schematic representation of a multiple-vessel system to obtain a semi-continuous flow of
high-pressure-treated product (source: Balasubramaniam, 2003)

In 1997, Unilever patented a fully continuous process, suitable for high-pressure
processing of liquids, without the need for a homogenising valve (Agterof et al. 1997).
The technique is based on the fact that viscosity of many liquids (except water) is
strongly influenced by pressure. The exponential dependence of viscosity on pressure
known in the literature as “Barus formula” suggests that a small difference in the
composition of a liquid might cause big differences of the viscosity at high pressure
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(Rostocki et al. 2008). The increase in viscosity to a greater extent can be reached, e.g.
with eugenol (a liquid that can be extracted from, e.g. clove oil), of which the viscosity
at 12,000 kg/cm? (1.176 GPa) is more than 107 times higher than at atmospheric pres-
sure (Bridgman 1926). In the patented system, the product is conducted in a steady
flow through an open-end tube, while the pressure difference between the entrance
and the exit of the tube is maintained using a high-pressure pump, at pressure levels of
over 100 MPa. The interesting aspect of this technology is that after pressurising the
system at start-up to pasteurise the first product and tubing, the valve at the exit of the
pipeline can be fully opened, and therefore, the product leaving the system is not
exposed to extreme shear and the accompanying local temperature rise. Instead, the
energy is dissipated by viscous forces over the length of the tube which can be cooled
to maintain a fixed temperature. The temperature rise caused by the pressurisation of
the liquid by the pump (adiabatic heating) may also be removed by (partial) cooling
of the pipeline. However, since the temperature increase assists the inactivation of
microorganisms under pressure, cooling might not be necessary. The drawback of the
system is that the conditions need to be experimentally established for every product,
since the viscosity is strongly influenced by the composition of the product and tem-
perature, which is likely to change while flowing through the system. Alternatively,
the pressure may be controlled by controlling the temperature of the liquid, and in
such way, the pressure drops over the capillary. Table 4.1 gives an impression of the
differences between viscosities of products and temperature.

Figure 4.3 shows the outline for a continuous high-pressure process line. The
length L of the pipeline depends on the viscosity of the product to be processed and
the diameter of the pipe. If the given length would be too short for the desired resi-
dence time, an additional chamber may be installed between the high-pressure
pump and the pipe.

Table 4.1 The viscosity of some products at atmospheric pressure, at various temperatures

Product Temperature (°C) | Viscosity (mPa s, which equals cp) | Source
Milk 25 3 Elert (2013)
Sour cream 25 100,000 Elert (2013)
Ketchup 20 50,000 Elert (2013)
Molasses 20 5000 Elert (2013)
Vegetable shortening | 20 1,200,000 Elert (2013)
Sucrose solutions (%)
20 20 1.967 Perry (1941)
50 0.974 Perry (1941)
40 20 6.223 Perry (1941)
50 2.506 Perry (1941)
60 20 56.7 Perry (1941)
50 14.06 Perry (1941)
Castor oil 20 986 Weast (1973)
40 231 Weast (1973)
Olive oil 20 84.0 Weast (1973)

40 36.3 Weast (1973)
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Fig. 4.3 Fully continuous high-pressure processing system (source: van den Berg et al., 2001)

Fig. 4.4 The compression steps in continuous HP processing (a) start position of the plunger (b)
plunger reached the position were the process pressure has been achieved (c) the product is pushed
out from the cylinder into the tubing at the desired pressure

Complete inactivation of Saccharomyces cerevisiae (spiked at 1000 cells/mL)
was achieved in the small-scale experiment described in the patent, which involved
a pipe of 25 m length, with an inner diameter of 1 mm, an inlet pressure of 300 MPa,
a temperature (at the inlet) of 21 °C and a residence time of 60 s.

Another benefit of continuous HP is in thin-wall tubing when compared to the wall
thickness of HP vessels. The temperature control of large industrial vessels is due to
thick walls very slow and complicated, especially when the product needs to undergo
a dynamic temperature profile. In a continuous HP system with limited tube wall
thickness, the temperature can be easily controlled by applying a tube in tube con-
struction. This will allow the dynamic control of a product temperature, for example,
enabling a sudden cooling or heating during the depressurisation of the product.

Additionally, continuous high-pressure processing would open up new avenues
such as the combination of two ingredient streams and subsequent mixing by in-line
mixers, processes that are impossible to be realised in present high-pressure batch
process.

Unfortunately, continuous HP requires significantly more energy than batch pro-
cessing as the product not only needs to be pressurised but also needs to be relocated
out of the compressor, as illustrated in Fig. 4.4.

The energy needed for the “compression” step and the “push-out” step has been
estimated by the use of data from Bridgman (1926) and by the use of physical properties
of water as available through NIST (NIST/ASME Steam properties standard reference
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Table 4.2 Energy required p e_comp e_push e_tot

for the s.ubsequen.t stages for (MPa) (kI/kg) (KI/kg) (kI/kg)

water with a starting

temperature of 20 °C 300 12 273 285
500 26 437 463
700 45 593 638

10 software, 2013) which maintains a database on fluid properties containing values for
the enthalpy, internal energy of water in a wide range of pressures and temperatures.
Results are shown in Table 4.2 with e_comp, e_push the energy required for “compres-
sion” and “push” stage, respectively, at the indicated pressures (p).

The results in Table 4.2 do not take into account the efficiency of the process
but indicate the minimum amount of energy needed from a physical point of view.
The work needed during the “push out” is between 13 and 22 times higher than for
the “compression”, depending on the required pressure. An indication of the
required power for a continuous high-pressure system can be calculated by multi-
plying the value of w-tot with the mass flow of the process, e.g. a process of 3600
kg/h (1 kg/s) requires at least 463 kW when running at 500 MPa.

The decision to utilise a continuous system should therefore be based on the
possibly lower investment cost.

Although more data are lacking, based on the simplicity of the process and its
advantages over the semi-continuous process such as scalability and the possibility to
control temperature and mixing, it seems recommendable for manufacturers of high-
pressure processing equipment to develop a commercial system for the food industry
and for researchers to explore this new operating window for high-pressure research.

Acknowledgement We thank Ana Balasa for carefully checking the article and helpful comments.
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Chapter 5
High Pressure Effects on Packaging Materials

Huseyin Ayvaz, V.M. Balasubramaniam, and Tatiana Koutchma

Abstract During high pressure processing, the prepackaged food material is
pasteurized or sterilized by subjecting it to combined pressure-thermal treatment of
different intensity. This chapter summarizes the impact of pressure-thermal treat-
ment on moisture and gas barrier properties, seal and mechanical strength, as well as
migration characteristics of the packaging polymer. Packaging also play important
role in preserving quality of pressure treated foods during extended storage life.
Some of the recommended future research needs in the development of novel
packaging material for high pressure processing are summarized.

Keywords Package * Polymer ¢ Pressure * Temperature  Barrier properties ®
Migration

5.1 Introduction

Packaging is a vital aspect for any food preservation method to be successful since
it protects the food products from adverse environmental conditions (Ozen and
Floros 2001). It helps to preserve the internal properties of foods, including flavor
components, by acting as a barrier between internal and external environments.
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During the high pressure pasteurization, the food material is prepackaged in flexible
container and then pressure treated at ambient or chilled conditions (see Chap. 3).
Package also protects the food material from contamination of the external pressure
transmitting fluid and other contaminants. Pressure treatment can potentially alter
various moisture and gas barrier properties of the packaging polymer. Understanding
how different polymer properties altered by the pressure treatment can help to select
suitable packaging material that can withstand pressure treatment. During semicon-
tinuous operations, food products are processed in bulk and are not packaged before
the application of high pressure (see Chap. 4). Therefore, package is not exposed to
high pressure, and food product is packaged aseptically after processing to ensure
shelf-stability.

Pressure treatment can also alter heat compression and other thermo physical
properties of packaging polymers (see Chap. 6). For instance, it has been shown
that polypropylene (PP) and polyethylene (PE) undergo compression heating
greater than water under both high pressure at low and mild temperatures of 10
and 50 °C and pressure treatment at high temperature (90 °C) conditions
(Schauwecker et al. 2002; Knoerzer et al. 2010). In particular, the temperature
increase with pressure was not linear, and the relative increase with respect to
water depended on the pressure range selected as well as the initial temperature.
Assuming minimum 5 % of the HP vessel is filled with packaging material,
changes in thermophysical properties of packaging materials may affect tempera-
ture distribution within the pressure vessel.

When high pressure and high temperature combinations are used to achieve
sterilization (see Chaps. 11, 14, 29), prepackaged food products need to be preheated
to a target initial temperature before the high pressure is applied. This process is
generally known as pressure-assisted thermal processing (PATP). Reasonably harsh
preheating process encountered during PATP has the potential to affect the properties
of the packaging materials used, including changes in their structure and alterations
of their mechanical and barrier properties (Koutchma et al. 2010). Moreover, these
changes in the package may result in product quality loss during extended storage.
That is why the packaging aspect of high pressure processing is very essential for
the successful application of the technology. Researchers have investigated the effect
of high pressure processing on packaging materials and food-packaging interac-
tions (Bull et al. 2010).

5.2 Packaging Requirements for High Pressure Processing

Pressure pasteurized products are packaged using flexible, polymeric based
pouches, jars, trays and bottles. Rigid packaging materials made from metal and
glass are not suitablable as they could be deformed by elevated pressure treatment.
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The following are some key considerations when selecting packaging material for
high pressure processing:

5.2.1 Flexibility

A packaging material needs to be flexible enough to withstand compression forces
so that it can avoid irreversible deformations and maintain its physical integrity.
This statement is supported by understanding of volume change during high pres-
sure processing. Typically, high-barrier flexible pouches made of polymers or copo-
lymers with at least one flexible side can be used for processing solid or liquid food
products by batch high pressure systems. It can be possible to retain the quality and
freshness of the product throughout the shelf life if only a compatible type of pack-
aging material is selected (Sorrentino et al. 2007). When an inelastic packaging
material is used, severe deformation is expected to occur during the process (Guillard
et al. 2010). Metal cans collapse permanently and glass bottles are likely to break.
Thus, packaging containers made from metals and glass material may not be suit-
able packaging material for high pressure processing (HPP). Additionally, packages
which are made of paperboard are not suitable either, since they can degrade under
pressure (Caner et al. 2004).

5.2.2 Sealing Strength

Sealing is an important point for flexible pouches, and seal strength should be maintained
during processing in order to avoid product leaks or infiltration of pressurization
medium into the containers (Koutchma et al. 2010).

5.2.3 Robustness

Barrier, mechanical, and mass transfer properties (sorption and migration) of the
package must be resistant to changes occurring during the process. During the pro-
cess, the volume of the package and the food material decrease due to the pressure
applied. The decrease in volume is expected to be temporary, and once the pressure is
released, the package needs to regain its original conditions. This is possible only if
the thermomechanical stress generated during combined pressure-heat treatment is
within the limit that the package can tolerate and return to its original condition (Caner
et al. 2004). Containers should also maintain their aesthetic qualities and any other
built-in features included in their design, in order to ensure consumer acceptance and
overall product convenience (Koutchma et al. 2010; Lambert et al. 2000).
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5.2.4 Vacuum Packaging

Vacuum packaging is very important for a uniform treatment because air trapped
after sealing the package has higher compressibility than food products and this
could potentially lead to a nonuniform treatment and package deformation
(Lopez-Rubio et al. 2005). Additionally, excessive amount of gases can increase
the come-up time of the processing and cause unnecessary physical stress on the
pouch (Schauwecker et al. 2002). Vacuum packaging can also help avoiding oxy-
gen-related reactions including lipid oxidation during both processing and stor-
age. Another advantage of vacuum packaging is that it can improve the loading
factor and more packaged product can be processed at one time in the limited
volume of the pressure vessel since the amount of air in the package is minimized.
Package size and shape are also critical in terms of maximizing the number of
packages which can be fitted in the chamber. Therefore, proper package design
can contribute to the economical processing.

5.2.5 Barrier Properties

Packaging materials need to have adequate barrier properties to maintain the quality
of food products throughout shelf life. In this regard, water and oxygen permeabili-
ties are two of the most important considerations (Galotto et al. 2008). Foods that
are sensitive to change in moisture can spoil quickly and lose their characteristics by
either absorbing or losing water. Similarly, foods that are sensitive to oxygen
changes can become rancid (Yoo et al. 2009). Developing packaging materials with
improved water, oxygen, and light impermeability is essential, and choosing the
correct type of polymer (or polymer blend) to be used as packaging material is key.
Efforts are also underway to utilize modified atmosphere packaging (MAP) during
high pressure processing (see Chap. 3.7).

5.2.6 Heat Transfer

Heat transfer properties of packaging materials need to be well characterized and
enable fast preheating (Koutchma et al. 2010) prior to PATP. The preheating step
can cause undesirable quality changes in the food product and enhance the negative
developments in the properties of the package materials during subsequent high
pressure application and storage. Therefore, it should be done as quickly as possi-
ble. Koutchma et al. (2010) evaluated the impact of packaging materials on heat
transfer during the preheating stage and compared four plastic-laminated and two
aluminum-laminated pouches. The authors reported that foil-laminated materials
reached the targeted preheating temperature faster, providing shorter preheating
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time than polymeric materials even though foil-laminated materials were thicker
than the plastic-laminated materials tested. They attributed faster preheating of foil-
laminated pouches to higher thermal conductivity of aluminum layer in the pouch.

5.2.7 Transparency

Consumers in recent years are more attracted towards transparent packages, which
provides better product visibility (Lange and Wyser 2003). According to Lange and
Wyser (2003), it is important to have good barrier polymers which can also provide
transparency. Metal based containers such those made from aluminum lack transpar-
ency and thus consumer may not able to see package product content.

5.3 Commonly Used Packaging Materials in High
Pressure Applications

Packaging materials used in the food industry can vary drastically from each other
depending on specific properties of the polymers used, such as: functional groups in
the structure, chain backbone, cross-linking, orientation, melting point, density,
thickness of the polymer, and transparency (Valentas et al. 1997). Most of the flex-
ible packaging materials used in the food industry show reasonably good compati-
bility with high pressure pasteurization when there is no severe heat involved (see
Chap. 1, 3). Single and combinations of PET, PE, PP, and EVOH films are some of
the commonly used packaging materials for high pressure processing applications
in the food industry (Juliano et al. 2010). Additionally, co-extruded films with poly-
meric barrier layers, adhesive laminated films on a polymer base, or inorganic layer
such as aluminum foil (a few micrometer thick) or more recently vacuum deposited
coating (nanometer levels thick) are also used (Richter et al. 2010).

For pressure-assisted thermal treatment, where the packaging material is
exposed to harsher pressure-thermal conditions, most of the packaging materials
used by the food industry may not survive. Nylon, EVOH, PET, PP, aluminum oxide
coating, and Al or metalized layer are some of the barrier materials which can
survive the PATP conditions (Koutchma et al. 2010). High-barrier materials are
needed in order to prevent the interaction of the internal atmosphere of the packaged
food with the ambient environment so that the packaged food can retain the proper-
ties during the shelf life. A common technique used for creating a barrier layer is
lamination or co-extrusion with a good barrier polymer. Polyvinylidene chloride
(PVDC), ethylene-vinyl alcohol (EVOH), polyvinyl alcohol (PVALI), and polyamide
(PA) are common high-barrier polymers. Good oxygen barrier polymers are gener-
ally effective when they are dry. Therefore, they are usually sandwiched between
good water-vapor barrier films so that their oxygen barrier properties can be still
retained (Lange and Wyser 2003). Another way of improving the barrier properties
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of a package is blending. By mixing a high-barrier material with a regular film,
tortuosity, which is the length that a diffusing compound such as oxygen or water
vapor needs to travel, can be extended, and therefore a better barrier property is
provided (Lange and Wyser 2003).

5.4 Effect of High Pressure Processing on the Properties
of Packaging Materials

In the last decade, numerous research efforts assessed the effect of pressure on the
mechanical, barrier, structural, and sealing properties of commonly used mono or
multilayer packaging films (Guillard et al. 2010). Typically these studies utilized
milder treatment conditions (pressure levels up to 800 MPa; temperature up to 60
°C) (Koutchma et al. 2010). Very limited studies reported the impact of pressure-
assisted thermal processing (where temperature levels are above 100 °C) on the
properties of the packaging materials (Caner et al. 2000; Schauwecker et al. 2002;
Bull et al. 2010; Juliano et al. 2010). Similarly, the changes in properties of pres-
sure-assisted thermally processed packaging materials during extended storage and
how these changes in packages influence product quality during storage have been
poorly understood (Ayvaz et al. 2012).

In general, two different phenomena occur in the packaging materials exposed to
high pressure processing: reversible and irreversible changes (Fig. 5.1). Reversible
changes are commonly seen in the packaging materials and occur as a result of
compression, particularly on the amorphous regions in the packaging material
structure. This generally results in a decrease in permeability values of the polymer,
and the packaging material remains intact, which even could be considered as
advantageous. As of irreversible changes due to high pressure, visible damage and
considerable increase in the permeability values can be observed. In other words,
functionality and aesthetic appearance of the packaging material can be negatively
affected. One of the possible explanations for the irreversible damage is that the
gases are absorbed within the structure of the packaging material under pressure and
quickly released upon decompression (Richter et al. 2010).

5.4.1 Gas Barrier Properties

Polymers have repeating functional groups in their structures, and these groups
contribute to the formation of packed and highly ordered crystalline regions.
As opposed to amorphous regions (void spaces) in the structure, atmospheric gases
as well as organic compounds cannot penetrate through crystalline regions.
Therefore, high crystallinity in a polymer can result in better barrier to oxygen,
water vapor, carbon dioxide, and organic compounds. Additionally, increase in
crystallinity in a polymer improves its strength and stiffness (Schauwecker et al.
2002). For instance, EVOH is known as a high oxygen barrier, and this property is
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Fig. 5.1 Summary of the effects of high pressure on polymeric packaging materials (adapted from
Richter et al. 2010)

a result of hydroxyl groups in its structure, which tend to make a high degree of
hydrogen bonds and reduce the free volume between the chains in the polymer. This
results in higher barrier to gas exchange. However, these hydroxyl groups also make
the copolymers sensitive to water. That is why the barrier properties of EVOH are
weakened in high relative humidity (Lopez-Rubio et al. 2005). To avoid this problem,
EVOH is sandwiched between other high water-vapor barrier packaging materials in
its applications. Additionally, there is a tendency for highly crystalline polymers to
be more brittle which can be considered as a disadvantage (Kovarskii 1994).
Some factors including the presence of nucleating materials, the rate of cooling, the
molecular weight of the polymer, and the degree of agitation and alignment during
the process can affect the crystallinity of a polymer or the size of an individual crystal
(Jenkins and Harrington 1991).

5.4.2 Oxygen Permeability

The effect of combined pressure and heat treatment on the oxygen barrier properties
of the packaging films differs greatly. Even though there are numerous research stud-
ies available about high pressure processing and oxygen transmission rates (OTRs)
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of packaging materials, there is very limited research focusing on pressure-assisted
thermal processing.

Earlier researchers documented that in general, high pressure processing did not
increase the oxygen permeability of many tested packaging materials. Surprisingly,
high pressure processing even decreased the oxygen permeation rates of some of the
packaging films significantly. Masuda et al. (1992) reported no significant changes
in barrier properties of tested OPP/EVOH/PE and PVDC-coated OPP/CPP at 400
and 600 MPa and maximum process temperature (T,,,,) of 40 °C for 10 min. On the
other hand, Mertens (1993) applied 400 MPa and 60 °C for 30 min on LLDPE/EVA/
EVOH/EVA/LLDPE and observed 15 % decrease in OTR. Similarly, Kovarskii
(1994) evaluated the effect of HPP on PET and reported 70 and 25 % decreases in
OTR and WVTR, respectively. Fradin et al. (1998) reported a slight reduction in the
oxygen permeabilities of low-density polyethylene (LDPE)/ethylene-vinyl acetate
(EVA)/ethylene-vinyl alcohol/EVA/LDPE and polyethylene terephthalate (PET)/
aluminum (Al)/polypropylene (PP) after high pressure thawing of a model food at
200 MPa and 15-45 min holding time. Le-Bail et al. (2006) tested LDPE, which is
the packaging material commonly used for HPP applications. They processed at
200, 400, and 600 MPa and 10 °C for 10 min and found that barrier properties were
not significantly affected and even slightly improved (1 and 2 % decreases in OTR
and WVTR, respectively). This could be due to high pressure compression that
increased the stiffness due to volume reduction, which caused restrictions in macro-
molecular mobility and increase in microscopic ordering. In other words, increase
in pressure improves the ordering of molecules of a material. Similarly, Lopez-
Rubio et al. (2005) reported 2 and 7 % improvements in OTRs of PP/EVOH26/PP
and PP/EVOH48/PP pouches in the pressure range of 400-800 MPa and 40 °C
applied for 5-10 min, which was attributed to the increase in crystallinity of the
structure caused by high pressure compression.

Some studies have indicated that there can be losses in barrier properties of flex-
ible packaging materials. It was reported that metalized films were damaged by high
pressure treatment and their barrier properties were impaired. Caner et al. (2000)
processed water-filled PET/SiO,/LDPE, PET/Al,O,/LDPE, PET/PVDC/Nylon/PE,
Met-PET/EVA/LLDPE, PP/Nylon/PP, and PET/EVA/PET at 600 and 800 MPa and
45 °C for 5, 10, and 20 min. They found no statistical difference in barrier properties
except for the Met-PET film, in which they observed that the oxygen permeation and
water-vapor transmission rates (WVTRs) were almost doubled (95 % increase) and
tripled (150 % increase), respectively. Lambert et al. (2000) processed different
packaging materials and reported significant increase in OTR of PA 20 pm/adhesive
10 pm/PE 70 pm, which is similar to the result of a research conducted by Moueffak
et al. (1997), who also found a 60 % increase in OTR of PE/PA/PE film after HPP
(550 MPa at 55 and 85 °C for 20 min). In these films, the thickness of the polyamides
was very low compared to the thickness of polyethylene layer, which minimized the
contribution of the good gas barrier property of the polyamides. Galotto et al. (2008)
reported a significant increase in OTR of metalized pouches due to the damage in the
metalized surface coating. It could be explained by lower compression rate of metals
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which can accelerate delamination of the packaging structures or discontinuities in
the metal coating caused by the low mechanical resistance of the thin aluminum layer
(Lopez-Rubio et al. 2005). Schauwecker et al. (2002) found that there were visible
signs of delamination between the polypropylene (PP) and aluminum (Al) layers in
the meals-ready-to-eat (MRE) pouches processed at >200 MPa and 90 °C for 10 min.

During PATP, the packaged products need to be preheated to a target initial tem-
perature (typically 75-90 °C) prior to pressure-thermal treatment. Therefore, the pre-
heating step can also be an important factor affecting the OTRs of the packaging
films. Koutchma et al. (2010) applied PATP treatment (688 MPa and 121 °C) on
scrambled egg patties packaged in four plastic-laminated materials (Nylon/co-
extruded ethylene-vinyl alcohol, Nylon/polypropylene, polyethylene terephthalate/
aluminum oxide/casted PP, and PET/polyethylene) and two aluminum foil-laminated
pouches (PET/aluminum and Nylon/Al/PP). They observed an increase in oxygen
permeability of the packaging materials and claimed that it was due to thermal dam-
age occurred during the preheating of the packaged egg patties since the OTR values
increased following preheating. According to the researchers, preheating caused 369
times increase in OTR of PET/AIOx/CPP pouch. Even though the PE pouch lost
40 % of its oxygen barrier property after preheating, the subsequent PATP treatment
at 688 MPa and 121 °C led to recovery of the oxygen barrier property up to 200 %.
They also reported that the magnitude of the increase in oxygen permeability in
PATP-treated pouches was significantly less than that observed in traditional thermal
treatment (121 °C for 3 min in steam retort). There were significant increases in the
OTR values of the packaging materials tested, following the high pressure applica-
tion which did not cause any further increase in OTRs except for PP. The reason for
the further increase of OTR of PP was the structural damage occurred in PP pouches.
Oxygen permeability of the foil-laminated pouches experienced less loss in oxygen
barrier property compared to their thermally treated counterparts. Bull et al. (2010)
processed 11 commercially available packaging materials used for thermal steriliza-
tion at 600 MPa and 110 °C for 5-10 min and reported that barrier properties of
vapor-deposited oxide and Nylon containing films were negatively affected whereas
barrier properties of aluminum foil and PVDC-MA containing films survived the
PATP treatment well. They observed that regardless of the temperature of the product
inside the pouch or the length of holding time of the process, high-barrier laminates
with both SiOx and AlOx coatings were severely damaged by the process and lost
their barrier properties. This observation was in agreement with that reported by
Galotto et al. (2008) and Galotto et al. (2010), who found a complete destruction of
the SiOx vapor-deposited barrier layer in PPSiOx, processed at 400 MPa and 60 °C
for 30 min. Galotto et al. (2010) evaluated the effect of high pressure treatment
(400 MPa and 20 and 60 °C for 30 min) on OTRs of four different flexible packaging
materials (PE/EVOH/PE, metalized polyester/polyethylene, PET/PE, and PPSiOx).
They observed significant increases in OTRs of packaging films tested except PET/
PE film, which experienced almost no change. They reported delamination in metal-
ized polyester/polyethylene. Additionally, water sensitivity and swelling of EVOH in
PE/EVOH/PE caused partial loss of their barrier properties, resulting in significant
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Fig. 5.2 Oxygen transmission rates of control and PATP-treated films stored for 4 weeks at 25 and
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(III), PATP and stored at 37 °C for 4 weeks (reprinted from Ayvaz et al. 2012, with permission
from Elsevier Ltd.)

increase in OTR. Similarly, according to Bull et al. (2010), aluminum barrier layer
showed great compatibility with the PATP processing and OTRs of the materials
tested experienced the lowest oxygen barrier before and after PATP. This result was
not consistent with findings reported by Ayvaz et al. (2012) who processed the Met-
PET/PE pouch at 600 MPa and 110 °C for 10 min and observed dramatic increase in
oxygen permeability values (Fig. 5.2). Ayvaz et al. (2012) processed baby carrots in
three different pouches (Nylon/EVOH/EVA, Nylon/EVA, and Met-PET/PE) at
600 MPa and 110 °C for 10 min and stored the pouches in the dark at 25 and 37 °C
for 4 weeks. As shown in Fig. 5.2, the authors observed significant increase in OTR
values for Nylon/EVA and Met-PET/PE while high-barrier packaging material
Nylon/EVOH/EVA had minimal impact. Moreover, even preheating the Met-PET/
PE pouch without any pressure application caused significant increase in OTR of
Met-PET/PE. They also reported that change in barrier properties of packaging
materials (particularly change in oxygen transmission rates) accelerated the color
change and B-carotene degradation of baby carrots processed during extended storage.
In other words, packaging type had significant effect in color and p-carotene content
of pressure-assisted thermally processed carrots.
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5.4.3 Water-Vapor Permeability

Effect of HPP on WVTRs of the packaging materials shows similarity to the changes
in OTRs. Several research studies showed that high pressure processing at ambient
or chilled conditions did not cause any significant changes in WVTRs of the tested
packaging materials. Additionally, high pressure processing even decreased the
WYVTRs of some of the packaging films remarkably. Masuda et al. (1992) reported
no significant changes in water-vapor transmission rates (WVTRs) of the polyvi-
nylidene chloride (PVDC)-coated oriented polypropylene (OPP) and polyethylene
terephthalate (PET)/aluminum (Al)/cast polypropylene (CPP) by high pressure in
the range of 400-600 MPa at process temperatures of up to 40 °C. Similarly, Halim
et al. (2009) processed several co-extruded packaging materials at 800 MPa and 70
°C for 10 min. They reported no significant differences in WVTRs of any tested
co-extruded films including Nylon 6/EVOH caused by processing. Mertens (1993)
applied 400 MPa pressure at 60 °C on LLDPE/EVA/EVOH/EVA/LLDPE and PET/
Al/PP for 30 min and observed 5 and 25 % reduction in WVTRs, respectively.
Fradin et al. (1998) processed LDPE/EVA/EVOH/EVA/LDPE and PET/Al/PP
laminates at 200 MPa for 15 and 45 min holding time and determined a slight
decrease in water-vapor permeability.

Caner et al. (2000) evaluated the effect of HPP (up to 800 MPa and maximum
50 °C) on eight high-barrier laminated films and observed up to 150 % increase in
water transmission for PETmet/EVA/LLDPE. Similarly, Galotto et al. (2010) evalu-
ated the effect of high pressure treatment (400 MPa and 20 and 60 °C for 30 min)
on WVTRs of four different flexible packaging materials (PE/EVOH/PE, metalized
polyester/polyethylene, PET/PE, and PPSiOx). They observed significant increases
in WVTRs of packaging films tested except PET/PE film, which experienced almost
no change. They reported delamination in metalized polyester/polyethylene and
water sensitivity, and swelling of EVOH in PE/EVOH/PE caused partial loss of
their barrier properties, resulting in significant increases in WVTRs. Additionally,
PPSiOx that was seriously damaged by a drastic increase in WVTR was observed.
Bull et al. (2010) studied the effects of PATP (600 MPa and 110 °C for 5-10 min)
on 11 commercially available packaging materials and reported that the foil lami-
nates gave the lowest WVTRs of all the films examined. Additionally, although the
laminates containing AlOx and SiOx had low WVTRs before processing, they were
damaged by the PATP treatment, and the packaging films almost completely lost
their barrier properties. Ayvaz et al. (2012) evaluated the effect of PATP (600 MPa and
110 °C for 10 min) and storage conditions (4 weeks at 25 and 37 °C) on Nylon/
EVOH/EVA, Nylon/EVA, and Met-PET/PE and reported a significant increase in
WYVTR of the Met-PET/PE pouch by preheating (15 min in boiling water). Similarly,
Caner et al. (2000) also reported that WVTR of Met-PET was significantly affected
by pressure application. According to Ayvaz et al. (2012), Nylon/EVOH/EVA and
Nylon/EVA, were not affected significantly in terms of WVTRs. Additionally, PATP
treatment followed by 4-week storage at either 25 or 37 °C did not further increase
the WVTRs of any pouches significantly.
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5.4.4 Mechanical Strength

Mertens et al. (1993) reported no changes in mechanical properties, including ten-
sile strength and elongation of LLDPE/EVA/EVOH/EVA/LLDPE and PET/AL foil/
PP films by high pressure application at 400 MPa and 60 °C for 30 min. Similarly,
according to the research conducted by Caner et al. (2003), no major impact of pres-
sure alone was found in tensile strength, elongation, and modulus of elasticity for
the tested packaging films (PET/SiO,/LDPE, PET/AL,O;/LDPE, PET/PVDC/
Nylon/HDPE/PP, PE/Nylon/EVOH/PE, PE/Nylon/PE, metallized PET/EVA/
LLDPE, PP/Nylon/PP, and PET/PVDC/EVA). Lopez-Rubio et al. (2005) observed
no damage on the structure of EVOH processed at 400—800 MPa and process tem-
peratures of 40 and 75 °C for 5-10 min and reported some improvements in the
crystallinity of EVOH. Similarly, Le-Bail et al. (2006) also conducted a research on
the effect of HPP (200, 400, and 600 MPa and 10 °C for 10 min) on the mechanical
properties of PA-PE, PET/BOA/PE, PET/PVDC/PE, PA/SY, LDPE, and EVA/PE
and reported no significant effects as a result of HPP.

However, there can be some increase in the tensile strength of the packages after
high pressure processing irrespective of the pressure level, the initial rigidity, and
the thickness of the package. This shows that the package becomes more rigid and
less flexible (Lambert et al. 2000). For instance, Lambert et al. (2000) reported that
processing at 200, 350, and 500 MPa and 20 °C for 30 min resulted in an increase
of tensile strength and rigidity for five out of six polymers tested (PA/EVOH/PE,
PA/LDPE, PA/LDPE, PET/PVDC/LDPE, PE/PE, PA/PP/LDPE). Only PA/PP/PE
film experienced a decrease in strength at 200 and 500 MPa.

5.4.5 Migration and Sorption

In general, three different mass transfer processes need to be emphasized.

» First, the permeation of the gases present in the environment such as oxygen,
water vapor, and so forth. These gases can permeate from the environment into
the packaged food.

e Second, the migration or movement of the low molecular weight substances
including solvents, plasticizers, antioxidants, and monomers from the packag-
ing material into the food. The migrated substances also have the potential to
create some by-products through degradation reactions. This migration needs to
be controlled since the substances may be toxic for humans and the environ-
ment. There are global and specific migrations and they can be measured. In
order to measure the global migration, weight differences between the evapo-
rated extracts of the processed and unprocessed samples are determined,
whereas further instrumental analysis is required for specific migration mea-
surement (Schauwecker et al. 2002).
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e The third and the last mass transfer which can occur is the scalping of low molec-
ular weight substances such as aroma compounds from food. Scalping of aroma
compounds can alter the flavor and compromise the quality of food (Guillard
et al. 2010; Mauricio-Iglesias et al. 2011).

Mertens (1993) used olive oil as food stimulant and measured the global migration
for PET/Al/PP and LLDPE/EVA/EVOH/EVA/LLDPE at atmospheric and high pres-
sure (400 MPa). The results showed a decrease in migration of olive oil under 400 MPa
for PET laminate, while a considerable increase was observed under high pressure for
LLDPE laminate. Pastorelli (1997) processed PET/AI/PP and PE/EVOH/PE at
400 MPa and 25 °C for 30 min and observed no significant overall migration or by-
products of substances from the packages. Similarly, Lambert et al. (2000) tested dif-
ferent packaging materials including PA/EVOH/PE, PA/LDPE, PET/PVDC/LDPE,
PE/PE, and PA/PP/LDPE after processing at 200—500 MPa and room temperature for
30 min. Authors reported insignificant amount of overall migration. Galotto et al.
(2010) evaluated the effect of high pressure treatment (400 MPa and 20 and 60 °C for
30 min) on total migration of four different flexible packaging materials (PE/EVOH/
PE, metallized polyester/polyethylene, PET/PE, and PPSiOx) into distilled water and
olive oil. They found that total migration from high pressure-treated packages was
lower than that of controls due to more compressed structure and higher degree of
crystallinity caused by high pressure treatment. On the other hand, total migration from
high pressure-treated packaging materials into olive oil was higher than that of con-
trols. The authors mentioned that oil could be absorbed by packaging material and
acted as a plasticizer causing changes in the structures of packaging materials such
as swelling, pinholes, and delamination. Additionally, total migration values were
lower at higher processing temperature (60 °C as opposed 20 °C) due to recrystal-
lization and therefore higher crystallinity at high pressure and high temperature. In
terms of specific migration, Caner and Harte (2005) reported no considerable
changes caused by Irganox 1076 migration from polypropylene flexible structures
by HPP at 800 MPa and 60 °C for 10 min.

Pressure-transmitting fluids such as glycol, castor oil, and silicone oil are used in
HPP systems for the purpose of transmitting the pressure to the packaged product.
Therefore, the fluid gets in contact with the package. Schauwecker et al. (2002)
evaluated the migration of 1,2-propanediol (PG) into EVOH and MRE pouches
treated by HPP (400, 600, and 827 MPa at 30, 50, and 70 °C for 10 min) and
observed no detectable migration. It could be due to the high pressure induced
reduction of the size of the micro-channels within the pouches.

Very limited studies investigated the impact of pressure treatment on aroma
barrier properties of packaging material. Kuebel et al. (1996) found that HPP had no
significant effect on the sorption of p-cymene and acetophenone into tested packag-
ing materials (LDPE/HDPE, HDPE, and PET/AI/LDPE). In situ measurement of
p-cymene, which had a very low polarity during HPP (50 MPa and 25 min) in
LDPE/HDPE/LDPE and PET/AVLDPE, was conducted by Goétz and Weisser
(2002). Similar to some other works in the area, they reported a slight decrease in
the permeation rate of the p-cymene versus increasing pressure levels during pro-
cessing due to the structural change in the packaging materials used.
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Caner et al. (2004) treated model food containing p-limonene with HPP (800 MPa
and 60 °C for 10 min) in PP and PE/Nylon/EVOH/PE films and observed no signifi-
cant change in the sorption of p-limonene by the process. On the other hand, the
Met-PET/EVA/LLDPE experienced less p-limonene sorption after the treatment.

It appears that during compression by high pressure, the polymer matrix loses its
capacity to absorb compounds from food or the surrounding media due to a
decreased free volume. As the pressure is released, the polymer quickly recovers its
original dimensions, and thus sorption and diffusion processes proceed as expected
at normal atmospheric pressure. Therefore, permeation and sorption values are sta-
tistically the same as for the non-compressed samples.

Rivas-Canedo et al. (2009) evaluated the effect of high pressure processing
(400 MPa and 12 °C for 10 min) and packaging on volatile profile of minced beef and
chicken breast. In terms of packaging, they compared wrapping the food with alumi-
num foil and subsequent vacuum packaging in multilayer package (LDPE/EVA lay-
ers/VDC (vinylidene chloride)) to only vacuum packaging in multilayer package with
no initial aluminum wrap. They reported that upon high pressure processing, volatile
profile of minced beef and chicken breast changed significantly and migration was the
main phenomenon. Migration increased with increasing fat content since packaging
material was more lipophilic, and therefore minced beef which had higher fat than
chicken experienced more migration. According to the authors, wrapping the food
with aluminum foil helped maintaining flavor profile better. Mauricio-Iglesias et al.
(2011) studied the effect of high pressure pasteurization (800 MPa and 40 °C) and
pressure-assisted thermal processing (800 MPa and 115 °C) on scalping of four aroma
compounds (2-hexanone, ethyl butanoate, ethyl hexanoate, b-limonene) by LDPE and
PLA (polylactate). They reported that tested aroma compounds were quite stable after
pasteurization treatment whereas significant losses of aroma compounds were
observed after sterilization treatment. They concluded that both LDPE and PLA were
suitable for high pressure pasteurization but not for sterilization conditions. Especially
for PLA, temperature becomes very critical if the temperature of the processing
exceeds the glass transition temperature of PLA.

5.4.6 Packaging Integrity

Any damage or alteration in the packaging materials can potentially cause the loss
of hermeticity, and therefore the quality, safety, and shelf life of the product can be
adversely affected. According to Fradin et al. (1998), the presence of air and the
volume of headspace could be a reason for delamination in HPP-treated packages.
The authors conducted an experiment in which they processed vacuum-packaged
pouches filled with water at 200 MPa and 25 °C for 45 min. They observed no
delamination for any pouches without headspace. However, delamination was found
in the regions close to the air bubbles in the material (on the top end of the pouches,
close to seams) in the presence of less than 10 % headspace. Headspace in the
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packaged product should be controlled in order to avoid any potential delamination,
seal damage, flexing, cracking, and deformation (Schauwecker et al. 2002).

Gotz and Weisser (2002) applied 500 MPa pressure for 5 min on PA/PE film at
room temperature and observed delamination in the package. They explained it as a
result of elasticity difference between the layers similar to the findings reported by
Caner et al. (2003) who utilized scanning electron microscopy and ultrasonic imag-
ing and also attributed the delamination in the pressure-treated (600 and 800 MPa,
45 °C for 5-20 min) Met-PET/EVA/LLDPE to the differences in elasticity and com-
pressibility of the metallized and polymeric layers. Schauwecker et al. (2002) tested
PE/Nylon/Al/PP and Nylon/EVOH/PE laminates filled with water after processing
at 200 and 690 MPa and approximately 100 °C for 10 min. They observed that
delamination occurred between PP and aluminum layer at processes above 90 °C
while no delamination was observed when temperature levels decreased to 85 °C or
processing was conducted at atmospheric pressure. Galotto et al. (2008) processed
four different pouches at 400 MPa and 60 °C for 30 min and observed delamination
and wrinkling except in PE containing pouches (PE/EVOH/PE and Met-PET/PE).
On the other hand, Bull et al. (2010) processed eleven commercially available pack-
aging materials used for thermal sterilization at 600 MPa and 110 °C for 5-10 min
and also reported delamination and deformation. The authors explained the effect as
a result of solubilization of the gases into the packaging film during compression
and quick release of the gases upon decompression. They further explained that the
concentration of the air in the headspace and in the gap of the laminate from manu-
facturing becomes denser due to the high pressure applied and dissolves into the
polymer layers more easily. Then, once the depressurization step is reached, the
dissolved gases are released quickly forcing the layers to separate. This resulted in
delamination. Moreover, authors proposed that degree of solubility of the gases
located in the material may be a factor affecting the magnitude of delamination.
Similar to this, Fairclough and Conti (2009) also mentioned that upon depressuriza-
tion of solubilized gases in the PP films processed at 695 MPa and 86 °C for 10 min,
opaque areas and bubbles are formed.

Lopez-Rubio et al. (2005) processed EVOH-based packaging materials at
800 MPa and 75.8 °C as well as in the retort at 121 °C. They found that as opposed
to the severe damage occurred in thermally treated packaging materials, high pres-
sure processed packages were minimally damaged. Similarly, regarding the overall
package integrity, Koutchma et al. (2010) reported that the pouches (four plastic-
laminated materials and two aluminum foil-laminated pouches) processed at
688 MPa and 121 °C showed no leakage or severe damage except some blisters and
ruptures formed on the outer walls of the metal layers. Good understanding of the
delamination and reasons behind it such as headspace volume can be useful to avoid
this problem and develop better packaging materials suitable for high pressure
applications (Bull et al. 2010).

In several research studies, further analyses were conducted to better evaluate
the damage on the surface or in the structure of packaging material. Caner et al.
(2003), Galotto et al. (2008), and Ayvaz et al. (2012) utilized scanning electron
microscopy (SEM) to locate damage on the surface of high pressure processed
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Fig. 5.3 Scanning electron micrographs of Met-PET/PE pouch illustrating the damage caused by
PATP treatment: (a) control; (b and ¢) PATP-treated (magnification x1000) (reprinted from Ayvaz
et al. 2012, with permission from Elsevier Ltd.)

films. They observed the delamination in tested metalized polymers. Figure 5.3
shows how the pressure-assisted thermal processing (600 MPa, 110 °C for 10 min)
affected the Met-PET/PE packaging material in research conducted by Ayvaz et al.
(2012).

In the same study, pinholes created in pressure-assisted thermally processed Nylon/
EVA package and effect of storage for 12 weeks at 25 °C can be seen in Fig. 5.4.

In some other research studies, differential scanning calorimeter (DSC) was utilized
to determine the effect of high pressure and pressure-assisted thermal processing on
thermal transition characteristics of different packaging materials (Schauwecker
et al. 2002; Lopez-Rubio et al. 2005; Galotto et al. 2008; Ayvaz et al. 2012). T,,
(melting temperature) and AH (heat of fusion) of polymers were calculated from
DSC thermograms to support the change in structure of polymers after high pres-
sure applications compared to control samples.

5.4.7 Seal Strength

For high pressure applications of flexible packages, sealing is an important step.
Package needs to be sealed properly prior to high pressure applications so that it can
survive the process maintaining the packaging integrity with no leakage (Lambert
et al. 2000).
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Fig. 5.4 Scanning electron micrographs of Nylon/EVA pouch illustrating the pinholes: (a) PATP-
treated only with no storage; (b) PATP-treated and stored at 25 °C for 12 weeks (magnification
x400) (reprinted from Ayvaz et al. 2012, with permission from Elsevier Ltd.)

Lambert et al. (2000) processed six different types of plastic package. The
packages were multilayer (PA/PE) with different thickness, permeability, and stress
at yield point and at breakage. They processed at 200-500 MPa and 20 °C for
30 min and found that seal strength of the pouches was not significantly altered by
the process except the heat-seal strength of one of the six pouches decreased more
than 25 % compared to its initial strength before high pressure processing. Similarly,
Dobias et al. (2004) applied 600 MPa pressure at 20 °C on some plastic-laminated
films including PA/PE and PE/EVOH/PE and reported that seal strength of the lami-
nates was not affected by high pressure application.

Koutchma et al. (2010) showed that pressure-assisted thermal processing
(688 MPa and 121 °C for 3 min) did not affect the seal strength of Nylon/co-extruded
ethylene-vinyl alcohol, Nylon/polypropylene, polyethylene terephthalate/alumi-
num oxide/casted PP, and PET/polyethylene pouches, but increased the seal strength
of the two aluminum foil-laminated pouches (PET/aluminum and Nylon/Al/PP).
Generally, PATP-treated pouches experienced increased seal strengths compared to
traditional thermal treatments. The authors could not find any relationship between
the vacuum levels in the pouches and the seal strengths and concluded that pressure-
assister thermal processing does not alter the seal strength of plastic-laminated
pouches significantly.

Patazcaetal. (2013) studied the effect of packaging for inactivation of Clostridium
botulinum spores by using PATP (750 MPa at 105 °C). Inactivation of spores in plas-
tic pouches, cryovials, and transfer pipettes was compared in laboratory-scale and
pilot-scale pressure systems. Approximately 6.6-log reduction of the spores pack-
aged transfer pipettes was obtained after processing for up to 10 min at 118 °C and
700 MPa in both pressure test systems. Reduction of spores packaged in plastic
pouches was the lowest (~4.8 log) for both pressure test systems when processed at
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the same conditions. It was concluded that the use of high-barrier plastic pouches
for packaging of spores and subsequent high pressure processing can result in inac-
curate spore inactivation data compared with other packaging systems studied.
Since the type of flexible packaging systems might affect inactivation results, addi-
tional studies are needed to determine the cause of the packaging effect that was
observed in this study.

5.5 Future Research Needs in Pressure Treatment
of Packages

Food industry is exploring the concept of nanotechnology applications in food
packaging, and it is expected that nanocomposite packages will become more com-
monly used in the food industry in the near future. Nanotechnology provides the
ability to food processors to engineer the structure of the materials at a molecular
scale. It may be possible to design packaging material with desired functionalities.

Nanoparticles are defined as particles which are less than 1 nm in at least one
dimension; however, other side dimensions can be larger, which can provide high
aspect ratios. When used in packaging materials, they provide highly desired excep-
tional properties (Brody et al. 2008) such as improved barrier, mechanical, and ther-
mal performances as well as extended shelf life of food products (Sorrentino et al.
2007). For instance, montmorillonite clay increases the gas barrier properties of a
polymer by simply extending the length of the tortuous path that gases need to pass
through (Halim et al. 2009).

According to some modeling approaches, significantly higher barrier properties
(up to 50 times higher or even more) can be accomplished by utilizing the high
aspect ratio particles. Generally, the difficulty with the nanocomposite packaging is
how well the filler is dispersed in the matrix (Lange and Wyser 2003). Another
important point involving the usage of nanoparticles in food applications is that
nanomaterials need to keep their beneficial properties after different processing
conditions, including high pressure levels, elevated temperatures, and so forth
(Halim et al. 2009). As for high pressure processing, very limited studies are avail-
able on the impact of combined pressure-thermal treatment on nanocomposite pack-
aging materials.

Antimicrobial packaging is another promising tool for controlling the growth
of food-borne pathogens or spoilage bacteria in ready-to-eat (RTE) post-processed
products. Antimicrobials are impregnated into food packaging to protect the
package or to extend the shelf life of the contained food. Known antimicrobials
include organic acids and their salts, sulfites, nitrites, antibiotics, alcohols,
enzymes, and natural components such as bacteriocins, especially nisin. Nisin is
currently the only bacteriocin allowed to be used as a food additive. Enterocins A
and B and sakacin K are bacteriocins whose antilisterial activity has been shown
in a meat homogenate and have been applied experimentally as ingredients in
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several meat products. All uses of antimicrobial substances in or on food-packaging
materials are considered food additive uses regardless of their intention. Jofré et al.
(2008) studied the effectiveness of the application of interleavers containing entero-
cins A and B, sakacin K, nisin A, potassium lactate, and nisin plus lactate alone or
in combination with a 400 MPa in sliced cooked ham spiked with Salmonella spp.
It was reported that antimicrobial packaging, HPP, and refrigerated storage appear
as an effective combination of hurdles to obtain value-added, ready-to-eat products
for 3 months of storage at 6 °C. On the other hand, Marcos et al. (2013) evaluated
the combined effect of antimicrobial packaging (polyvinyl alcohol with nisin added)
and high pressure processing (at 600 MPa and 12 °C for 5 min) as a post-process
treatment on L. monocytogenes-inoculated fermented sausages with no added
sodium salt. They found that HPP did not contribute any protection against L. mono-
cytogenes compared to antimicrobial packaging alone. The authors attributed this to
possible protective effect by low water activity and lactate content of the fermented
sausages.

5.5.1 Safety of Packaging Materials

Due to the novelty of HPP, food manufacturers may request that their packaging
materials providers obtain a letter of no objection regarding the acceptability of
their materials for HPP treatment from regulatory agencies such as US FDA or
Health Canada. Information on the regulation and pre-market assessment of pack-
aging materials can be found on US FDA and Health Canada’s Packaging Materials
webpage. In addition, a complete list of all packaging materials accepted by the
Canadian Food Inspection Agency (CFIA) including those acceptable for HPP
treatment is available on Health Canada and CFIA’s website (http://www.hc-sc.
gc.ca/fn-an/legislation/guide-1d/polymers_tc-polymere_tm-eng.php).

5.6 Conclusions

Pressure treatment has the potential to alter the gas and moisture barrier properties
of packaging material. This in turn influence the quality of the packaged product
during the extended storage. High pressure pasteurization treatment at ambient or
chilled conditions generally do not have adverse effect on properties of the packag-
ing materials commonly used in food industry. However, if the adhesion between
the layers of multilayer structure of the packaging film is affected by processing,
gaps may appear within the structure resulting in loss of integrity and therefore the
safety and quality problems of the packaged food.

More research is necessary to identify suitable polymer packaging material with
high barrier properties that can withstand severe treatment conditions during PATP.
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Chapter 6

In Situ Thermal, Volumetric and Electrical
Properties of Food Matrices Under Elevated
Pressure and the Techniques Employed

to Measure Them

Sung Hee Park, Loc Thai Nguyen, Stephen Min, V.M. Balasubramaniam,
and Sudhir K. Sastry

Abstract This chapter summarizes research efforts in the experimentation and
measurement of various in situ thermophysical properties of food and packaging
material subjected to combined pressure-thermal treatment. The properties investi-
gated include heat of compression, compressibility, thermal conductivity, specific
heat, thermal diffusivity, electrical conductivity, and reaction volume. This informa-
tion will help to understand the extent of process nonuniformity during pressure
treatment, characterize chemical and physical changes, as well as assess the safety
and quality of products and processes.

Keywords In-situ properties * Heat of compression * High pressure ¢ Thermal
properties ¢ Sensor development
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Nomenclature

A Area of the intensifier piston

a Regression model parameter

CH Heat of compression (°C/100 MPa)
C, Specific heat (kJ/kg-K or J/kg-K)
| Current (A)

k Thermal conductivity (W/m-°C)
ke Cell constant (m™)

P Pressure (MPa)

Q Heat generation (W/m)

r The distance between line heat and second thermocouple probe
T Temperature (K or °C)

t Time (s)

A" Voltage (V)

o Thermal diffusivity (m?%s)

B Thermal expansivity (K™

p Density (kg/m?)

c Electrical conductivity (S/m)

AT  Temperature difference (°C)
Subscript

0-3  Empirical model parameter position of the intensifier piston
1 Start time of heating

2 End time of heating

atm  Atmospheric pressure (0.1 MPa)

bf Beef

d Duration of heat pulse

e End time

H Heat exchange with the surroundings

i Initial

m Time from the start of heating to the temperature reaching maximum
p Pressure

s Start time

wt  Water

6.1 Introduction

There has been a recent increase in research evaluating the in situ properties of food
matrices under high pressure. In theory, hydrostatic pressure is uniformly and
instantaneously applied to food samples, irrespective of the geometry exposed.
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Isostatic principles bestow high-pressure processing (HPP) with certain advantages
over thermal processing; however, it does not completely eliminate the classical
limitations imposed by heat transfer (Denys et al. 2000b). Due to the differences in
heat of compression of different food components (e.g., lipids, proteins, etc.) and
the differences in the physical heat-transfer boundary conditions, the temperature of
food samples processed inside a pressure vessel may vary spatially. Knowledge of
the appropriate thermal and physical properties of the processed material during
HPP is required in order to effectively analyze, design, and operate the systems
(Denys and Hendrickx 1999). Familiarity with in situ properties of various foods
under pressure is essential to evaluate the extent of nonuniformity of the treat-
ment and to develop the appropriate kinetics models for microbial and enzymatic
inactivation. Developing sensors for in situ measurement of food properties under
high pressure is challenging. They should be (1) pressure tolerant (up to 700 MPa),
(2) precise and accurate, (3) versatile in terms of measurement of relevant properties
in both liquid and solid foods and (4) operation is not interfered by compression
media (Min et al. 2009). The current review summarizes various in situ thermal,
volumetric, and electrical properties of food matrices during HPP and in situ mea-
surement techniques employed to measure such properties.

6.2 Installation of Thermocouple and Electrical Wires
into High-Pressure Vessel

In situ thermal, volumetric or electrical food property measurement under pressure
requires custom made instrumented pressure vessels that have provisions for passing
wires (or transmitting signals) of thermocouple, power, voltage or current through
the walls of the pressure vessel. Diamond anvil type pressure vessels may be useful
for the measurement of optical based properties. Whenever estimating the in situ
properties of food matrices under pressure using special probes, it important to cali-
brate the probes. Typically probe specific calibration factors can be obtained by
comparing experimental data against those published by standard sources (e.g.,
NIST data for properties of water). K-type thermocouples have proven to be reliable
up to 700 MPa and 100 °C, with less than 2 °C deviations (Bundy 1961). Electrical
wire feedthrough is also essential to supply electric power for in situ electrical prop-
erty studies. One method for such wiring in high-pressure vessels is to drill a hole
right through the Bridgman-type metal cone (beryllium copper, stainless steel, mild
steel, maraging steel) and silver-solder a continuous thermocouple through the axis
of the cone. This silver-soldered cone can subsequently pass through the conical
cavity of the high-pressure vessel closure (Fig. 6.1., Sherman and Stadtmuller 1987).

The surface of the metal cone must then be electrically insulated to prevent direct
contact between the high-pressure thermocouple cone and vessel enclosure. Kynar
heat-shrink tubing has proven to be effective for insulating the conical feedthrough,
up to 1000 MPa at 25 °C (Terry and Ruoff 1972). For a high-temperature applica-
tion, mineral-insulated (MI) cable can be used as the high-pressure feedthrough
wires. MI cable is a variety of conductor cables (e.g., thermocouple or power supply
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Fig. 6.1 The Bridgman cone-type electrical lead-through. C indicates a thin conical shell of pipe-
stone and / indicate electrical insulation (from Sherman and Stadtmuller 1987)

copper wire) insulated internally by inorganic magnesium oxide powder (Miller
et al. 2009) inside a metal sheath. Therefore, MI cable can be directly silver-soldered
onto metal cones without further insulation. Figure 6.2 describes high-pressure
feedthrough wires prepared using techniques mentioned above.

6.3 Thermal Properties: Heat of Compression, Thermal
Conductivity, Thermal Diffusivity, and Specific Heat

6.3.1 Heat of Compression

All compressible materials adiabatically change temperature during physical com-
pression, depending on their compressibility and specific heat (Balasubramaniam
et al. 2004; Houska et al. 2004; Patazca et al. 2007; Ting et al. 2002). During high-
pressure processing, the material is compressed by 15-20 % under pressure. This
physical compression transiently increases product temperature while the product is
under pressure. Upon depressurization, the product gives back the energy gained
during compression, resulting in a temperature drop.
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a metal cone b metal cone insulated by customized
conical polypropylene sleeve
copper wire silver soldering copper wire insulated by heat shrink tubing

€ mineral imagnesium oxide power) i
inside of stainless sheath metal sheath
(images are not shown)

stainless sheath

K-type thermocouple avital Gonia

silver soldering

Fig. 6.2 Description of high-pressure feed through wires and their insulation: (a) high-pressure
electrical feedthrough wire silvered-soldered on the metal cone (non-insulation), (b) high-pressure
electrical feedthrough wire insulated by heat shrink tubing and customized conical sleeve, (c)
mineral-insulated (MI) thermocouple

The heat of compression values of the material depends upon the product initial
temperature (T, °K), thermal expansivity (f,, K™') at pressure, specific heat (C,, J/
kg-K) at pressure (Pa), and density (p,, kg/m®) at pressure. The temperature increase
due to physical compression can be estimated using the following relationship:

ar _ 7:_[31’ 6.1)
- Cp,-p,

Under compression, the internal energy of the system increases rapidly as the mate-
rial is compressed resulting in temperature increase (Rasanayagam et al. 2003; Otero
et al. 2000). Due to the challenges in estimating properties of food material in situ
under pressure, very limited information is available under such experimental condi-
tions. Earlier researchers estimated the heat of compression values experimentally by
monitoring temperature changes in the substance during pressure buildup or decom-
pression (Otero et al. 2000; Rasanayagam et al. 2003; Patazca et al. 2007). Table 6.1
lists heat of compression values of selected food and packaging materials.

Heat of compression values of high-moisture foods (such as fruit juice and milk)
are very similar to that of water, 3 °C per 100 MPa at 25 °C (Rasanayagam et al.
2003), whereas vegetable oils and beef fat showed higher heat of compression val-
ues due to their higher compressibility with long-chain unsaturated fatty acids and
lower specific heat (Rasanayagam et al. 2003). While heat of compression of water
and high-moisture-content foods generally increases with increasing initial product
temperature, heat of compression of fatty materials does not vary as a function of
initial temperature. The differences in the thermal response of water, fats, and oils
can be attributed to their molecular structure and phase transition characteristics
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Table 6.1 Heat of compression (°C/100 MPa) for selected foods
and packaging material at initial temperature of 25 °C

Substances Temperature increase (°C) per 100 MPa
Water® 2.9
Salmon fish® 3.0
Cream cheese® 4.7
Egg yolk® 43
Egg white® 2.8
Whole Egg® 33
Hass avocado® 3.7
Whole milk® 32
Skim milk® 3.0
Honey® 2.9
Extracted beef fat* 6.3
Linoleic acid® 5.9
Acetic acid® 11.4
Propionic acid® 6.7
Soybean oil* 6.3
Olive oil® 7.2
Propylene glycol® 5.1
Ethanol* 6.8
Polypropylene! 4.0

“Rasanayagam et al. 2003

“Patazca et al. 2007

‘Ramaswamy and Balasubramaniam 2007
dSchauwecker et al. 2002

(Nguyen and Balasubramaniam 2011). Water molecules are compact, polar, and
more closely packed than the fat molecules by virtue of hydrogen bonds; thus, water
has lower heat of compression than oil and fat (Patazca et al. 2007). In comparison,
saturated fatty acids have lower compression heating than unsaturated fatty acids
because saturated long-chain fats are more closely packed than unsaturated long-
chain fats (Rasanayagam et al. 2003).

Knoerzer et al. (2010) and Schauwecker et al. (2002) investigated the heat of
compression characteristics of food packaging materials such as high-density poly-
ethylene (HDPE), polypropylene (PP), and polytetrafluoroethylene (PTFE) during
high-pressure processing up to 750 MPa. The authors reported that at temperatures
around 20 °C and pressures below 50 MPa, the compression heating coefficients of
HDPE are approximately 40 times higher than those of water. This high heat of
compression values at low pressure would be attributed to high thermal expansion
coefficient values and by the weaker van der Waals forces of the macromolecules,
than that of significantly stronger hydrogen bonds in water (Knoerzer et al. 2010).

Knowing the heat of compression of the food material can help to estimate prod-
uct temperature under pressure using the following empirical relationship (Nguyen
et al. 2007):

T, =T,~[CHx (P, - P,,)+ AT;,] 6.2)
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where T;=initial product temperature (°C), T,=target process temperature of
the product at pressure (°C), CH=heat of compression (°C/100 MPa), P, =target
process pressure (MPa), P, =atmospheric pressure (0.1 MPa), and ATH is the heat
gain (or lost) by the test sample from the environment during pressure-holding time.

The difference of heat of compression will influence the magnitude of heat trans-
fer among the pressure-transmitting fluid, food product, and the environment
(Nguyen and Balasubramaniam 2011). Subsequently, the thermal gradient in the
system could influence microbial inactivation and product quality (Balasubramanian
and Balasubramaniam 2003). Product temperature during HPP is influenced by
both heat of compression and heat loss. Care must be taken to interpret data obtained
from situations involving excessive drop in sample temperature (Ramaswamy et al.
2007). Knoerzer and Chapman (2011) demonstrated the significance of the heat of
compression factor in estimating the temperature distribution inside a high-pressure
chamber using computational fluid dynamics (CFD) modeling. The stability of
product temperature during the holding time at pressure may depend on the insula-
tion characteristics of the pressure vessel (Balasubramaniam et al. 2004).

6.3.2 Thermal Conductivity

The thermal conductivity of water under pressure (over giga-pascal range) has been
studied (Bridgman 1923; Kestin et al. 1984; Lawson et al. 1959). Studies of thermal
conductivity of water under pressure were summarized by Wagner and Pruss (2002)
and reported as an equation of state of water by the International Association of
the Properties of Water and Steam (IAPWS). Recently, the National Institute of
Standards and Technology (NIST) adopted the IAPWS equation (REFPROP, ver-
sion 9.0, Lemmon et al. 2010). Very limited information is available about the in
situ thermal conductivity of food materials under pressure.

Thermal conductivity values at atmospheric pressure conditions are estimated
either by steady-state or unsteady-state (transient) methods. In steady-state methods
(unless sample sizes are extremely small), a long time is required to achieve steady
conditions (several hours), making these methods incompatible with perishable
foods that may change chemically and physically during that time (Nesvadba 2005).
Among unsteady-state methods, line heat-source probe technique has been com-
monly used (Murakami et al. 1996a, b; Reidy and Rippen 1971; Sweat and Haugh
1974). The temperature rise is measured as a function of time, and thermal conduc-
tivity is calculated from the following equation (Nesvadba 2005):

(0] t
= In= .
g 47rAT[nt] (63)

where k=thermal conductivity of the sample (W/m- °C), Q=heat generated by line
heat source (W/m), #,=start time (s) and 7. =end time (s) within the straight-line por-
tion of the curve, and 7; and T, =temperature (°C) at time f, and ., respectively.
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Above transient technique was adopted to measure the in situ thermal conductiv-
ity (k,) of liquid foods under pressure (Denys and Hendrickx 1999; Ramaswamy
et al. 2007; Zhu et al. 2008). Figure 6.3 presents the schematic diagram of a line
heat-source probe for measuring in situ thermal conductivity (k,) (Ramaswamy
et al. 2007). K-type thermocouple wires along with the insulated constantan heater
wire were inserted inside a stainless steel hypodermic needle tube. The wires were
insulated to avoid any short circuits and connected to the power source and data
acquisition system. Then the probe was aligned approximately in the central axis of
the polycarbonate sample holder with a movable piston. The bottom of the outer
sample holder housed a removable and free-moving piston, sealed with an O-ring.
This allowed pressure to transmit from medium to sample. After pressure equilibra-
tion, temperature change was monitored as a function of time to calculate in situ
thermal conductivity (k,) under pressure. k, of selected foods at elevated pressure
and 25 °C has been investigated by previous researchers (Nguyen et al. 2012;
Ramaswamy et al. 2007; Zhu et al. 2008). In their studies, experimental data were
used to construct regression models to estimate the changes in in situ thermal con-
ductivity (k,) as a function of pressure (equation 6.4).

kp:ao—i-al-P-i—az~P2+a3-P2 (6.4)

Table 6.2 summarizes the coefficients for the regression equation describing the
thermal conductivity of water and selected foods as a function of pressure at 25
°C. Since Eq. (6.4) is empirical in nature, it is important that such equations are used
to estimate thermal conductivity values only within the range of experimental con-
ditions, as extrapolations may result in erroneous values. All tested samples showed
increasing k, as a function of pressure. Under pressure, the intermolecular distance
is decreased hence reducing the mean free path for the molecules, resulting in an
increase in thermal conductivity (Nguyen et al. 2012). Apple juice (88 % moisture)
showed similar k, to that of water. Among the tested food samples, clarified butter
showed the maximum increase (87 %) in k, at 700 MPa relative to atmospheric pres-
sure, followed by canola oil (62 % increase) and apple juice (38 % increase). Water
and aqueous-based materials have lower compressibility (Bridgman 1923) than fat-
based foods. Consequently, their k, values under pressure increase to a lesser extent
(Ramaswamy et al. 2007). Moisture content plays an important role in the thermal
conductivity of tested materials (Zhu et al. 2008).

The extent of heat exchange between the product and its surroundings is in
part governed by its thermal properties, such as its thermal conductivity and spe-
cific heat (Rasanayagam et al. 2003). Whenever foods with high thermal conductiv-
ity are pressurized, care is required to monitor any potential heat loss to the
surrounding pressure medium or vessel, to ensure the process uniformity and
microbial safety. In an unheated/noninsulated pressure vessel, it is recognized that
the cold zone (or least treated region) is likely located near the wall or near vessel
closures (Balasubramaniam et al. 2004; Knoerzer et al. 2010; Nguyen and
Balasubramaniam 2011). Macronutrients in food matrices, such as water, fat, pro-
tein, and carbohydrate, have different thermal conductivities under pressure.
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Table 6.2 Coefficients of regression equation (Eq. 6.4) for in situ thermal conductivity
(ky, W/m - °C) of water and selected food materials as a function of pressure (MPa) at 25 °C

<) a a as R?
Water? 0.607 0.0005 —0.0000007 0.0000000006 1.00
Apple juice® 0.6003 0.000329 0.92
Canola oil® 0.1987 0.000176 0.99
Clarified butter® 0.2356 0.000293 0.91
Cheddar cheese* 0.351 0.000266 —-0.00000017 0.90
Chicken breast® 0.522 0.0003778 —0.000000347 0.88
Potato® 0.588 0.000363 —0.000000058 0.99
Tomato puree! 0.531 0.0003 0.96
Honey! 0.329 0.0001 0.95
Guacamole! 0.421 0.0002 0.97
Cream cheese! 0.363 0.0002 0.95

“Empirical model was constructed in this study based on NIST reference fluid thermodynamic and
transport properties-REFPROP Version 9.0 (Lemmon et al. 2010)

"Ramaswamy et al. 2007, measured up to 700 MPa at 25 °C

“Zhu et al. 2008, measured up to 350 MPa at 25 °C

dNguyen et al. 2012, measured up to 600 MPa at 25 °C

Therefore, the cold zone must be carefully considered for heterogeneous foods
(Ardia et al. 2004). Insulating vessels minimize heat loss through the inner wall
(Balasubramaniam et al. 2004). Further research is required to evaluate the in situ
thermal conductivities of a broad range of food components.

6.3.3 Thermal Diffusivity

A dual needle line heat probe has been adopted to estimate in situ thermal diffusiv-
ity (a,) and specific heat (C,) in food matrices under pressure (Nguyen et al. 2012;
Zhu et al. 2007). The basic design is similar to line heat-source probes, except there
is a second K-type thermocouple beyond the first probe. The second probe main-
tains a constant distance from the first probe. Under pressure, a line heater at the first
probe heats samples and then the temperature change of the second thermocouple is
recorded to calculate in situ thermal diffusivity, using the following relation (Nguyen
et al. 2012; Zhu et al. 2007):

¥ =t —t,)"
ap — _(_ m m d
4 ln(tm ) - ln(tm - td)

(6.5)

where r=the distance (m) between line heat and second thermocouple probe,
ty=duration of the heat pulse (s), and ¢, =time from the start of heating to maximum
temperature (s). Previous researchers developed regression models to estimate the
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Table 6.3 Coefficients of regression equation (Eq. 6.6) for in situ thermal diffusivity (a,, m%s) of
water and selected food materials as a function of pressure (MPa)

ap a a, as R’
Water? 0.146 | 0.0001 —-0.0000003 0.0002 1.00
Soybean oil° 0.077 | 0.00002 0.00000008 0.94
Honey® 0.093 | 0.000001 0.00000008 0.95
Tomato puree® 0.130 | 0.0001 —0.00000006 0.85
Guacamole® 0.122 | 0.00007 —-0.00000002 0.83
Cream cheese® 0.111 | 0.00006 0.00000002 0.92
Potato® 0.145 1 0.0000821 —-0.0000000255 0.63

“Empirical model was constructed in this study based on NIST reference fluid thermodynamic and
transport properties-REFPROP Version 9.0 (Lemmon et al. 2010)
®Nguyen et al. 2012, measured up to 600 MPa at 25 °C

“Zhu et al. 2007, measured up to 350 MPa at 5 °C

changes in in situ thermal diffusivity as a function of pressure using experimental
data and described in the form of equation 6.6.

Otp:a0+al~P+a2'P2+a3'P2 (6.6)

Table 6.3 tabulates the coefficients for the regression equation describing in situ
thermal diffusivity () of water and selected foods as a function of pressure, at 25
°C (Zhu et al. 2007). Water showed a 22 % increase in o, at 600 MPa in comparison
to its initial value at 0.1 MPa. Among tested food samples, soybean oil had the
most increase (53 %) at 600 MPa followed by cream cheese (39 %), honey (32 %),
tomato puree (30 %), and guacamole (29 %). Thermal diffusivity has a significant
impact on the heat flux inside food samples and the surrounding media. When there
is a heat flux across the boundary of the system, the transient temperature field,
which occurs within the product, must be taken into account (Ardia et al. 2004).

6.3.3.1 Specific Heat

Based on knowledge of in situ thermal conductivity (k;), thermal diffusivity (a,),
and density data for selected food materials (p,) (Min et al. 2010), in situ specific
heat (Cp,), under pressure, was estimated as follows (Nguyen et al. 2012):

kP
Cp, =— (6.7)
ap pP

where k,=in situ thermal conductivity (W/m-°C) under pressure, a,=in situ ther-
mal diffusivity (m?/s) under pressure, and p,=in situ density under pressure (kg/
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Table 6.4 Coefficients of regression equation (Eq. 6.8) for in situ specific heat (Cp,, kl/kg-K) of
water and selected food materials as a function of pressure (MPa) at 25 °C

ap a a, as R’
Water* 4.181 |-0.0024 0.000005 —0.000000004 1.00
Soybean oil° 2.493 | -0.000008 —0.000001 0.83
Honey® 2.432 0.00007 —0.000001 0.96
Guacamole® 3.190 0.0025 —0.00001 0.00000001 0.75

4 Empirical model was constructed in this study based on NIST reference fluid thermodynamic and
transport properties-REFPROP Version 9.0 (Lemmon et al. 2010)
> Nguyen et al. 2012, measured up to 600 MPa at 25 °C

m?). In situ specific heat (Cp,) changes under pressure were empirically modeled as
follows and are summarized in Table 6.4:

Cpp=a0+al~P+a2-P2+a3~P2 (6.8)

Cp, values of tested materials (water, soybean oil, honey, guacamole) had decreas-
ing trends as a function of pressure, except guacamole. Guacamole did not show a
clear Cp, trend. Initial increase in Cp, of guacamole may be attributed to entrapped
air bubbles in the sample during loading, although an effort was made to deaerate
the guacamole by applying vacuum before pressure treatment (Nguyen et al. 2012).
Cp, is the quotient of thermal conductivity to diffusivity, and both conductivity and
diffusivity had a similar increasing rate with rising pressures (Zhu et al. 2007).

In the previous studies, significant efforts have been made to measure the in situ
thermal properties of various food materials at elevated pressures (350-700 MPa) at
room temperature ranges. Previous researchers have tried to simulate the tempera-
ture and pressure distribution within the vessel using mathematical modeling and
computational fluid dynamics (Abdul Ghani and Farid 2007; Denys et al. 1997;
Hartmann et al. 2003) (see chapter 12 and 13 on mathematical modeling and process
uniformity). However, in situ thermal properties of real foods were not readily avail-
able, so researchers often used the values for that of water. For an example, Abdul
and Farid (2007) used computational fluid dynamics to simulate the temperature
distributions of solid (beef fat)-water mixtures during conduction in the high-
pressure vessel. The in situ thermal conductivity of beef fat (ki ,) under pressure was
not available, so the authors estimated ki , as adopted by Hartmann et al. (2003):

k atm
Ky = (k"f’ i ) kp

wt,atm

(6.9)

where ky, ,=1in situ thermal conductivity of beef fat at pressure; k., ym=1n situ ther-
mal conductivity of beef fat at atmospheric pressure, 0.1 MPa; ki, ,,=in situ ther-
mal conductivity of water at atmospheric pressure, 0.1 MPa; and k,, ,=in situ
thermal conductivity of water at pressure. Validation of the computed temperature
distribution was in agreement with those measured experimentally and reported in
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the literature. However, a real food consists of multiple components including
water, fat, carbohydrates, and protein. Heat-transfer models need accurate thermal
and physical property data for the products being studied at the appropriate condi-
tions, and thus, it was necessary to determine the pressure and temperature depen-
dence of the relevant properties, thermal conductivity, density, specific heat, and
thermal expansivity (Denys et al. 2000b). Further studies are needed to investigate
the in situ thermal properties of foods during combined pressure (350-700 MPa)
-thermal (105-121 °C) treatment.

6.4 Volumetric Properties: Density and Compressibility

In high-pressure processing, measurement of a material’s volumetric properties under
pressure is required to estimate heat of compression values of materials and to model
the thermal profiles of pressurized food systems (Barbosa-Cdnovas and Rodriguez
2005; Min et al. 2009). The compressibility of molecules and changes in volume
influence the pressure-induced changes on proteins, resulting in an equilibrium shift
favoring the state with the lowest overall volume (Kresic et al. 2008; Lullien-Pellerin
and Balny 2002). In the case of liquid foods under pressure, density differences occur
which lead to free convection of fluids (Abdul Ghani and Farid 2007).

Bridgman (1909, 1931) conducted pioneering work on the compressibility of
several liquids under elevated pressure. Guignon et al. (2010) investigated the volu-
metric properties of pressurization fluids (water, ethanol, ethylene glycol, propylene
glycol, castor oil, silicon oil) up to 350 MPa. The compressibility of water is avail-
able in the NIST reference fluid thermodynamic and transport properties—
REFPROP, version 9.0 (Lemmon et al. 2010). Table 6.5 summarizes the isothermal
compressibility (MPa™"), volume, and density change of water as functions of pres-
sure. Water reduces its initial volume by 14.8 % at 600 MPa. Water properties are
useful to simulate the behavior of high-moisture foods; however, some significant
discrepancies may appear in modeling predictions if pure water properties are used
instead of corresponding properties for the real food (Guignon et al. 2010).

A number of researchers (Aparicio et al. 2011; Denys et al. 2000a; Guignon et al.
2009; Min et al. 2009; Min et al. 2010) have conducted experiments measuring the
compressibility of several food materials under pressure. Various methods, such as
the piezometer, piston-displacement method, and hydrometer, were adopted to mea-
sure the volumetric properties of food under pressure (Barbosa 2003). Denys et al.
(2000b) determined the density of tomato paste and apple pulp by measuring the
amount of pressure-transfer medium pumped into the high-pressure equipment.
More recently, a variable volume piezometer and linear variable differential trans-
former were used to measure the compressibility and density of both liquid and
solid foods under pressure (Aparicio et al. 2011; Guignon et al. 2009; Min et al.
2009; Min et al. 2010). Min et al. (2009) customized the variable volume piezom-
eter for both liquid and solid foods applicable up to 700 MPa. The modified piezom-
eter utilized the magnet coil and movable copper piston as an eddy current sensor to
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Table 6.5 Volumetric properties® of water as a function of pressure (MPa) at 25 °C

Isothermal compressibility

Pressure (MPa) (MPa™) Volume (m*kg, 10~3) Density (kg/m®)
0.1 0.00045246 1.003 997
50 0.00040019 0.982 1018
100 0.00035723 0.964 1038
150 0.00032168 0.947 1056
200 0.00029215 0.933 1072
250 0.00026746 0.920 1087
300 0.00024666 0.908 1101
350 0.00022895 0.898 1114
400 0.00021371 0.888 1127
450 0.00020045 0.879 1138
500 0.00018882 0.870 1149
550 0.00017851 0.862 1160
600 0.00016931 0.855 1170
650 0.00016102 0.848 1180
700 0.00015354 0.841 1189

iData obtained using NIST reference fluid thermodynamic and transport properties—
REFPROP software Version 9.0 (Lemmon et al. 2010)

sense piston displacement upon pressurization. A magnet coil, wrapped around a
polycarbonate sample tube, produced an electromagnetic field by means of vertical
movements of the copper piston. Inductance changes and their empirical relation-
ship to volume changes of water (published NIST database) were determined.
Subsequently, this empirical model was used to calculate the volume change of
tested food samples depending on inductance changes in the variable volume
piezometer under pressure as follows:

pp=a0+al-P+a2-P2 (6.10)

Table 6.6 summarizes the parameters of empirical models to estimate the density
changes of selected foods as a function of pressure. The density of all tested foods
increased as a function of pressure. The density of water increases from 997 kg/m?
at 0.1 MPa to 1189 kg/m? at 700 MPa. Apple juice has the highest increase in den-
sity (17.4 %) with pressure, 0.1 MPa to 700 MPa. Clarified buffer (17.2 %) has the
second largest change in density followed by soybean oil (16.9 %), chicken fat (16.2
%), carrot (14.6 %), chicken breast (14.1 %), cheddar cheese (13.7 %), deli ham
(13.0 %), honey (8.9 %), and then salmon (8.6 %). Results demonstrate that food
densities under pressure, particularly for those relatively high in solids, fat, and
porosity, deviate from the behavior of water (Min et al. 2010). Measured differences
in food densities under pressure are attributable mostly to differences in compress-
ibility. Published in situ properties of specific heat (Nguyen et al. 2012) and density
(Min et al. 2011) can be used to derive theoretical adiabatic temperature increases
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Table 6.6 Coefficients of regression equation (Eq. 6.10) for in situ density (p,, kg/m?) of water
and selected food materials as a function of pressure at 25 °C

ao a a, R?
Water* 997 0.4025 -0.0002 0.99
Salmon® 1013 0.32 —-0.00028 0.99
Soybean oil® 917 0.4194 —-0.0002820 0.99
Apple juice® 1044 0.3856 -0.0001804 0.99
Clarified butter® 911 0.4042 —-0.0002571 0.99
Honey® 1464 0.3259 —-0.0001995 0.99
Deli ham® 1078 0.3970 —-0.0002803 0.98
Chicken fat* 924 0.4202 —-0.0002943 0.99
Chicken breast® 1064 0.4174 —-0.0002855 0.99
Cheddar cheese® 1086 0.4659 —0.0003608 0.98
Carrot® 1047 0.4136 -0.0002786 0.97

“Empirical model was constructed in this study based on NIST reference fluid thermodynamic and
transport properties-REFPROP Version 9.0 (Lemmon et al. 2010)

"Min et al. 2009, at 25 °C, measured up to 700 MPa at 25 °C

‘Min et al. 2010, at 25 °C, measured up to 700 MPa at 25 °C

(dT) using Eq. (6.1). Figure 6.4 shows the theoretical estimates (see equation 6.1) for
temperature increases in water, honey, and soybean oil. For the thermal expansivity
(p,, K™) of soybean oil and honey, there seems to be no published data; so, the f3, of
water (f, waer) under pressure was used from NIST reference fluid thermodynamic
and transport properties—REFPROP, version 9.0 (Lemmon et al. 2010). Although
Bo, waer could differ from soybean oil and honey, reasonable values of B, yuer Were
applied for both soybean oil and honey. In the theoretical estimations of adiabatic
temperature increases, soybean oil showed the greatest temperature increase, from
25 °C at 0.1 MPa to 60 °C at 600 MPa. Water and honey increased in temperature
up to 43 and 48 °C, respectively, with rising pressures to 600 MPa. Rasanayagam
et al. (2003) reported the experimental value of adiabatic temperature increases in
soybean oil up to 62.8 °C at 600 MPa when it was compressed from 25 °C at
0.1 MPa. In our study, the theoretical estimation of adiabatic temperature increases
had strong agreement with the published experimental values, within 2.8 °C. Water
had an experimental adiabatic temperature increase up to 42.4 °C (initial tempera-
ture of 25 °C at 0.1 MPa) with elevating pressures up to 600 MPa (Patazca et al.
2007); therefore, water’s experimental data was consistent with theoretical esti-
mates based on in situ specific heat and density. It is important to consider adiabatic
temperature increase when evaluating microbiological inactivation data under pres-
sure. For example, a difference of 3—4 °C in adiabatic heating has resulted in a dif-
ference of up to six log cycles of spore inactivation (Ardia et al. 2004).

In Le Chatelier’s principle, phenomena that are accompanied by a decrease in
volume are enhanced by pressure and vice versa. Thus, under pressure, reaction
equilibriums are shifted toward the most compact state, and the reaction rate con-
stant is increased or decreased (Rastogi et al. 2007). Covalent bonds are highly



112 S.H. Park et al.

70
60 A
—_ A
8 A
o 50 A
5 a o2 o0
g 40 A oo O
& 22809
N 8
30 B 8
6
a ©
20
0 100 200 300 400 500 600 700
Pressure (MPa)

Fig. 6.4 Theoretical estimates of temperature increase based on published in situ property data of
specific heat (Nguyen et al. 2012) and density (Min et al. 2010), (O), water; (D), honey; (A),
soybean oil

incompressible (Prehoda et al. 1998) and, therefore, not influenced by elevated
pressure. Whereas high pressure stimulates some phenomena (e.g., phase transition,
chemical reactivity, change in molecular configuration, chemical reaction) that are
accompanied by a decrease in volume, it opposes reactions that involve an increase
in volume (Linton and Patterson 2000; Norton and Sun 2008).

Volumetric changes of different foods under pressure would influence protein
denaturation including collagen denaturation and chemical reactions, beyond micro-
bial inactivation (see Chap. 18). The magnitude of the standard volume change
resulting from unfolding globular protein provides unique insight into packing and
hydration differences between folded and unfolded proteins (Prehoda et al. 1998).
The partial molar volume of the denatured protein system decreases with increasing
pressure relative to that of the native protein. In the case of collagen, in contrast to
globular proteins, unfolding (collagen denaturation) results in increased partial spe-
cific volume at low pressure and decreased partial specific volume at pressures
above 324 MPa (Potekhin et al. 2009). It has been shown that the transfer of hydro-
phobic compounds to water is accompanied by a large decrease in specific volume
at low pressures (Masterton 1954; Potekhin et al. 2009). At present, there is limited
information relating volumetric properties of foods and components to chemical
reactions or structural changes under pressure. Practically applied, high pressure can
disrupt the three-dimensional structures of larger molecules or cell structures (i.e.,
proteins, including enzymes, lipids, cell membranes, etc.) but has no effect on small
covalently bonded molecules, such as vitamins, flavor components, and some pig-
ments. However, further work is needed to define this phenomenon further.
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6.5 Electrical Properties

The electrical behavior of food materials under pressure has, recently, been investi-
gated to determine the effects of pressure on texture and extent of starch gelatiniza-
tion. Dielectric properties of biological tissues provide information about tissue
structure and composition (Kuang and Nelson 1998). Angersbach et al. (2002)
investigated pressure-induced membrane damage in potato tissues due to electrical
conductivity changes (non-in situ method), immediately after pressure treatment.
The trend of increasing electrical conductivity in potato was observed based on
treatment intensity; thus, measuring electrical conductivity can be employed to
assess the cellular status of materials under pressure. Bauer and Knorr (2004)
described pressure-induced wheat and tapioca starch gelatinization using electrical
conductivity measurements (non-in situ method), after pressure treatment. The
electrical conductivity of pressure-treated starches increases as a function of pres-
sure and pressure-holding time; and the curves of electrical conductivity are well
correlated to curves for degree of gelatinization and pressurization time. Authors
proposed that the rise in gelatinized starch conductivity is attributable to an ion
release and amylose leaching out of the granule. Consequently, electrical conductiv-
ity corresponds with the degree of pressure-induced starch gelatinization and is an
effective tool to detect the degree of gelatinization.

6.5.1 In Situ Electrical Conductivity

Earlier studies have measured in situ electrical conductivity of metals and several
chemical solutions (Bridgman 1921; Bridgman 1931; Quist et al. 1965; Quist and
Marshall 1968; Scaife 1974), but previous cell designs were not suitable for food or
biological materials since the electrical properties of biomaterials are field-strength
dependent (Cima and Mir 2004; Min et al. 2007). Min et al. (2007) suggested the in
situ electrical conductivity cell for food applications should (1) include an insulated
electric field (Schiefelbein et al. 1998) and allow for estimation of the cell constant
under pressure; (2) provide a uniform electric field, necessary for differentiating
between pressure and electromagnetic-induced changes in food and biological sam-
ples (Cima and Mir 2004); and (3) include uniform Joule heating of samples under
pressure to enable research on the combined effects of pressure, temperature, and
electric field strength on conductivity.

Min et al. (2007) and Park et al. (2012) developed an in situ electrical conductiv-
ity cell for liquid and solid food applications under pressure (Fig. 6.5). For liquid
food testing, samples were simultaneously loaded into both the inner and outer
sample holder. Subsequently, liquid foods functioned as a pressure-transmitting
fluid inside the conductivity cell. For solid foods, samples were loaded into the
inner sample holder and then isoelectrical solution was poured into the outer sample
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Fig. 6.5 Cross-sectional view of the in situ electrical conductivity cell made for high-pressure
application

holder to enable pressure equilibration. The in situ electrical conductivity values
(o,) for samples were determined using Eq. (6.11) with data for applied voltage (V),
current (/), and cell constant (ke,) under pressure, as follows:

I
o, =kep><; (6.11)

In situ electrical conductivity of liquid foods (orange juice, apple juice, and tomato
juice) increased as a function of pressure, peaking between 200 and 500 MPa and
decreasing between 500 and 800 MPa (25 °C) (Min et al. 2007). For example, the
electrical conductivity of tomato juice increased from 0.61 S/m at 0.1 MPa to 0.66
S/m at 400 MPa and then decreased to 0.58 S/m with the pressure increment at
800 MPa. The authors indicated that increasing electrical conductivity between 200
and 500 MPa may have been due to in ionic movement and changes in viscosity, and
then the subsequent downward trend of electrical conductivity might be due to a
distortion effect on the ions that hinders mobility at the higher pressures. Tomato
juice had the highest in situ electrical conductivity among tested samples. Authors
proposed that the higher mineral content in tomato juice (278 mg minerals/100 g
juice) resulted in the highest electrical conductivity, followed by orange juice
(210 mg minerals/100 g juice) and apple juice (139.5 mg minerals/100 g juice)
(composition data from USDA 2006). In general, the effect of pressure on electrical
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resistance in the solution is very complicated, as might be expected from the numer-
ous factors involved (Bridgman 1931).

In situ electrical conductivity changes of selected vegetables are plotted as a
function of pressure and pressure-holding time in (Fig. 6.6). (Park et al. 2012).
Pressure treatment increased in situ electrical conductivity values for all processed
samples, as a function of target pressure and holding time up to a certain threshold
level. Beyond this threshold level, the electrical conductivity values did not change
further. For example, the in situ electrical conductivity of raw carrot was 0.027 +0.003
S/m, at 0.1 MPa and 25 °C, and then reached up to 0.181+0.032 S/m, at 600 MPa
and 3 min holding time. No significant increase in in situ electrical conductivities
was observed from 3 to 10 min holding time, at 600 MPa. Pressure treatment induces
the transport of solutes from inside to outside the cell (and vice versa) with changes
in cell permeability (Préstamo and Arroyo 1998). Cell permeability could lead to
increase in situ electrical conductivity under pressure. The compressed structure
and increased density seen in vegetable samples under pressure would also likely
increase the in situ electrical conductivity in tested samples. Although in situ
electrical conductivity changes in relation to tissue damage undergone at pressure
are outside the scope of this review, the stabilized electrical conductivity seen in
samples suggests that there is a certain threshold of pressure-holding time that could
be used to minimize further tissue damage in vegetables. At present, the knowledge
of in situ electrical conductivity is not sufficient, and further research needs to focus
on liquid and solid foods.

6.6 Reaction Volume and pH

Understanding the pH changes of foods under pressure could be important for con-
trolling microbial inactivation and pH-dependent reactions during high-pressure
processing. The initial steps in understanding pH relative to pressure were taken by
Min et al. (2011) with weak acid buffers. Weak acid buffer solutions can have
pressure-dependent pH changes, due to pressure-dependent ionization equilibrium.
Hypotheses state that increasing pressure increases dissociation of weak acids, as
ionized products fill smaller volumes due to solvent electrostriction around result-
ing charged species (Hamann 1980). A consequence of pressure-dependent weak
acid dissociation is pressure-dependent pH. As presented by Min et al. (2011), reac-
tion volumes for protonic ionization of weak buffer solutions at different pressures
can be used to calculate changes in the molal equilibrium constant for the buffer,
due to pressure. Molal equilibrium constants under pressure can then be used to
calculate molal pH changes due to pressure. Min et al. (2011) used a variable vol-
ume piezometer to measure in situ reaction volumes for protonic ionization of weak
acid buffering agents of 2-(N-morpholino)ethanesulfonic acid, citric acid, sulfanilic
acid, and phosphoric acid under pressure up to 400 MPa (25 °C). The methodology
involved initial separation of buffering agents within the piezometer, using gelatin
capsules. Under pressure, the volume of the reactants was measured at 25 °C.
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The contents were then heated to 40 °C to dissolve the gelatin and initiate the reac-
tion. Chamber temperature was cooled to 25 °C and product volume was measured.
Reaction volumes were used to calculate the pH of buffer solutions as a function of
pressure. The largest pH change was seen in phosphoric acid buffer, which dropped
an average of 0.25 pH units per 100 MPa, while the pH of citric acid buffer dropped
by 0.13 units per 100 MPa. Sulfanilic acid buffer showed almost no pH sensitivity
to pressure, whereas the pH of 2-(N-morpholino)ethanesulfonic acid buffer
increased by 0.075 units per 100 MPa. These results suggest that increasing ioniza-
tion of phosphoric acid and citric acid as a function of pressure increases hydrogen
ion concentration, promoting pH decrease, whereas 2-(N-morpholino)ethanesul-
fonic and sulfanilic acid have relative pH stability under pressure. pH changes
under pressure are clearly complex, and more rigorous study may be needed to fully
understand pH changes in complicated food matrices.

6.7 Conclusions

A clear grasp of in situ thermal, volumetric, and electrical properties, reaction vol-
ume, and pH changes of food matrices under elevated pressure is critical for validat-
ing high-pressure processing uniformity and developing suitable kinetics models of
microbial inactivation. Developing appropriate sensors to measure in situ properties
under pressure is a challenging work, involving installation of thermocouples, elec-
trical wires, and measurement sensors into pressure vessels. Also, it requires cali-
brating the process using already published data, such as NIST steam properties
under pressure. Previous research has successfully evaluated the in situ thermal
conductivity, thermal diffusivity, specific heat, compressibility, density, electrical
conductivity, and pH changes of selected foods up to 600-700 MPa at room tem-
perature ranges. This information is useful for optimizing further high-pressure pro-
cessing with respect to process uniformity and microbial safety. Experimentalin situ
property data will enable the development of a mathematical model or computa-
tional simulation to validate temperature and pressure distribution for all types of
high-pressure processing.

At present, in situ property data for foods is limited to room temperature ranges
under elevated pressure. There has been a recent surge in research, which simultane-
ously studies the effects of elevated pressures (400-600 MPa) and sub-retorting
temperatures (105-121 °C) in shelf-stable, low-acid foods in pressure-assisted ther-
mal processing (PATP) and pressure-ohmic-thermal sterilization (POTS). For this
purpose, additional knowledge of the in situ properties of foods is needed as a
function of both elevated pressure and temperature. Foods are complicated matrices,
composed of many macromolecules such as water, fat, carbohydrate, and protein. In
situ property measurements under pressure are also needed for each respective
nutrient and the effect of mixing, typical to foods.
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Chapter 7
Food Processing by High-Pressure
Homogenization

Federico Harte

Abstract High-pressure homogenization is applied to liquid foods by devices that
consist of a positive displacement pump (usually a plunger-type pump) and one or
more restrictions to flow (stages) created by valves or nozzles. This chapter reviews
various valves utilized in high-pressure homogenization of liquid foods. The
impact of high-pressure homogenization on various functional properties of pro-
tein and polysaccharides and microbial safety of pressure homogenized products is
discussed.

Keywords High-pressure homogenization ¢ Valve ¢ Shear ¢ Fluid foods * Microbial
safety « Emulsion stability

7.1 Introduction

Homogenization is a term used by food scientists and engineers to describe a wide
variety of processes including ultrasonic, rotary, membrane, colloidal mill, and
valve homogenization, among others. The ambiguity in the use of the word “homog-
enization” rises from the fact that any process that reduces the relative heterogene-
ity of a system can be called homogenization. This chapter will focus on what is
typically referred to as “high-pressure valve homogenization” or “dynamic high-
pressure homogenization.” This process is applied to liquid foods by devices that
consist of a positive displacement pump (usually a plunger-type pump) and one or
more restrictions to flow (stages) created by valves or nozzles (Fig. 7.1).

We will define “high-pressure homogenization” as homogenization processes
where pumps are able to deliver at least 100 MPa hydrostatic pressure to a liquid
food before a restriction to flow is imposed, regardless of the flow rate. However, as
homogenization technologies keep evolving and higher pressures are achieved,
common agreement on how to define “high-pressure homogenization” vs. “low-
pressure homogenization” will most certainly evolve too.
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Fig. 7.1 Basic diagram of a valve homogenization system

7.1.1 Low-Pressure Valve Homogenization

In low-pressure valve homogenization, as the pressurized liquid flows through the
restriction to flow (valve), there is a large increment in fluid velocity and a corre-
sponding reduction in the fluid pressure. The fluid velocity initiates very intense
turbulence in the fluid jet exiting the valve, and this turbulence disrupts the dis-
persed phase and produces the homogenization effect.

Homogenization using valve homogenizers was first commercially introduced in
the early twentieth century for the processing of fluid milk. The main objective at
the time was to avoid fat separation so that “every consumer would receive his fair
share of milk fat since there could be no stealing of cream” (Trout 1948). Nowadays,
virtually all milk is homogenized because consumers reject seeing an upper layer of
cream in their milk. Concerns over the potential negative effects of homogenized
milk on human health have been dispelled by recent studies or a lack of evidence
(Korpela et al. 2005; Michalski and Januel 2006; Paajanen et al. 2005).

In an industrial setup, fat (or cream) is separated from milk by continuous cen-
trifugation, homogenized at pressure below 20 MPa, and then poured back into
skim milk to standardize to 1 %, 2 %, or whole (~3.25 %) fat content (Tetra-Pak
2003). Assuming fat globules are spherical particles, the terminal velocity (v, in m
s7!) of a solid sphere moving in laminar flow is described by the Stokes equation as
(Bird et al. 2006):

2Dy (pp—p))

7.1
o (7.1)

t

where g is the gravitational force (~9.81 m s72), Dy is the particle diameter (m), pp
and p are the density of the particle and fluid, respectively (kg m™), and p is the
Newtonian viscosity of the fluid (Pa s). The homogenization of milk slows the termi-
nal velocity of fat aggregates by reducing their particle size and increasing their net
density through casein micelle aggregation on the surface of fat particles (Fig. 7.2).
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Fig. 7.2 Effect of homogenization on fat and casein fractions in fluid milk

The terminal velocity for a fat globule with 3.5 pm diameter (diameter ranges
from 0.2 to 15 pm) and 900 kg m= density is~3.3 mm per hour, whereas a fat
aggregate with 0.4 pm diameter and a net density of 960 kg m~ in homogenized
milk will move at a terminal velocity of % 0.6 mm per day.

Most industrial-scale homogenizers are based on two-stage homogenization
valves (Fig. 7.3). It is generally agreed that a second-stage valve with back pressure
10-20 % of the primary valve reduces cavitation and improves turbulent flow, pro-
moting particle size reduction (APV 2008).

7.1.2 The High-Pressure Homogenizer

Current industrial-, pilot-, or lab-scale high-pressure homogenizers are equipped
with plunger-type pumps and valves or nozzles made from abrasive-resistant ceram-
ics or hard gemstones (Figs. 7.4 and 7.5). Stability in the delivered pressure is
achieved through an attenuation volume between the pump and the valve or the use
of two or more reciprocating plungers and an overlapping algorithm control. In a
typical valve setup (e.g., Stansted Fluid Power), a zirconium or tungsten carbide
needle-seat valve or ball-seat valve is used, with homogenization pressure being
controlled by the force exerted over the needle blocking the fluid flow (Figs. 7.4b, c
and 7.5b). Some homogenizers (e.g., Avestin, BEE International) are equipped with
one or two nozzles instead of valves. The technology for nozzle-equipped high-
pressure homogenizers was initially developed for water-jet cutting applications. In
this case, a high-pressure pump is connected to an attenuator to reduce pressure
fluctuations, and homogenization is achieved by nozzle head or “jewel” made from
ruby, sapphire, or diamond (Figs. 7.4d and 7.5a). The nozzle orifice is usually
<0.35 mm and the specific gemstone depends on the maximum pressure and
required nozzle life-span, with diamond being the most resistant and expensive
option. In the nozzle setup, homogenization pressure is determined by the pump
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Fig. 7.3 Two-stage
low-pressure
homogenization valve.
First-stage forcer (7);
second-stage forcer (2);
seat (3); gap (4); hydraulic
actuator (5). Reproduced
from Tetra-Pak 2003, with
permission
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Fig. 7.4 Common high-pressure homogenization valves: (a) microfluidics; (b) ceramic needle
and seat; (¢) ceramic ball and seat; (d) diamond, sapphire, or ruby nozzle (F refers to force exerted

on the needle)

pressure and/or a diversion to flow. In the microfluidics system (Fig. 7.4a), the flow
stream is split in two or more channels that are redirected over the same plane but
in right angles and propelled into a single flow stream. The pressure driving pump
(up to 300 MPa) promotes a high speed at crossover of the two flows which results
in high shear, turbulence, and cavitation over the single outbound flow stream.
Achieving a constant and consistent processing pressure is a major technical
challenge in the design of high-pressure homogenizers. This is particularly difficult
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Fig.7.5 High-pressure homogenization diamond nozzle (a) and ceramic needle and seat valves (b)
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Fig. 7.6 Various physical phenomena simultaneously affecting a fluid during high-pressure
homogenization

in homogenizers designed to process small samples where attenuator volumes are
not an option. For the latter case, homogenizers equipped with single plunger
pumps exhibit low-pressure “valleys” as a result of single pump reciprocating
cycles. A partial solution is the use of more than one reciprocating plungers in
parallel and overlapping algorithms. Coefficients of variation from 10 to 15 % are
still to be expected in currently available devices.

The homogenization effect in high-pressure homogenizers cannot be attrib-
uted to a single physical phenomenon. At working pressures >100 MPa, high
pressure, shear stress, cavitation, turbulence, impingement, and temperature
increase all have a potential effect on microorganisms and food molecules (Fig. 7.6).
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Fig. 7.7 Homogenization pressure-induced increase in temperature for water containing 0.9 %
sodium chloride (starting temperature ~20 °C; adapted from Taylor et al. 2007)

Figure 7.7 shows a typical pressure vs. temperature profile for a simple fluid
measured immediately after the homogenization valve. Depending on the specific
physicochemical properties of the fluid and the refrigeration system used in the
homogenization valve enclosure, at least a 15-20 °C shear-induced increase in tem-
perature is typically observed per 100 MPa increment in homogenization pressure
(Cortes-Munoz et al. 2009; Desrumaux and Marcand 2002; Heffernan et al. 2009;
Taylor et al. 2007).

Current commercially available high-pressure homogenizers are able to reach up
to 400 MPa processing pressure at low flow rates (less than 100 L/h). However, it is
expected that flow rates and working pressures will increase in the near future since
water-jet cutting devices able to reach ~600 MPa are already commercially avail-
able (e.g., Flow International).

7.2 Effect on Proteins

Few reports are available concerning the effect of high-pressure homogenization on
food proteins. It is known that high hydrostatic pressure itself promotes changes in
the secondary, tertiary, and quaternary structures of proteins (Knorr et al. 2006) lead-
ing to modifications in protein functionality (Lépez-Fandifio 2006) and enzyme
inactivation (Tucci et al. 2007; Valdramidis et al. 2009; Welti-Chanes et al. 2009).
However, homogenization subjects proteins to relatively lower hydrostatic pressures
and much shorter times (less than 1 s). Some research suggests little change in the
secondary or tertiary structure of many proteins with homogenization up to 400 MPa,
when a cooling system is connected immediately after the homogenization valve
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Fig. 7.8 Field-emission scanning electron micrographs (FESEM) of casein micelles from bovine
milk processed by high-pressure homogenization (bars are 200 nm)

(Pereda et al. 2008; Pereda et al. 2007). However, there is conflicting data (Datta
et al. 2005). For example, Escobar et al. (2011) found that fluid milk processed at
300 MPa and immediately cooled to 10 °C exhibited rapid signs of lipase-induced
rancidity suggesting little lipase inactivation (lipase is easily denatured by heat, e.g.,
10 s at 80 °C (Walstra et al. 1999)). Similarly, little whey protein disulfide bond for-
mation (typically induced by thermal denaturation) was found in raw milk processed
at homogenization pressure up to 300 MPa (Gricia-Julid et al. 2008; Pereda et al.
2009). Contrary to these findings, some inactivation of pectin methylesterase was
observed in orange juice subjected to 250 MPa homogenization pressure (Welti-
Chanes et al. 2009).

High-pressure homogenization has been effective in the disruption of protein
quaternary structures. Roach and Harte (2008) found that casein micelles from
bovine milk exhibited a reduction in micelle diameter (Fig. 7.8) when raw skim
milk was homogenized at pressure up to 200 MPa and that micelle reformation
occurred at higher pressure. It was suggested that shear-induced increase in tem-
perature would favor hydrophobic interactions among the individual casein pro-
teins, leading to micelle reformation at homogenization pressure >250 MPa.

Changes in the casein micelle size and functionality as a result of processing milk
by high-pressure homogenization have an effect on yield and quality of dairy-based
foods. Hernandez and Harte (2008) found that model yogurts made from milk pro-
cessed using high-pressure homogenization and thermal processing (90 °C for 5 min)
exhibited better solid-like behavior (increased storage modulus), when compared to
controls made from only heated raw or homogenized milks (Fig. 7.9). The combined
effect of (1) heat-induced whey protein denaturation and (2) homogenization-induced
casein micelle disruption promoted the formation of a thinner casein matrix having
an increased surface area, thus improving the strength of acid gels.

The limited denaturing effect of whey proteins makes high-pressure homogeni-
zation a promising technology for nonthermal pasteurization of milk used for cheese
manufacture (Lopez-Pedemonte et al. 2006). Several studies have shown that high-
pressure homogenization improves cheese yield, in most cases by increasing
moisture content and to lesser extent protein retention (Table 7.1). The combined
effect on casein micelle and fat globule size reduction may explain the increase in
protein and water retention in the final cheeses. Zamora et al. (Zamora et al. 2007)
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Fig. 7.9 Storage modulus for acid gels made from raw milk ( {7 ), heated milk (90 °C for 5 min,),

homogenized milk ( A), and heated + homogenized milk (.). (Adapted from Hernandez and
Harte 2008)

Table 7.1 Summary of reports on the effect of high-pressure homogenization in cheese yield
(mass of cheese/mass of milk)

Processing conditions

Raw  Thermal Homogenized

Type of Yield | Yield

cheese Source | (%) |(%) | Process Yield (%) | Process | References

Pecorino Ewe 127 1143 65°C-15s |17.6% 100 MPa | (Vannini et al. 2008)

Crescenza |Cow |- - 72.5°C-15s|/>1 % vs. | 100 MPa | (Burns et al. 2008)

thermal

Caciotta Cow 10.2 |9.5 72°C-30s | 12.5 100 MPa | (Lanciotti et al.
2006)

Not Goat | 16.0* |20.3* |72 °C-15s |32.0° 100 MPa | (Guerzoni et al.

specified 1999)

In this case cheese yield was measured as mass of curd/mass of milk

suggested that changes in cheese-making properties of milk processed by high-pres-
sure homogenization could also be explained by modifications to the protein-fat
structures. Significant changes in lipolysis, proteolysis, and formation of biogenic
amines have been also observed in cheeses that are stored for ripening as a result of
high-pressure homogenization of milk (Burns et al. 2008; Lanciotti et al. 2007;
Lanciotti et al. 2006; Vannini et al. 2008).

Escobar et al. (2011) found a linear relationship between homogenization pres-
sure and yield when “queso fresco” cheeses were made using a combination of
thermal treatment (65 °C for 30 min) and homogenization (Fig. 7.10). Most of the
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Fig. 7.10 High-pressure homogenization effect on “queso fresco” cheese yield (kg cheese/kg
milk). Pasteurization at 65 °C for 30 min. Bars are 95 % confidence intervals (Adapted from
Escobar et al. 2009)

yield increase was attributed to larger moisture content of the cheeses as a result of
a thinner protein matrix. It was hypothesized that the thermally induced interaction
of whey proteins and casein micelles prior to homogenization would protect the
micelles from re-coalescence when milk was further subjected to high-pressure
homogenization at 300 MPa. On the other hand, cheeses made from milk only
homogenized at 300 MPa (i.e., no thermal processing) exhibited a relative reduction
in yield, due to the reformation of casein aggregates through heat-induced hydro-
phobic interactions immediately after homogenization (Fig. 7.8).

7.3 Effect on Polysaccharides

High-pressure homogenization has shown good potential for improvement of poly-
saccharide functionality. Polysaccharides are known to modify hydration, solubil-
ity, theological, and interfacial properties when used as food ingredients. For a
specific polysaccharide, functionality is strongly correlated to molecular weight and
one of the key unit operations in the processing of natural polysaccharide to make
food ingredients is the reduction of molecular weight (depolymerization) to a target
value. However, most methods used for depolymerization yield macromolecules
with a wide range in molecular weight (polydispersity) and even multimodal distri-
butions (see Heinze et al. 2006 for an example on dextran polydispersity; see Allan
and Peyron 1995; Cravotto et al. 2005; Jedrzejas 2000; Van Den Einde et al. 2003
for depolymerization methods). Furthermore, currently available methods (chroma-
tography based) for the recovery and isolation of specific molecular weight frac-
tions are expensive and have limited application for the development of food
ingredients on an industrial scale.
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To avoid the uncertainty in the physical properties of polysaccharide ingredients
having similar average molecular weight but dissimilar polydispersity, most com-
mercial polysaccharides are sold based on average viscosity at a given concentra-
tion and set conditions rather than molecular weight. This is a partial solution to the
problem of polydispersity, since similar rheological behavior at a given concentra-
tion and temperature does not assure that same properties will be maintained under
other conditions.

One of the first attempts to determine the effect of high-pressure homogeniza-
tion on molecular weight of food polysaccharides was carried out by Corredig and
Wicker in pectin (Corredig and Wicker 2001). They demonstrated that homogeni-
zation at 124 MPa affected both average molecular weight and molecular weight

polydispersity. By measuring Newtonian viscosity in k-carrageenan dispersion, it
was shown that high-pressure homogenization up to 300 MPa is able to reduce
molecular weight in an asymptotic trend indicating that pressure-dependent criti-
cal molecular weight is potentially achievable (Fig. 7.11). Similar behavior has

been found in alginates, xanthan gum, and chitosan (Harte and Venegas 2010;
Liet al. 2010).

Viscosity (mPa.s)

Fig. 7.11 Viscosity reduction in k-carrageenan dispersions by high-pressure homogenization
(0-300 MPa and 0-5 homogenization steps) (Adapted from Harte and Venegas 2010)
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7.4 Microbial Inactivation by High-Pressure
Homogenization

Several studies have detailed the utility of high-pressure homogenization for the
inactivation of microorganisms (see Chaps. 14—17). Early studies were based on
processing pressures <50 MPa and were focused on the inactivation of various
yeasts (Engler and Robinson 1981; Keshavarz Moore et al. 1990). Early studies
relied on the use of single pump homogenizers with no attenuators, where strong
fluctuations in processing pressure were inevitable and variable results due to “low-
pressure valleys” were observed.

Pioneering work on the inactivation of microorganisms by high-pressure homog-
enization was started by Toledo and Moorman (Toledo and Moorman 2000). Since
then several research groups have published results showing the potential of this
technology for the nonthermal inactivation of yeasts, bacteria, molds, and viruses
(Table 7.2). It is generally agreed that gram-negative bacteria exhibit higher

Table 7.2 Recent reports on the inactivation of molds, yeasts, bacteria, and viruses by high-
pressure homogenization

Max
Substrate pressure Decimal
Microorganism or juice (MPa) Steps | reduction | References
Gram-negative bacteria
Escherichia coli Apple 350 1 >5 (Kumar et al. 2009)
Apple, 350 1 >6 (Pathanibul et al. 2009)
carrot
Buffer 300 1 4.5 (Wuytack et al. 2002)
Buffer 350 1 >7 (Taylor et al. 2007)
Buffer 300 1 6 (Wuytack et al. 2002)
Water 250 1 6 (Donsi et al. 2009)
Yersinia enterocolitica Buffer 250 1 2-3 (Wuytack et al. 2002)
Buffer 300 1 >6 (Diels et al. 2003)
Shigella flexneri Buffer 300 1 5 (Wuytack et al. 2002)
Pseudomonas fluorescens Buffer 300 1 (Wuytack et al. 2002)
Salmonella enterica Buffer 275 1 2-3 (Wuytack et al. 2002)
serovar Typhimurium
Gram-positive bacteria
Enterococcus faecalis Buffer 300 <1 (Wuytack et al. 2002)
Staphylococcus aureus | Buffer 300 3 (Diels et al. 2003)
Buffer 300 <1 (Wuytack et al. 2002)

Milk, orange | 300
Staphylococcus carnosus | Milk, orange | 300

2.8-4.0 | (Brifiez et al. 2007)
0.0-3.6 | (Brifiez et al. 2007)

i | | | | | |

Lactobacillus plantarum | Bufter 300 <1 (Wuytack et al. 2002)
Orange 300 >7.1 (Campos and Cristianini
2007)
Listeria monocytogenes | Milk 400 1 >3 (Roig-Sagués et al. 2009)

(continued)
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Table 7.2 (continued)

Max
Substrate pressure Decimal
Microorganism or juice (MPa) Steps | reduction | References
Listeria innocua Buffer 250 1 <1 (Wuytack et al. 2002)
Apple, 350 1 5-6 (Pathanibul et al. 2009)
carrot
Leuconostoc dextranicum Buffer 300 1 1-2 (Wuytack et al. 2002)
Lactobacillus delbrueckiii Water 250 1 0.5 (Donsi et al. 2009)
Bacillus cereus Water 150 3 ~5 (Chaves-Lépez et al.
2009)
Bacillus subtilis Water 150 3 ~5 (Chaves-Lopez et al.
2009)
Yeast and molds
Saccharomyces Orange 300 1 >5.6 (Campos and Cristianini
cerevisiae 2007)
Carrot, 100 1 1 (Patrignani et al. 2009)
Apricot 8 5
Water 250 1 5 (Donsi et al. 2009)
Zygosaccharomyces Carrot 100 1 0.8 (Patrignani et al. 2010)
bailit Apricot 8 2.6
Aspergillus niger Mango 300 1 >6.2 (Tribst et al. 2009)
Virus
MNV-1 murine Buffer 300 1 0.8 (D’Souza et al. 2009)
Norovirus
MS?2 coliphage Buffer 300 1 0.3 (D’Souza et al. 2009)
Various phages Skim milk | 100 1 0.2-3 (Capra et al. 2009)
8 3-6
Heterotrophic count
Heterotrophic count Apple 300 1 3.6 (Suarez-Jacobo et al. 2009)

susceptibility to high-pressure homogenization inactivation than gram-positive
bacteria, due to reduced peptidoglycan content in the cell membrane of the former
(Wuytack et al. 2002). Diels and Michiels (Diels and Michiels 2006) presented an
extended review on potential mechanisms for the inactivation of microorganisms by
high-pressure homogenization. It was initially suggested that the inactivation effect
by homogenizers could be explained by impingement of cells in the outer ring of
homogenizers or by cavitation-induced membrane damage (Shirgaonkar et al.
1998). At processing pressures >100 MPa, it is probable that shear stress, pressure,
cavitation, temperature, turbulence, and impingement may all contribute to micro-
bial inactivation and the relative importance of each physical phenomenon may
vary depending on the specific processing pressure.

Pathanibul et al. (2009) studied the inactivation of Escherichia coli K12 and
Listeria innocua in apple and carrot juices. Using previously reported decimal
reduction time (D-value) and the change in temperature for a decimal change in
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Fig. 7.12 Inactivation of Listeria innocua in apple juice processed by high-pressure homogeniza-
tion inactivation. Purple line indicates no nisin added; red line indicates nisin added (10 IU/ml);
dotted blue line indicates equivalent thermal inactivation; gray line is the temperature immediately
after the homogenization valve. Bars are 95 % confidence intervals for the mean (Adapted from
Pathanibul et al. 2009, with permission)

D (z-value) for both bacteria, it was concluded that the shear-induced increment in
temperature in the homogenization valve could completely explain the observed
inactivation at pressure >350 MPa (see Fig. 7.12). It was also observed that the
addition of nisin to the juices increased the effectiveness of higher homogenization
pressure indicating potential for synergism between the antimicrobial and the
homogenization process.

7.5 Emulsion Stability and Delivery Systems

High-pressure homogenization has received strong attention as a physical means for
achieving stable suspensions of solids in liquids (sols) or liquids in liquids (emul-
sions) in the neo-nanoscale (§0-300 nm). For example, the pharmaceutical industry
has aggressively investigated methods for stabilizing highly hydrophobic drugs in
aqueous phases. Generally a transient (yet unstable) uniform suspension is made by
using rotary homogenizers or colloidal mills before further particle size reduction
using high-pressure homogenization (Date and Patravale 2004; Wang et al. 2008).
Key advantages of the process include enabling (1) a narrow size distribution, (2)
aseptic processing, and (3) highly concentrated as well as diluted formulations.
Mechanisms for droplet reduction and empirical droplet vs. processing pressure
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Fig. 7.13 (a—c) Light microscopy images (x100) of 20 % sunflower oil+0.75 % methylcellulose
in water emulsions after (a) rotary homogenization, (b) 100 MPa, (¢) 350 MPa homogenization
(adapted from Floury et al. 2003), (d) relative width distribution [(upper 90 % diameter—lower
10 % diameter)/midpoint diameter] of sunflower oil in water emulsion surfactant. Diameter is the
Sauter diameter (ds,) (Adapted from Floury et al. 2004)

have been reviewed elsewhere (Floury et al. 2004; Hakansson et al. 2009; Raikar
et al. 2010). Higher homogenization pressures lead to smaller monodispersed drop-
lets up to a point (>200 MPa) where shear-induced increase in temperature becomes
an important factor promoting droplet re-coalescence (probably through hydropho-
bic interactions), resulting in polydispersed systems (Fig. 7.13; (Floury et al. 2004;
Marie et al. 2002)).

High-pressure homogenization alone, or in combination with polysaccharides,
proteins, or surfactant molecules, has been used to stabilize oils in aqueous phases.
Reports have shown improvements in the stabilization of peanut oil (up to 45 %
(Cortes-Munoz et al. 2009)), sunflower oil (up to 20 % (Floury et al. 2002)), corn oil
(up to 30 % (San Martin et al. 2009)), p-carotene (Yuan et al. 2008), and triglycerides
(Henry et al. 2008) in water using homogenization alone or in combination with pro-
teins (whey proteins (Cortes-Munoz et al. 2009; Floury et al. 2000; Lee et al. 2009),
soy globulins (Floury et al. 2002), caseins (San Martin et al. 2009)) and polysaccha-
rides (methylcellulose (Floury et al. 2003), acacia gum (Tipvarakarnkoon et al.)).
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Fig. 7.15 Apparent viscosity (Pa s, ¥ =100s™") and storage modulus (G’, Pa, ®=0.1 Hz,
strain=35 %) of 20 % sunflower oil in water emulsions containing 2 % w/w 118 subunit soy protein
(Adapted from Floury et al. 2002)

An interesting finding has been the improvement in emulsion stability and
change in rheological properties (pseudoplasticity and gel formation) in highly con-
centrated oil in water emulsions where proteins and high-pressure homogenization
have been used together (Figs. 7.14 and 7.15) (Cortes-Munoz et al. 2009; Floury
et al. 2002; San Martin et al. 2009). San Martin et al. reported the stabilization of
30 % corn oil in water emulsions for several days when 0.5 % micellar casein was
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used in combination with high-pressure homogenization up to 350 MPa (Fig. 7.14).
Similarly, Floury et al. (Floury et al. 2002) observed changes in flow behavior
including gel formation in 20 % sunflower oil in water emulsions where soy protein
(11S subunit, 2 % w/w; Fig. 7.15) was used. Improvements in emulsion stability are
probably due to both pressure- and interface-induced tertiary and quaternary con-
formational changes in protein structure that block temperature-induced droplet
coalescence.

7.6 Concluding Remarks

High-pressure homogenization has proven to be an effective technology for improv-
ing safety and functionality of fluid foods and ingredients. As new materials and
novel engineering designs continue to evolve, homogenizers exhibiting higher
operational pressures, stable delivery pressures, better temperature control, and
increased flow rate will be shortly available. Areas where high-pressure homogeni-
zation is expected to have an impact include (1) sterilization of fluid foods with
limited thermal damage to flavor and nutritional food components (e.g., fruit juices),
(2) stabilization of highly hydrophobic flavors and nutraceutical components (e.g.,
-3 fatty acids, sitosterols), (3) formulation of novel ingredients through
homogenization-induced molecular interactions (e.g., protein-polysaccharide coac-
ervation), and (4) improved polysaccharide functionality by molecular weight tar-
geting, among others. In summary high-pressure homogenization remains a field
where research is needed and novel food applications are foreseen.
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Chapter 8
Pressure Shift Freezing and Thawing

Jia You, Maryam Habibi, Navneet Rattan, and Hosahalli S. Ramaswamy

Abstract This chapter focuses on the basic principles that are involved in using
high pressure for freezing and thawing purposes. Some emphasis will be given to
the equipment used and on the effect of high-pressure freezing and thawing on the
growth of microorganisms. The impact of pressure treatment on the quality of foods
is also discussed.

Keywords High pressure ¢ Freezing and thawing ¢ Microbial safety ¢ Quality

8.1 Introduction

Over the years, scientists have been attempting to improve food processing methods
by employing innovative concepts to extend the advantages of conventional pro-
cessing techniques. Pasteurization, sterilization, drying, chilling, and freezing are
some of the methods which have been traditionally applied to keep foods safe and
to extend their shelf life. Among these methods, freezing has been known to impart
least effect on texture and nutritional value of food products, so freezing technology
has been widely used in food processing because of its advantages.

In conventional freezing processes, heat transfer within food is generally limited,
which eventually results in slow freezing rates. These conditions result in the forma-
tion of large extracellular ice crystals and thereby are responsible for damaging the
product texture. Novel rapid freezing techniques offer potential for producing very
small and uniform ice crystals within the cellular matters, and they have been found
successful with various food products. If heat is removed at a slow rate, the ice
crystals will have few nucleation sites, resulting in large ice crystals filling the extra-
cellular areas. Large ice crystals, particularly needle-shaped crystals, cause maxi-
mum damage to the food structure and result in dehydration of the cells. Instead, if
the product is cooled at a faster rate, smaller ice crystals are produced and they will
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be distributed evenly all over the tissue, and thus, less mechanical damage will happen
to cell walls and texture and there will also be a lesser loss of nutrients through
dripping upon thawing. This is because, during rapid freezing, heat gets removed
faster so that before the growth of ice crystals is initiated to take place, newer nucle-
ation locations are created that will result in the formation of smaller ice crystals in
larger numbers (Fennema et al. 1973). Rapid freezing conditions prevail in those
high-capacity and high-efficiency modern techniques such as air-blast, fluidized
bed, cryogenic, plate, and spiral freezing of food particles of smaller size yielding
individual quick freezing (IQF) conditions. However, even in air-blast and other
rapid freezing methods, large size products have a relatively lower heat transfer rate
with smaller surface-to-mass ratios and therefore large ice crystals are formed
within food cells (North and Lovatt 2005). Cryogenic freezing is a relatively more
rapid freezing method than liquid immersion or air-blast freezing due to high rate of
heat transfer (low temperature and boiling of cryogens), but it can negatively influ-
ence the cell walls and form intra- and extracellular ice crystals due to thermal
gradients (Otero et al. 2008). Pressure shift freezing (PSF) is one of the newer freez-
ing techniques. PSF takes advantage of depression of freezing point of water under
pressure and can be useful for creating uniform and tiny ice crystals in order to
reduce the tissue damage and improve the product texture.

Except some products including frozen desserts and ice creams, most frozen
foods are thawed before consumption. Thawing is generally a slow process as com-
pared with freezing. During thawing process, the food surface is normally exposed
to air or water at a relatively higher temperature and humidity, which provides free
water on the product surface and potentially presents conditions suitable for
microbial growth. Longer time for thawing will also lead to more destruction in
quality and reduced stability of the final product. So for these reasons, thawing is
much more critical than freezing in terms of controlling the changes in the product
(Mascheroni 2012).

There are many different methods employed for thawing of frozen foods.
Providing heat to achieve the phase change in the frozen food is common to all these
methods but the way it is applied varies a lot. It can be categorized into three major
groups: external heating methods, internal heating methods, and miscellaneous
methods (Mascheroni 2012). In the last couple of decades, several novel techniques
have been explored for the purpose of thawing frozen food, such as microwave,
radio-frequency, and ohmic heating, which are based on internal heat generation
(Mascheroni 2012). These methods have shown good promise of thawing for vari-
ous food products, but there have also been few concerns associated during thawing
by these methods. For example, with ohmic heating, uneven thawing is observed
which is found to result due to channeling of electric current through already thawed
regions of food product. The channeling effect is observed because the conductivity
of thawed food is higher than the food which is in frozen state and hence it conducts
more heat. In RF and microwave thawing, “runaway heating” can be observed
which also results in distinctly thawed and frozen zones within a food product,
because the thawed food absorbs more energy than the frozen parts; hence, the for-
mation of separate zones takes place (Liu et al. 2005). A new method belonging to
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miscellaneous group is being explored in order to achieve appropriate thawing in
lesser time so as to have better quality thawed product. This method is based on
using water characteristics at different pressures and it is called high-pressure thaw-
ing. The early research on high-pressure thawing was carried out by Taylor (1960)
who applied high pressure on frozen biological materials. He found out that slow
freezing when accompanied by pressure-assisted thawing (225 MPa) helped to bet-
ter the retention of surviving conjunctiva cells which was the objective of his study.
The application of high-pressure thawing as a novel technique for frozen foods
started about 20 years ago. Food texturization, preservation, and phase change are
the major fields of high-pressure application in food industry (Cheftel 1995; Knorr
et al. 1998; Kalichevsky et al. 1995) and they can further be combined with sanita-
tion effects (LeBail et al. 2002b).

8.2 Pressure Shift Freezing

8.2.1 Principles

Volume increases when water is frozen at atmospheric pressure. During the transfor-
mation at atmospheric pressure from water to ice (called ice I), pure water volume
expands up to nearly 9 % at 0 °C and about up to 13 % at —20 °C, since ice [ uniquely
has a lower density than that of liquid water, and therefore it can cause significant
structural and textural damage (Kalichevsky et al. 1995). During freezing, most
foods expand with a lesser extent as compared to pure water, so the volume of food
does not change uniformly because many other components shrink to different
extents when the temperature gets lower and thus mechanical damage of tissue struc-
tures takes place (Zaritzky 2006). Typically, ice I is formed by the stress-inducing
freezing front moving across food in conventional freezing processes (LeBail et al.
2003), which leads to the formation of large extracellular ice crystals, and hence cell
damage occurs. However, the ice II to ice IX, which are formed under high pressure,
have larger densities than that of liquid water, and hence they can contribute to less
damage to cells without volume increases (Li and Sun 2002). As shown in Fig. 8.1,
water still remains in nonfreezing state below 0 °C under high pressure. Pressure-
supported freezing promotes instantaneous and homogeneous formation of ice
throughout the whole product due to a high degree of supercooling, since the ice
nucleation rate increases nearly tenfold for each degree of Kelvin of supercooling
(Burke et al. 1975; Kalichevsky et al. 1995).

Pressure shift freezing (PSF) has been regarded as a promising freezing method
in the food industry. PSF takes advantage of the principle of water-ice phase transi-
tion under pressure: pressure application depresses the freezing point of water from
0 °C to —21 °C at 210 MPa (Bridgman 1912). The general purpose of PSF is to
reduce the temperature below 0 °C under pressure and then release the pressure to
induce rapid ice nucleation throughout the cooled sample (Sun and Zheng 2006).
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This novel freezing technique allows materials to produce rapid and uniform ice
nucleation and growth of ice crystals and therefore leads to less tissue damage and
good quality retention in the product.

8.2.2 Pressure Shift Freezing Curve

Figure 8.1 schematically shows the PSF process. After the product is installed into
high-pressure vessel, pressure is elevated to desired level (~200 MPa). Then the
product is cooled under pressure to around —20 °C or until the desired temperature
is reached (steps A—B—C), and water still remains in the liquid state at this stage as
indicated in Fig. 8.1. Pressure is then released rapidly, thereby causing uniform and
high supercooling conditions throughout the product, and consequently the phase
transition takes place (steps C-D). The initial formation of nuclei is instantaneous
and homogeneous throughout the whole product due to this high supercooling of
the samples (Alizadeh et al. 2007; Thiebaud et al. 2002). Numerous fine ice nuclei
grow into large numbers of small ice crystals, and latent heat is released accompa-
nied with the formation of ice which eventually increases the product temperature
to the corresponding freezing point (point D). For a given cooling temperature,
higher pressure and lower temperature before expansion promote more ice forma-
tion and thus the phase transition time is also reduced (Otero and Sanz 2000). Since
only partial freezing is obtained in PSF, freezing is then completed at atmospheric
pressure (steps D—E) (Sun and Zheng 2006).

10
0

e -0-

o

=}

2

S 20 -

Q

o

€

(]

F 30

-40 } } }

100 200 300 400
Pressure (MPa)

Fig. 8.1 A typical pressure shift freezing curve
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In conventional freezing methods, slow freezing rates result in the formation of
extracellular ice and moisture movement from original location to form large ice
crystals (Zaritzky 2006). For most foods (meat, fish, and vegetables), classical
methods would possibly cause freeze-cracking damage due to thermal gradients at
very low freezing medium temperature and lead to structural damage and texture
degradation and quality losses (Fernandez et al. 2006; Zhu et al. 2005a). Compared
with efficient classical freezing techniques including cryogenic freezing, PSF is
also useful to freeze large food products in which uniform ice distribution is required
(Otero et al. 2008). Therefore, PSF is an effective technique to freeze foods with a
large number of small ice crystals that are distributed evenly within the whole food
system and good structural and quality retention.

Instantaneous ice nuclei formed by rapid depressurization are very important
since the amount of initial ice nuclei determines the quality of PSF-frozen products.
Sanz et al. (1997) reported that 36 % of total water was formed into ice after rapid
depressurization from 210 MPa to atmospheric pressure. In case of meat, 16 %
instantaneous ice was formed during expansion from 200 MPa to 0.1 MPa (Massaux
et al. 1999b). For B-lactoglobulin gels, 28 % of water was reported to be converted to
ice instantaneously after expansion from 207 MPa to 0.1 MPa (Barry et al. 1998).
Based on thermodynamic considerations, a crude estimate of the amount of ice crys-
tals formed can be computed. Assuming a freezing point depression to —20 °C, the
supercooling of water by 20 °C will be achieved by removing sensible heat of water
of approximately 80 kJ/kg (4.2 kJ/kgC x20). Upon the release of pressure, this heat
must be converted to latent heat. Based on the latent heat of water of 330 kJ/kg, this
could result in 80/330 or ~25 % of water to be instantaneously frozen. The number
of ice crystals produced by PSF is so large that even after the continued slow freezing
conditions at atmospheric pressure, the crystal remains predominantly small.

8.2.3 Pressure Shift Freezing Equipment

High-pressure equipment is schematically shown in Fig. 8.2. The system includes
a jacketed high-pressure vessel, a pressure generation system, and control panel
for pressure and temperature. The high-pressure system is connected to a cooling
bath, which provides cooled liquid to circulate continuously around the pressure
vessel in order to achieve the purpose of freezing. The pressure vessel is a hollow
cylinder and is constructed with stainless steel, which allows high-pressure vessel
to be resistant to corrosion and to maintain its mechanical properties at low tem-
peratures (Otero and Sanz 2011). At first, the cooling bath temperature is set for a
given sub-zero temperature. Packaged sample is installed into pressure vessel and
is directly immersed into pressure medium when the temperature decreases to
desired temperature. Several pressurizing media have been reported in many pre-
vious studies, such as glycol/water, 62/38, v/v (Kalichevsky-Dong et al. 2000);
ethylene glycol/water, 75/25, v/v (Otero et al. 2008); and ethanol/water, 50/50,
v/v (Chevalier et al. 2000b). After installation, the pressure vessel is closed
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Fig. 8.2 Flow diagram of a pressure shift freezing/thawing equipment

properly and then the pressure generation is initiated. The air in the pressure vessel
is removed out by pumping pressure medium from the container into the pressure
vessel. After the pressure reaches a desired pressure level, it is held under this
condition until the desired temperature is achieved in the product after which the
pressure is released rapidly by using drain valve. Finally, the sample is allowed to
complete the freezing process in the pressure vessel at atmospheric pressure.
During pressure shift freezing process, the temperature of the sample and pressure
medium is generally monitored by using thermocouples.

8.2.4 Pressure Shift Freezing and Microbial Growth

Many studies have been performed on high-pressure processes to evaluate their
performance on the inactivation of microorganisms (Hiremath and Ramaswamy
2012; Black et al. 2011; Ramaswamy and Shao 2010; Garcia-Graells et al. 1999).
However, for these works, high-pressure treatments were above 0 °C. It is also
worth investigating the combination of high pressure and sub-zero temperatures’
effect on the microbial growth.

Hashizume et al. (1995) reported the effects of pressure shift freezing on
Saccharomyces cerevisiae in 0.85 % NaCl. The inactivation ratios were improved
by PSF treatment at —10 °C and —20 °C in comparison with 0 °C, 5 °C, and 25 °C.
A three log cycle of inactivation was reached by 180 MPa in 7 min at —20 °C and
in 20 min at —10 °C. Ponce et al. (1998) observed that E. coli 405 CECT added to
liquid whole egg and distributed evenly, when treated at 450 MPa and —15 °C for
15 min, gave an inactivation ratio of three log cycles. The author pointed out that
the reason might be that food constituents provide microorganisms with baropro-
tection and can have an effect on the pressure resistance of microorganisms.
Takahashi (1992) observed that E. coli processed at 200 MPa/—20 °C/20 min in
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buffer had the reduction of eight log cycles as compared to that at room tempera-
ture, which only had four log cycle reductions.

Picart et al. (2004) studied the inactivation of smoked salmon mince inoculated
with Pseudomonas fluorescens, Micrococcus luteus, and Listeria innocua at =21 °C
under 207 MPa. The temperature of samples was first decreased to —21 °C at
207 MPa for 23 min. Then the pressure was slowly released to 0.1 MPa, which took
nearly 18 min, and the freezing process was completed to —25 °C. The results indi-
cated that inactivation ratios of L. innocua and M. luteus were 2-2.5 log cycles and
that of P. fluorescens were 4.6 log cycles.

On the other hand, it was found that high costs are required for industrial applica-
tions in order to freeze lactic acid bacteria due to the high technical demands of
pressure shift freezing equipment (Volkert et al. 2008). Hence, there is always a
need to review the cost of installing the PSF equipment before using it for industrial
applications. But it has been proposed that in long-term usage, the equipment costs
can be repaid back (LeBail et al. 1997).

8.2.5 Pressure Shift Freezing and Quality Changes
during Storage

During freezing storage, foods generally have quality losses over the storage period.
The storage temperature of frozen foods is usually kept higher than their glass tran-
sition temperature in order to decrease quality losses. However, quality degradation
still occurs during storage. The quality losses not only depend on freezing processes
but also are related to storage conditions (Otero and Sanz 2011). Moreover, the storage
and distribution temperature is recommended to decrease to —18 °C to —20 °C to
better preserve frozen food quality with slow growth of crystals. In case of long
storage conditions, it is suggested to lower the storage temperature to —25 °C to —30
°C. However, the temperature fluctuations remind an important problem. The con-
trol of storage temperature is very important since temperature fluctuations could
cause a recrystallization process, which can have a marked influence on the ice
crystals’ distribution and can even destroy tissues (Martine Le and Genevieve 2004).
In a study, after high-pressure treatment, potato cubes were stored at =30 °C, which
resulted in no changes in quality as compared to the original ones, while samples
frozen at —18 °C showed remarkable quality losses which were similar to the sam-
ples treated with conventional techniques (Koch et al. 1996).

For PSF-frozen fish and meat products, the storage time has no effect on their
texture, color, and drip losses (Otero and Sanz 2011). In a study conducted by
Sequeira-Munoz et al. (2005), the carp fillets were cooled under high pressure at
140 MPa at —14 °C for 12 min and under air-blast freezing at —20 °C with 4 m/s
air velocity. It was observed that the texture of frozen carp fillets was similar to
unfrozen control samples and PSF was more effective in reducing drip losses of
cooked samples than air-blast freezing. Moreover, they also stated that PSF can
reduce lipid degradation effectively during the frozen storage compared to air-
blast freezing.
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Table 8.1 Studies on high-pressure freezing of foods

Material Process | Conditions Research focus Reference

Peach, mango | PSF 200 MPa, —20 °C | Microstructure Otero et al. (2008)

Carrot PSF 200 MPa, —19 °C | Microstructure Fuchigami et al. (2006)

Gelatin gels PSF 100/150/200 MPa | Microstructure Zhu et al. (2005b)

Norway PSF 200 MPa, -20 °C | Microstructure Chevalier et al. (2000a)

lobsters

Eggplant PSF 200 MPa, -20 °C | Microstructure, texture | Otero et al. (1998)

Pork PSF 200 MPa, —20 °C | Microstructure Martino et al. (1998)

Potato PSF 400 MPa Microstructure, Koch et al. (1996)
kinetics, quality

Tofu PSF 200 MPa, —18 °C | Microstructure Kanda et al. (1992)

8.2.6 Pressure Shift Freezing of Selected Food Products

Owing to the advantages of pressure shift freezing, several studies have been carried
on various foods. This technique has been developed both in research and commer-
cial areas in Japan, as well as in the USA and Europe (Swientek 1992). Table 8.1
lists some products that have been treated by PSF.

8.2.6.1 Food Models

Lévy et al. (1999) reported that oil-in-water emulsions stabilized by sodium caseinate
were frozen separately, by pressure shift freezing with rapid depressurization at —18 °C
with 207 MPa and also under a constant pressure of 100 MPa at —9 °C. The ice
crystals formed by PSF with rapid depressurization were a large number of small
ice crystals and irregularly shaped without specific orientation. In comparison,
emulsions frozen under constant pressure of 100 MPa had large ice crystals with a
needle shape and were oriented radially. In addition, in terms of the duration of
freezing plateau and ice crystal arrangement, the results of releasing pressure from
300 MPa at —16.5 °C are similar to the release from 207 MPa at —18 °C. However,
larger ice crystals and a longer freezing plateau were caused when pressure was
released from 100 MPa at —8 °C. So the author suggested that pressure release from
207 MPa was the optimal way to produce small ice crystals.

In case of gels of B-lactoglobulin, pressure shift freezing under 207 MPa at —19
°C could better preserve the structure of the gel network, as compared with gels
frozen by still air at =30 °C and in gaseous nitrogen at —80 °C, and also the pres-
sure shift frozen gels were quite similar to nonfrozen ones. The changes in firm-
ness of the gels frozen by different techniques were not significantly different
(Barry et al. 1998). The results were similar to the observation of gelatin gels. Zhu
et al. (2005b) found that conventional air freezing (CAF) and liquid immersion
freezing (LIF) produced larger ice crystals than those formed by PSF. They showed
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that, for PSF at three pressures, the higher pressure and lower temperature resulted
in the formation of smaller ice crystals.

Kanda et al. (1992) pressurized kinu tofu at 200 MPa at —18 °C and analyzed the
microstructure of samples by using scanning electron microscopy. They found that
smaller ice crystals were formed in tofu in the case of pressure shift freezing.
Fuchigami and Teramoto (1997) also pointed out that kinu tofu frozen at 200-400 MPa
was similar to control untreated samples; in fact, the texture of frozen tofu was found
to improve, since stress, strain, and rupture energy changed insignificantly. However,
the amount of drip loss and ice pores and rupture stress increased when pressure rose
from 400 to 700 MPa.

8.2.6.2 Meat Products

Muscle cells are flexible and elongated fibers that have minimal air spaces (Haard
1997). It is accepted that freezing has an impact on the muscle structure, leading to
the shrinking of muscle fibers due to moisture movement into extracellular spaces
(Hurling and McArthur 1996). The effect of freezing temperature and freezing rate
on muscle structure has been studied to some extent. Muscle structural damage
during rapid freezing is less than that during slow freezing (Alizadeh et al. 2007).

Alizadeh et al. (2007) reported that, according to the microstructure of ice crystals,
most cells in Atlantic salmon associated with air-blast freezing (ABF) and direct-
contact freezing were occupied with cross section of the ice crystals, which were
larger than the muscle fibers. Ice crystals formed during ABF (=30 °C, 1.4 m/s)
process and direct-contact freezing had larger and irregular shapes. The ice crystals
caused deformation of tissue due to poor muscle fibers for beef and pork (Grujic
et al. 1993; Martino et al. 1998). However, PSF samples can keep muscle fibers
intact and reduce tissue deformation and shrinkage, since PSF process creates
smaller and more uniform ice crystals and also maintains isotropic spread of ice
crystals in the fish tissues, particularly for the 200 MPa treatments. The size of ice
crystals formed by PSF at 100 MPa had a higher stability for long frozen storage
duration. Zhu et al. (2003) also reported that the PSF-treated salmon tissues were
well maintained and PSF produced a large number of fine and regular intracellular
ice crystals which contributed to a better preserved microstructure as compared with
air-frozen and bath-frozen samples. These researches were in agreement with the
findings on pressure shift-frozen pork and lobster (Chevalier et al. 2000a; Martino
et al. 1998). Chevalier et al. (2000a) also suggested that it is better to use low
pressure in order to minimize protein denaturation caused by high pressure.

There is a debate on the effect of small ice crystals and pressure-induced protein
denaturation to the quality of HP-treated frozen meat (Norton and Sun 2008). By
using DSC tests, the results showed that the toughness of PSF-frozen meat increased,
especially at the 150 and 200 MPa, which might be caused by denaturation of myo-
fibrillar protein of pork. It is recommended that raw meat be frozen by applying
high pressure under 150 MPa in order to preserve microstructure and quality (Zhu
et al. 2004b). Fernandez-Martin et al. (2000) also found similar results and they also
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reported reduction in water holding capacity of pork sample which further results in
higher drip loss when PSF was carried under 200 MPa and —-20 °C.

PSF leads to significant color changes in meat and red meat might become pale
due to small ice crystals scattering more light than the larger ones. Thus, meat is
more opaque and has a lighter color (Pérez-Chabela et al. 2004). The chromatic
changes increase along with increasing pressure level employed (Zhu et al. 2004b).

8.2.6.3 Fruits and Vegetables

In plant tissues, structure damage is associated with the semirigid nature of cells and
the less orderly packing of the cells in the tissue (Haard 1997). Mechanical damage
to local structure on fast freezing is lesser than that at slow freezing. Fast freezing
protects the structure of the muscle better due to the production of a large number
of smaller ice crystals and more uniform extracellular spacing resulting in less water
movement and less breakage of muscle fiber and hence less separation of cell walls
and consequently better retention of the quality of frozen food (Otero et al. 1998;
Van Buggenhout et al. 2006a). Otero et al. (2008) reported that PSF (200 MPa, —20
°C) produced smaller ice crystals and resulted in reducing structural damage in
peach and mango as compared with conventional methods, such as air-blast freez-
ing (—40 °C) and cryogenic freezing by liquid N, evaporation. Air-blast freezing
had the lowest freezing rate of the three methods studied, and therefore it caused the
formation of larger ice crystals which led to major damage in the fruit tissue and
broke the cells. Freezing rate of liquid nitrogen is faster than air blast, but it also
negatively influences the cell walls and forms intra- and extracellular ice crystals
due to thermal gradients. PSF samples formed a large number of small intra- and
extracellular crystals without affecting the microstructure.

In case of frozen carrots, structure damage was clearly visible in the samples
frozen by conventional freezing which is still-air freezing (—18 °C), while the sam-
ples frozen by cryostat bath (—18 °C) and cryogenic freezing (—80 °C) were similar
to the fresh sample. However, carrots frozen by PSF (200 MPa, —18 °C) also had
freezing damage. This result seemed to be in contrast with results of several other
authors (Van Buggenhout et al. 2006a). Otero et al. (1998) reported that PSF can
reduce structural damage of eggplant as compared with conventional still-air and
air-blast freezing methods.

The textural attributes of vegetables are mainly about firmness, tenderness, and
crispness (Vickers 1987). Rapid freezing leads to optimal texture of most foods due
to less time taken for osmotic dehydration of cells. In the case of eggplant, Otero
et al. (1998) reported that PSF caused less textural damage and lower drip losses in
comparison to conventional still-air and air-blast freezing. The quality of PSF-
frozen potato cube showed smaller difference between that of untreated controls
than conventional freezing, in terms of texture and color quality (Koch et al. 1996).

Van Buggenhout et al. (2006b) found that the texture and drip loss in strawber-
ries treated by PSF were not improved. The drip loss of PSF-frozen samples was
slightly higher than that of conventionally treated samples. Moreover, the firmness
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of frozen strawberries treated by both methods was greatly decreased. The author
concluded that the influences of PSF in inducing quality loss exceeded the contribu-
tions of the small ice crystal information.

Studies on mangoes and peaches, demonstrated by using scanning electron
microscopy, showed that pressure shift freezing leads to less textural changes and
has an acceptable microstructure and it also reduces freeze-cracking problems
(Otero et al. 2008). In the case of frozen carrots, Van Buggenhout et al. (2005)
investigated the potential of pressure shift freezing combined with low-temperature
blanching for preserving texture. The hardness of PSF-frozen carrots was improved
markedly by pretreating the samples with calcium soaking and then followed by
thermal treatment (60 °C, 30 min) or high-pressure treatment (300 MPa, 60 °C, 15
min) before PSF processes. However, the improved hardness of carrot could not be
maintained under —18 °C storage. Blanched broccoli by PSF did not change in color
and flavor. Hence, it can be safely concluded that the color of fruits and vegetables
is slightly affected by PSF (Otero and Sanz 2011).

8.3 High-Pressure Thawing

8.3.1 Definition

The term high-pressure thawing includes two types of processes such as high-
pressure-assisted thawing (HPAT) and high-pressure-induced thawing (HPIT).
Some authors do not differentiate between them and use them interchangeably
(Otero and Sanz 2003).

The difference between high-pressure-assisted thawing and high-pressure-induced
thawing as described by Knorr et al. (1998) is that in HPAT, pressure increases up to
100 MPa and temperature increases throughout the holding time under the constant
pressure, which leads to phase change during holding time. When pressure increases
above 200 MPa, the phase change starts during pressure loading and it continues
during the holding time under constant pressure and this process is termed as HPIT.

Otero and Sanz (2003) also tried to distinguish between HPAT and HPIT, so they
applied different pressure level treatments to agar gel samples at different initial
temperatures (-5 °C to —20 °C). They found HPAT to be prevalent at lower pressure
levels of 50 and 60 MPa (-10 °C, —15 °C, and —20 °C) and at 90 MPa (-15 °C and
—20 °C), wherein the phase change and melting did not start during the pressure
loading phase, but during the holding phase, the temperature of the sample increased
and completion of phase change occurred, whereas, in HPIT, partial melting of ice
occurred during the pressure loading phase and it was observed at pressure levels of
110 and 210 MPa at all the temperatures and also at 50 and 60 MPa (-5 °C) and at
90 MPa (=5 °C and —10 °C) as well. During the holding phase, the melting reaches
completion just like HPAT. So they stated that the sample thawing throughout the
whole pressurization cycle (loading and holding) during HPIT is the main differ-
ence between these two processes.
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8.3.2 Principles

The principles of high-pressure thawing are based on the studies of Bridgman
(1912). He found out that water subjected to the pressure shows different behavior
and different physical properties as compared to those at the atmospheric pressure.
At atmospheric pressure, the melting point of ice is 0 °C, while by increasing the
pressure to 210 MPa, it reduces to —21 °C. Under pressurized conditions, the phase
changing time from ice to water will be shorter than the conventional thawing,
because the temperature gradient is higher and the thawing is rapid (Okamoto and
Suzuki 2002). Due to microbial growth restriction, the ambient temperature cannot
be more than 4 °C during atmospheric thawing, which makes thawing process long
(Boillereaux et al. 1999). In high-pressure thawing, the temperature difference
between the frozen sample and ambient air provides significant driving force and
allows large heat flow which results in increasing the thawing rate (Zhu et al. 2004a).
The rapid thawing rate will further help to keep the better quality of the food prod-
uct (LeBail et al. 2002a). Makita (1992) reported that the necessary time for high-
pressure thawing is almost one third of the conventional method; moreover, the
pressure did not affect the quality of the food product.

Zhao et al. (1998) reported that product size and initial temperature do not have
any effect on thawing rate, while the level of pressure and the time of thawing pro-
cess do affect the quality of product and the thawing rate as well. So they suggested
that performing thawing under higher levels of pressure on even large amount of
product would be beneficial. The size and dimensions of food are not a big deal in
high-pressure processing because the pressure is transferred throughout the food
uniformly and rapidly which makes this method a unique system (Galazka and
Ledward 1995).

Karino et al. (1994) reported that necessary melting enthalpy reduces from 333
kJ/kg at atmospheric pressure to 241 kJ/kg at 193 MPa pressure. During high-
pressure processing, this phenomenon decreases the energy involved in the phase
change; hence, it requires lesser time for processing, so it results in better reten-
tion of food quality as compared to conventional thawing processes (Chevalier
et al. 1999).

8.3.3 High-Pressure Thawing Curve

Figure 8.3 denotes a typical high-pressure thawing curve which is plotted between
phase change temperatures of water versus pressure. The steps D-C—B—A show the
pressure-assisted thawing, which takes place under constant pressure. In this pro-
cess, reduction of the melting point of ice to —21 °C at 210 MPa (point C) leads to
increase in the temperature difference between the product and surrounding, so this
increased gap results in acceleration of heat flux. Higher heat transfer rate decreases
the thawing time which is one of the most important attributes of high-pressure
thawing.
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Fig. 8.3 A typical high-pressure thawing curve

It can be observed that by increasing the pressure from 0.1 to 210 MPa (steps D
to C), the temperature of water for phase change decreases from 0 °C to -21 °C and
melting does not start during the pressure loading phase (LeBail et al. 2002a, b).
Temperature increases throughout the holding time under the constant pressure
(steps C to B), which leads to phase change during holding time (Knorr et al. 1998),
and completion of phase change occurs.

LeBail et al. (2002a) also described the high-pressure-assisted thawing of pure
water sample. In their study, the temperature of pressurizing fluid medium was set
above 0 °C. It was observed that during pressure loading cycle, the temperature of
the sample decreased and then thawing took place under constant pressure cycle.
When the temperature of the sample reached above the initial freezing point, the
pressure was released. Lastly, the temperature of the sample reduced during depres-
surization and cooling occurred. They also stated that a similar phenomenon occurs
in foods with high water content.

8.3.4 Advantages of High-Pressure Thawing

Conventional thawing takes a long time to complete, so many chemical and physical
changes occur in foods during this process. High-pressure thawing is a good method
to significantly decrease the side effects of conventional thawing and to keep the
high retention of quality of food.

From an economic point of view, even due to the reduction of only the drip loss
during high-pressure thawing, the investment for designing a high-pressure thawing



156 J. You et al.

machine can be paid back very quickly. LeBail et al. (1997) stated that if even there
is only 5 % saving in drip loss, by assumption, an equipment of 150-300 tonnes
capacity per year with a product cost of 7.7-15 EU per kilogram will only take 2-3
years on an average to pay back the expenditure of installing the unit. In addition,
reduction in microbial load can reduce the time required for subsequent processes
such as pasteurization of ready-to-eat meals which eventually can help to decrease
energy consumption and to increase productivity in industry.

From a productivity point of view, one high-pressure thawing equipment is worth
2-5 times more productive than a conventional atmospheric thawing system,
because itis twice or in special situations five times faster than the latter. Furthermore,
reduction in costs of labor and maintenance plays an important role in competition
among companies in the market.

8.3.5 High-Pressure Thawing Equipment

High-pressure thawing is also carried out in similar equipment as pressure shift
freezing (Fig. 8.2). However, there are certain differences in the components that
have been used during thawing. Firstly, the type of pressure-transmitting medium in
HPT has been different, although the same medium as PSF can also be used. In HPT
few different pressurizing fluids have been applied in various previous studies, such
as mineral oil/distilled water, 2/98, v/v (Zhu et al. 2004a), pure water (Otero and
Sanz 2003), and hydraulic oil/water, 5/95, v/v (Zhao et al. 1998). Secondly, the
temperature of the medium used for thawing under pressure is also higher as
compared to freezing because they are meant for totally different purposes. From
literature studies, it was found that many researchers have used different tempera-
tures of pressure thawing media such as 20 °C (Zhu et al. 2004a, Otero and Sanz
2003) and 25 °C (Zhao et al. 1998).

8.3.6 High-Pressure Thawing and Microbial Growth

Favorable conditions for the growth of microorganisms are provided during atmo-
spheric thawing because there is high water activity due to the melting of ice and/or
condensing of water on the surface and pH is also around 7 which favors microbial
growth. Hence, the temperature of surrounding air should be kept low throughout
process to inhibit microbial growth (Mascheroni 2012) but this will lead to increased
thawing time. However, high temperature difference between ambient air and the
product during high-pressure thawing accelerates the heat transfer, which further
leads to reduction in the thawing time, and it will also inhibit the growth of
microorganisms.

While the surface and the corners of a product are at microbial growth risk in
atmospheric thawing (Mascheroni 2012), they can be ignored in pressure thawing,
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due to uniformity in passing of the pressure throughout the frozen product.
Temperature and pressure have a synergetic effect on the lethality of microorgan-
isms during high-pressure thawing (Chevalier et al. 1999).

Due to the importance of microorganisms’ growth during thawing especially in
fish and meat products, many studies have been done in this field. Destruction of
microorganisms and limitations of their growth throughout high-pressure thawing
have been reported for different types of foods.

While Hite (1899) reported that pressures more than 100 MPa can inhibit
microbial growth, Murakami et al. (1992) showed a constant load of microbes
during high-pressure thawing. Eshtiaghi and Knorr (1996) found that two log
cycle reductions in vegetative microorganisms occurred during application of
high-pressure thawing of frozen strawberries in which sugar solution was used as
pressurization fluid.

In other studies, it has been described that high-pressure thawing at 100 and 200
MPa, respectively, resulted in 1.5 and 3 log cycle reductions in the number of
Listeria innocua inoculated in salmon (Mussa and LeBail 2000) and also reductions
up to four log cycles in indigenous flora and three log cycles in inoculated Listeria
innocua in salmon were found when thawing was carried out at 200 MPa at 5 °C
(LeBail et al. 2002b). Overall, the combination of low temperature and high pres-
sure levels accompanied by rapid heat transfer restricts microbial growth during
high-pressure thawing.

8.3.7 High-Pressure Thawing Effects on Proteins

High pressure disrupts the structure of secondary and tertiary bonded molecules but
has no effect on covalently bonded molecules, so it results in denaturation of large
protein molecules. Hence, protein denaturation and meat discoloration have been
seen as some of the side effects of high-pressure application in many studies
(Kalichevsky et al. 1995; Mertens and Deplace 1993). Similar results have been seen
in studies conducted on tuna fish and surimi (Takai et al. 1991) and also in beef at
pressure levels higher than 50 MPa during high-pressure-assisted thawing (Deuchi
and Hayashi 1992). A pressure level of 150 MPa is known as the starting pressure for
denaturation of proteins (Chourot 1997). Cheftel and Culioli (1997) also reported
that protein modifications may occur at pressures from 100 to 210 MPa.

In Fig. 8.4, the structures of the high-pressure-thawed pork muscle strips are
shown. A pressure of 100 MPa shrinks the sarcomere and there is no significant
difference observed between A band and I band in comparison with the control.
Samples thawed at 200 MPa show significant break of the filamentous structure
of the I band and a loss of the M band. Higher pressures (300 MPa) make the
sarcomere’s structure unstable and break A and I filaments. Broken I filament
results in loss of M line and thickening of Z line. At pressures over 400 and 500
MPa, many changes including the splitting of A band can be observed (Okamoto
and Suzuki 2002).
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Fig. 8.4 Electron micrographs of high-pressure-thawed pork’s muscle strips. (a) Control (thawed
by running water); (b) thawed at 100 MPa; (c) thawed at 200 MPa; (d) thawed at 300 MPa;
(e) thawed at 400 MPa; (f) thawed at 500 MPa (Okamoto and Suzuki 2002)

8.3.8 High-Pressure Thawing of Different Frozen Foods
8.3.8.1 Fish

The muscle structure of frozen fish is more sensitive to thawing than the meat muscle;
hence, scientists have done many researches to improve and to maintain the quality
of thawed frozen fish. From the economic point of view, both producers and con-
sumers are concerned about the preservation and the loss of nutritional and sensory
value of frozen or thawed fish by conventional methods.

Takai et al. (1991) reported that pressure can cause protein denaturation, which
eventually causes color changes in tuna and surimi during pressure thawing and
also results in hardening the texture of both fishes as compared with raw samples.
But the positive side is that pressure can shorten the time of thawing and the tem-
perature can also remain under 5 °C which is useful in restricting the growth of
microorganisms. Another study that was done on tuna showed that high-pressure-
assisted thawing can lead to color changes (increased L value) and result in reduced
in drip loss, and further, no effect on microbial flora was observed due to HPAT
(Murakami et al. 1992).

The results of comparison between high-pressure- and running-water-thawed
carps showed that the carps exposed to 100—300 MPa pressure for 10 min had



8 Pressure Shift Freezing and Thawing 159

similar quality attributes as the fresh ones, whereas running-water-thawed carps
(15-17 °C) were characterized by lower breaking stress and lower elasticity, and
hence they had more loss of textural quality. High-pressure application during
thawing made the carp muscle lose its transparency and resulted in increase in L
values. The color changes in muscle carps thawed at 100 MPa pressure and under
running-water conditions were found to be similar. Protein denaturation was also
recognized in high-pressure-treated carp muscles (Yoshioka et al. 1996).

High-pressure thawing has some effects on organoleptic characteristics of fish
fillets, and in comparison with conventionally thawed ones (i.e., in water), the for-
mer is better in taste and texture (Schubring et al. 2003). Zhu et al. (2004a) reported
that pressure levels of more than 150 MPa during thawing can produce color
change in Atlantic salmon (Salmo salar) and can also modify texture at around
200 MPa. They also reported that different freezing rates before thawing have an
effect on drip loss but have no effect on color and texture. Liquid nitrogen-frozen
samples showed significant decrease in drip loss, whereas water immersion sam-
ples had a lot of drip volume.

Chourot (1997) found that pressure application of 150 MPa on pollock whiting
fillets can minimize thawing and cooking drips. It was also reported that reduction
of drip loss occurs during high-pressure-assisted thawing when the pressurization
takes longer than the required time for appropriate thawing. The reason of this phe-
nomenon was related to the effect of high pressure on improvement of heat transfer
between fish fillets and drip loss after completion of thawing. In another study also,
it was found that high-pressure thawing of aiguillat and salmon fishes resulted in
significantly higher reduction of drip volume and also resulted in more reduction in
both indigenous and inoculated Listeria innocua microbial loads as compared to
those thawed in water at atmospheric pressure (LeBail et al. 2002b).

Rouill€ et al. (2002) indicated that at 150 MPa pressure level, thawing drip loss
was reduced to 70 % in spiny dogfish and 31 % for scallops, both on dry basis. At the
same pressure level, total drip loss after thawing and cooking was found to decrease
by 20 % for spiny dogfish, whereas it increased by up to 15 % for scallops.

Takai et al. (1991) concluded from his study that by performing high-pressure
thawing at 150 MPa for aiguillat (spiny dogfish or Squalus acanthias) and scallops
(Pecten irradians), an optimal decrease in drip loss can be observed. In comparison
with atmospheric thawing, high-pressure thawing leads to reduced total drip (thawing
and cooking), higher in magnitude for scallops and smaller for aiguillat, and for more
reduction in drip loss, more time for pressurizing is required.

In addition, the main advantage of high-pressure thawing is reduction in thawing
time. Increasing the pressure from 0.1 to 200 MPa in frozen fish fillets will lead to
decrease in the thawing time from 1 h to 15 min (Chevalier et al. 1999).

It seems that restricted microbial growth, decreased drip loss, and reduced
thawing time are some of the positive effects of thawing under high pressure which
are common among most stud