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Preface

It has been nearly 30 years since the first edition of Food Science was published. It
and the subsequent three editions have enjoyed worldwide use as introductory texts
for curriculums in food science and technology. This favorable response has encouraged
us to adhere to the same basic format and objectives of the previous editions. Qur goal
is to provide readers with an introductory foundation in food science and technology
upon which more advanced and specialized knowledge can be built. We are also aware
that the book is widely used as a basic reference outside the academic environment.
The fifth edition has been substantially updated and expanded where new information
exists or was needed. The fifth edition continues to be aimed primarily at those with
little or no previous instruction in food science and technology. The text introduces and
surveys the broad and complex interrelationships among food ingredients, processing,
packaging, distribution, and storage and explores how these factors influence food
quality and safety. Foods are complex mixtures of mostly biochemicals and the number
of methods available to convert raw agricultural commodities into edible foods is almost
endless. It was not our intent to be comprehensive but rather to address the need for
insight and appreciation of the basic components of foods and the processes most
commonly used in food technology. We also hope to provide insight into the scope of
food science for people considering food science as a career. As with previous editions,
this one should continue to serve as a reference for professionals in food-related fields
that service, regulate, or otherwise interface with food science and technology.

Food science and technology, like many other science-based disciplines, has advanced
rapidly since the fourth edition was published in 1986. Although many of the basic
unit operations have changed little, new knowledge and concerns about bioctechnology
and foods, food safety, environmental issues, packaging technologies, government regu-
lation, globalization of foods, nutrition, and others, as well as new processing technolo-
gies such as ohmic heating and supercritical fluid extraction, have emerged. Many of
the changes and additions to the fifth edition of Food Science reflect these and other
developments which increasingly influence all involved in food processing as well as
government agencies around the world. However, true change can only be measured
against the broad principles and conventional food production practices of proven value.
Therefore, most basic principles and practices continue to be described at an appropriate
introductory level in the fifth edition.

We would like to acknowledge our colleagues at Cornell University and elsewhere
who provided much of the insights and materials for this edition. We are indebted to
Mrs. Terry Fowler for her technical assistance with the production of this text.

Joseph H. Hotchkiss

Norman N. Potter
Ithaca, New York

xifi
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Introduction: Food
Science as a
Discipline

Food Science can be defined as the application of the basic sciences and engineering
to study the fundamental physical, chemical, and biochemical nature of foods and the
principles of food processing. Food technology is the use of the information generated
by food science in the selection, preservation, processing, packaging, and distribution,
as it affects the consumption of safe, nutritious and wholesome food. As such, food
science is a broad discipline which contains within it many specializations such as in
food microbiology, food engineering, and food chemistry. Because food interacts directly
with people, some food scientists are also interested in the psychology of food choice.
These individuals work with the sensory properties of foods. Food engineers deal with
the conversion of raw agricultural products such as wheat into more finished food
products such as flour or baked goods. Food processing contains many of the same
elements as chemical and mechanical engineering. Virtually all foods are derived from
living cells. Thus, foods are for the most part composed of “edible biochemicals,” and
so biochemists often work with foods to understand how processing or storage might
chemically affect foods and their biochemistry. Likewise, nutritionists are involved in
food manufacture to ensure that foods maintain their expected nutritional content.
Other food scientists work for the government in order to ensure that the foods we
buy are safe, wholesome, and honestly represented.

At one time, the majority of scientists, technologists, and production personnel in
the food field did not receive formal training in food science as it is recognized today.
This was because very few universities offered a curriculum leading to a degree in
food science. Many of these institutions had departments that were organized along
commodity lines such as meats or dairy products. The food industry, government, and
academic institutions continue to employ many persons who received their original
technical training in dairy science, meat science, cereal chemistry, pomology, vegetable
crops, and horticulture. Many others were trained as specialists in the basic sciences
and applied fields of chemistry, physics, microbiology, statistics, and engineering. Such
training has had the advantages generally associated with specialization. It also has
resulted in certain limitations, especially for commodity-oriented individuals in seg-
ments of the food industry undergoing rapid technological change. Hence, the more
general discipline of food science was established. Now, more than 40 universities in
the United States and many more around the world offer degrees in food science.
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PREPARATION FOR A CAREER IN
FOOD SCIENCE

Industry and academic specialists have often differed about the definition of the
term food scientist, and what should constitute appropriate formal training. Similarly,
the major schools offering a degree in food science have not always agreed on the
requirements for such a degree. The Education Committee of the Institute of Food
Technologists (IFT) adopted a set of minimum standards for a university undergraduate
curriculum in food science. These standards are followed by most universities which
offer degrees in food science and reflect the scientific nature of food science. The most
recent (1992) recommended minimum standards include both basic science courses
and core food science and technology courses for the B.S. degree. The standards are
based on a 120-semester-hour or 180-quarter-hour requirement for graduation. Courses
should carry three to five semester hours or four to eight quarter hours of credit.

The core of food science and technology courses, representing a minimum of 24
semester hours or 36 quarter hours, includes the following, most of which include both
lecture and laboratory components:

» Food Chemistry covers the basic composition, structure, and properties of foods and
the chemistry of changes occurring during processing and utilization. Prerequisites
should be courses in general chemistry, organic chemistry, and biochemistry.

» Food Analysis deals with the principles, methods, and techniques necessary for quanti-
tative physical and chemical analyses of food products and ingredients. The analyses
should be related to the standards and regulations for food processing. Prerequisites
include courses in chemistry and one course in food chemistry.

* Food Microbiology is the study of the microbial ecology related to foods, the effect of
environment on food spoilage and food manufacture, the physical, chemical, and
biological destruction of microorganisms in foods, the microbiological examination of
food stuffs, and public health and sanitation microbiology. One course in general
microbiology is the prerequisite.

* Food Processing covers general characteristics of raw food materials; principles of
food preservation, processing factors which influence quality, packaging, water and
waste management, and good manufacturing practices and sanitation procedures.

* Food Engineering involves study of engineering concepts and unit operations used in
food processing. Engineering principles should include material and energy balances,
thermodynamics, fluid flow, and heat and mass transfer. Prerequisites should be one
course in physics and two in calculus.

A senior-level “capstone” course that incorporates and unifies the principles of food
chemistry, food microbiology, food engineering, food processing, nutrition, sensory
analysis, and statistics should be taught after the other food science courses. The
specific orientation of this course, that is, whether it’s product development or product
processing is left to the discretion of the university.

These courses are considered minimal. Additional required and optional courses
should be integrated into the curriculum. Courses in computer science, food law and
regulation, sensory analysis, toxicology, biotechnology, food physical chemistry, ad-
vanced food engineering, quality management, waste management, advanced food
processing, and so on are important components of a food science program.

In addition to the core courses in food science and technology, other typical require-
ments for a food science degree include the following:
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* Two courses in general chemistry followed by one each in organic chemistry and
biochemistry.

¢ One course in general biology and one course in general microbiology which has both
lecture and laboratory.

* One course dealing with the elements of nutrition.

* Two courses in calculus.

* One course in statistics.

¢ One course in general physics.

» A minimum of two courses which emphasize speaking and writing skills.

» Courses in the humanities and social sciences. This requirement is usually established
by the college or university. In the absence of such requirements, about four courses
may be selected from history, economics, government, literature, sociology, philoso-
phy, psychology, or fine arts.

The above minimum requirements provide sound undergraduate training in the
field of food science. The terms food scientist and food technologist are both commonly
used and have caused some confusion. It has been suggested in the past that the term
food technologist be used to describe those with a B.S. degree and the term food scientist
be reserved primarily for those with an M.S. or Ph.D. degree as well as research
competence. This distinction, however, is not definitive and both terms continue to be
used widely and interchangeably.

ACTIVITIES OF FOOD SCIENTISTS

The educational requirements for a food science degree still fall short of an adequate
description of food science. Some suggest that food science covers all aspects of food
material production, handling, processing, distribution, marketing, and final consump-
tion. Others would limit food science to the properties of food materials and their
relation to processing and wholesomeness. The later view imposes serious limitations
if it fails to recognize that the properties of food materials can be greatly influenced
by such factors of raw material production as amount of rainfall, type of soil, degree
of soil fertilization, genetic characteristics, methods of harvest or slaughter, and so
on. At the other end, cultural and religious dictates and psychological acceptance
factors determine the end use of a product.

Psychology and sociology prove important in an affluent society where there is choice,
as well as in other areas where customs and taboos sometimes are responsible for
malnutrition although there may be no shortage of essential nutrients. Since definitions
can be misleading, the activities of today’s food scientists can be illustrated by way of
examples.

It has been estimated that as many as 2 billion people do not have enough to eat
and that perhaps as many as 40,000 die every day from diseases related to inadequate
diets, including the lack of sufficient food, protein, and/or specific nutrients. Many food
scientists are engaged in developing palatable, nutritious, low-cost foods. Inadequate
nutrition in extreme cases can produce in children an advanced state of protein defi-
ciency known as kwashiorkor, or the more widespread protein—calorie malnutrition
leading to marasmus. Dried milk can supply the needed calories and protein but is
relatively expensive and is not readily digested by all. Fish “flour” prepared from fish
of species not commonly eaten can be a cheaper source of protein. Incaparina, a cereal
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formulation containing about 28% protein, is prepared from a mixture of maize, sor-
ghum, and cottonseed flour. Incaparina and similar products were developed to utilize
low-cost crops grown in Central and South America. Miltone was developed from
ingredients—peanut protein, hydrolyzed starch syrup, and cow or buffalo milk—that
are readily available in India. As food losses during storage and processing can be
enormous, food scientists are involved in adapting and developing preservation meth-
ods appropriate and affordable to various regions of the world.

Food scientists have developed thousands of food products including those used in
the space shuttle program (Fig. 1.1). The first astronauts added a small quantity of
water to dehydrated foods in a special pouch, kneaded the container, and consumed
the food through a tube. They had to deal with space and weight limitations, little
refrigeration and cooking equipment, special dietary requirements dictated by stress
and physical inactivity, and weightlessness. There was concern that crumbs or liquid
might get loose in the spacecraft and become a hazard. Currently, food scientists
are developing systems which “recycle” foods for space voyages into deeper space. If
astronauts are to be in space for extended periods without resupply, foods will have
to be grown and processed in space. The problems inherent in such systems present
unique challenges to the food scientist.

Perhaps the largest single activity of food scientists working in industrial organiza-
tions is the improvement of existing and development of new food products (Fig. 1.2).
In the United States in 1993, there were over 12,000 new products introduced if one
considers all products “new” even if they are simply a standard product with only a
slight change. Consumers like to have new products available. Industrial food scientists

Figure 1.1. An astronaut consuming food aboard the space shuttle. Courtesy of the Institute of Food Technolo-
gists.
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Figure 1.2. A food scientist works “at the bench” to optimize the formulation of a cookie product.
Courtesy of the Institute of Food Technologists.

must find creative ways to meet this consumer demand for new and different products.
Successful product development requires a blend of science and creativity.

Food scientists today are often involved in altering the nutrient content of foods,
particularly reducing the caloric content or adding vitamins or minerals. Reducing
the caloric content is accomplished in several ways, such as replacing caloric food
components with low or non-nutritive components. The caloric content of soft drinks
is reduced by replacing the nutritive sugar sweeteners (e.g., sucrose) with aspartame
or saccharin. Aspartame goes by the trade name Nutrasweet. Aspartame contains the
same number of calories as sugar but is 200 times sweeter, so much less is used for
the same degree of sweetening, thus reducing the caloric content. In other cases, food
scientists reduce the caloric content of fat containing foods by replacing the fat with
substances which have similar properties but are not metabolized in the same way as
fat. For example, low-fat ice cream can be made by removing the normal milk fat and
adding specially treated proteins. These proteins are made into very small particles
which give ice cream the smooth texture associated with the fat. Protein has four
calories per gram, whereas fat has nine. Thus, the net effect is a decrease in the caloric
content of the ice cream.
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Food scientists also find ways to add desirable vitamins and minerals to foods.
Breakfast cereals are good examples of such foods. Most cereals have some added
nutrients and some have a whole day’s supply of several nutrients. These vitamins
and minerals must be added in such a way as to be evenly dispersed in the product
and be stable. They must not adversely affect the flavor or appearance of the food.
This requires considerable care.

Food processing technology is applied in the design and operation of ships which
process fish at sea. These facilities include automatic separators for small and large
fish, mechanized fish-cooling tanks, automatic oil extractors, ice-making equipment,
complete canning factories, equipment for preparing fish fillets and cakes, and equip-
ment for dehydrating fish and preparing dried fish meal. This factory approach prevents
spoilage and minimizes protein and fat losses that otherwise would limit how long a
fishing vessel could remain at sea. These factories can remain at sea for 2 months or
more and range great distances from their home base. The Japanese and Russians
have been most active in this kind of development.

An important application of food science technology is the controlled-atmosphere
(CA) storage of fruits and vegetables. Fruits such as apples, after they are harvested,
still have living respiring systems. They continue to mature and ripen. They require
oxygen from the air for this continued respiration, which ultimately results in softening
and breakdown. If the air is depleted of much of its oxygen and is enriched in carbon
dioxide, respiration is slowed. For some fruits, the best storage atmosphere is one that
contains about 3% oxygen and about 2-5% carbon dioxide, the rest being nitrogen.
Such atmospheres are produced commercially by automatic controls which sample the
atmosphere continuously and readjust it. Refrigerated warehouses using CA storage
permit year-round sale of apples which previously was not possible due to storage
deterioration. Low-oxygen CA storage is also currently used to preserve lettuce quality
during refrigerated truck transport and to reduce spoilage of strawberries during air
shipment. In the latter case, air in the storage compartment is displaced by carbon
dioxide from the sublimation of dry ice.

Food science includes quick freezing of delicate foods with liquid nitrogen, liquid or
solid carbon dioxide, or other low-temperature (cryogenic) liquids. When fruits and
vegetables are frozen, ice crystals form within and between the cells which make up
the pulpy tissue. If freezing is slow, large ice crystals form which can rupture the cell
walls. When such a product is thawed, the pulp becomes soft and mushy and liquid
drains from the tissue. The tomato is particularly susceptible. Under very rapid freezing
conditions, as may be obtained with liquid nitrogen at —196°C, minute crystals form
and the cellular structure is frozen before it can be ruptured; when thawed, the product
retains its original appearance and texture much better than does material subjected
to slow freezing. Nevertheless, even with such rapid freezing, only selected types of
tomatoes can withstand freezing and thawing satisfactorily. However, less fragile
frozen plant and animal foods of increasing variety owe their current commercial
excellence to cryogenic freezing.

One of the most important goals of the food scientist is to make food as safe as possible.
The judicious application of food processing, storage, and preservation methods helps
prevent outbreaks of food poisoning. Food poisoning is defined as the occurrence of
disease or illness resulting from the consumption of food. Food-borne diseases are
caused by either pathogenic (i.e., disease causing) bacteria, viruses, parasites, or chemi-
cal contaminants. The incidence of such food-borne illnesses in the United States is
higher than many think. According to the Center for Infectious Diseases, between
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1983 and 1987 there were 91,678 confirmed cases. This probably only represents a
small portion of the actual cases because of the strict criteria for classifying cases
and the underreporting of cases where only one or two individuals were affected.
Approximately 92% of these cases were due to pathogenic bacteria. However, processed
food was implicated in only a tiny fraction of these cases.

The largest causes of outbreaks are improper food preparation, handling, and storage,
most occurring in homes, institutions, or in restaurants. For example, in 1993, ham-
burgers containing undercooked ground beef were served in a fast-food restaurant
resulting in several deaths. The causative bacteria was a type of Escherichia coli
bacteria known as 0157:H7 which has been associated with raw beef and other prod-
ucts. The number of cases of salmonellosis is also on the increase (Fig 1.3). The major
cause of this increase is thought to be due to serving undercooked eggs and poultry
contaminated with Salmonella enteritidis. Salmonella was found to be the cause of
one of the largest food-borne disease outbreaks recorded. Approximately 16,000 people
became ill from consuming contaminated milk. This single episode caused a large
increase in the number of reported cases (Fig 1.3). Similar increases in botulism can
occur due to large outbreaks (Fig 1.4).

As pointed out earlier, the majority of food poisoning cases are due to mishandling
and not to errors in processing. The processed food industry has a outstanding record
of preventing such mishaps when it is considered that billions of cans, jars, and pouches
of food materials are consumed annually. Occasionally, however, this excellent record
has been broken by a limited outbreak in which persons succumb to toxic food. This
may occur when canned foods are not heated sufficiently to destroy the spores of the
anaerobic bacterium Clostridium botulinum or susceptible products are not stored
properly. For example, in the United States in 1989, three cases of botulism were
due to consumption of garlic-in-oil. The product was not sufficiently acidified nor

SALMONELLOSIS (excluding typhoid fever) — by year, United States, 1955-1993
304

4— Outbreak due
to Contaminated
Pasteurized Milk, IL

Reported Cases per 100,000 Population

0 —T T — T T v T L T 1
1955 1960 1965 1970 1975 1980 1985 1990 1995

Year

Figure 1.3. Cases of salmonellosis in the United States reported to the Centers for Disease
Control. Source: Morbidity and Mortality Weekly Report, 42:50. 1994.
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BOTULISM (foodborne) — by year, United States, 1975-1993
100 4
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Figure 1.4. Cases of food-borne botulism in the United States reported to the Centers
for Disease Control. Source: Morbidity and Mortality Weekly Report, 42:24. 1994.

refrigerated to prevent toxin formation. Also in 1989 in Great Britain, 27 people were
diagnosed with botulism with one death from consumption of yogurt which contained a
hazelnut preserve. Botulinum toxin had apparently developed in the hazelnut preserve
before being added to the yogurt. Fish has been implicated in a number of botulism
cases, most often because of a lack of knowledge by food handlers of the hazards
associated with seafoods. An outbreak of botulism in Kapchunka is an example of how
such misunderstanding can be lethal. Kapchunka is a whitefish which is soaked in a
salt brine and air-dried without being eviscerated. The fish was then packaged and
held at room temperature. C. botulinum in the intestinal tract of the fish grew and
produced toxin, giving botulism to several individuals, one of whom died. Food scientists
carefully study each outbreak in the hope of preventing future outbreaks.

When foods are heated to destroy pathogens and spoilage organisms, other changes
in food components can affect color, texture, flavor, and nutrient values; thus, food
scientists must optimize heat processes for specific products to be effective but not
excessive. Sometimes pathogens enter food through faulty containers; this was the
cause of major recalls of canned salmon contaminated with C. botulinum.

Food science researchers have developed methods for tenderizing beef. For example,
the application of tenderizing enzyme-salt mixtures to the surface of meat cuts is
common household practice. However, commercial tenderization has gone further.
Proteolytic enzymes may be injected into the animal shortly before it is slaughtered
so that the pumping action of the heart circulates the tenderizer throughout the tissues.
When the animal is slaughtered and the meat cuts are prepared, they are more tender
than they otherwise would be. Another approach to tenderization is the application of
electric current to the carcass after slaughter.

Food scientists are studying the modification of beef muscle composition and proper-
ties through special feeding practices. The Japanese have produced beef of exceptionally
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high quality by the inclusion of beer in the ration, together with controlled exercise.
In the United States and other countries, until recently, it was common practice to
use the hormone diethylstilbestrol (DES) as a feed adjunct or as an animal implant
to stimulate animal growth and reduce feed costs. This compound also slightly increases
the moisture, protein, and ash, and decreases the fat levels of beef muscle and lamb.
However, under certain conditions DES can cause cancer in mice and in humans, and
in 1979, the U.S. Food and Drug Administration prohibited further use of DES in
meat production.

Food scientists are also studying the production of milk by cows fed minimum
synthetic diets, and the organoleptic and functional properties of this milk. It has long
been known that many of the nutritional requirements of cows are met by microbial
synthesis of complex compounds in the cow’s rumen from simpler materials. Finnish
scientists have shown that cows can maintain high levels of milk production on mini-
mum rations containing purified carbohydrate and no protein, the nitrogen source
being supplied by inexpensive urea and ammonium salts. Milk from cows thus fed is
quite normal in gross composition, amino acid constitution of its protein, flavor proper-
ties, and functional characteristics. These findings are of particular significance since
they provide a means for converting low-value cellulosic materials such as forest
products and low-cost nitrogen compounds into valuable animal protein of a kind that
is highly acceptable to humans.

Food scientists are working on the production of flavors by specific enzyme systems
acting on basic raw material substrates. Cooked meat flavors have thus been produced
from fats, and fruity flavors from carbohydrates.

Food scientists are beginning to use new techniques and products emerging from
the fields of genetic engineering and biotechnology. Advances in recombinant DNA
technology and related methods are providing improved microbial strains and new
enzymes to increase yields and cut costs in the fermentation industries. For example,
enzymes are required to coagulate the milk proteins for use in the manufacture of
cheese. These enzymes have been isolated form natural sources. However, this limits
availability and consistency. The genes for these enzymes have been cloned into bacte-
ria which then biosynthesize the enzyme in a fermentation vessel. The enzyme is
purified and used in cheese manufacture.

In addition to countless potential applications in the manufacture of such fermented
foods as cheese, bread, wine, beer, sauerkraut, and sausages, the biotechnology is being
applied in the production of vitamins, amino acids, flavors, colors, and other food
ingredients. Improved cultures and enzymes also are being used by food scientists to
convert cellulose and starch to a variety of sweeteners and to convert other substrates,
when supplemented with nitrogen, into edible protein.

Food scientists always must be concerned with availability and cost of raw materials.
Bakers’ yeast is commonly grown on molasses; however, the price of molasses, which
is a by-product of sugar manufacture, has increased in recent years because much
sugar cane has been diverted to the production of alcohol for fuel use. Although other
sources of carbohydrates have been used or modified for growing yeast, their costs
fluctuate, they lack certain trace minerals and vitamins present in molasses and needed
by yeast, and they tend to produce yeast with altered properties.

Food scientists are also studying the removal of ions from liquid foods through
the combined use of selective membranes and electric current, a process known as
electrodialysis. Special membranes can be made that allow passage of cations but
restrict movement of anions. Others permit movement of anions but hold back cations.
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Such membranes can be assembled into compartmented “stacks” which are connected
to the anode and cathode of an electric circuit. Ions in liquids passing through the com-
partments tend to migrate to the poles of opposite charge, provided they are not rejected
by a specific selective membrane. By proper choice of membranes and stack construction,
certain anions, cations, or combinations of both may be removed from food liquids. In
this fashion, tart fruit juices can be deacidified. Other membrane separation techniques
(e.g., ultrafiltration and reverse osmosis) can separate proteins, sugars, and salts from
liquid mixtures and can thus concentrate and change ratios of food constituents. These
techniques are being used in new cheese-making processes and to fractionate valuable
ingredients from whey, grain steep liquors, and other food liquids.

Today, many food production plants depend on computers in their daily operation.
The heart of such automatic plants—making baked goods, frankfurters, margarine,
ice cream, and dozens of other products—is a computer command center, such as that
shown in Fig. 1.5. All formulas are calculated in advance and the metering of ingredi-
ents to mixers, ovens, freezers, and other equipment is controlled by microprocessors.
Based on daily changes in the cost of formula ingredients, ratios of ingredients as well
as operating conditions can be altered quickly by keyboard reprogramming. However,
behind this automation is the skill of the formulator, food scientist, and the quality
control laboratory.

Food scientists have become increasingly concerned with the safety of foods, as they
may be affected by pathogenic microorganisms, toxic chemicals such as pesticides, and
other environmental contaminants such as bits of glass or metal. In an industrialized
society, concentrations of chemicals entering the environment must be monitored and

Figure 1.5. Food scientist at computerized controls in a large food processing plant.
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limited, but since their complete elimination is impossible, foods may be expected to
contain traces of “impurities,” as do the air we breathe and the water we drink. Reports
of unexpected chemicals in foods increase as the sensitivities of analytical instruments
exceed nanogram-detection levels. This makes it imperative to know more about the
toxicology of substances that may find their way into food, yet be harmless at low
levels. In addition, more must be learned about the concentration of specific chemicals
in the higher levels of the food chain. Thus, food scientists are analyzing meat, milk,
and eggs from livestock fed crops grown near industrial sites. One interesting study
involves potentially harmful levels of heavy metals in meat and eggs from poultry
raised on feed containing ground mussels which, in turn, were grown in tanks of
seawater on phytoplankton.

Food scientists are currently investigating the fate of pesticides during food pro-
cessing. Their objective is to know if processes can be developed which eliminate or
reduce pesticide residues and how this may affect food safety. They are also investigat-
ing, in conjunction with toxicologists, both naturally occurring as well as synthetic
toxicants in foods. How these toxicants enter foods and how they might be eliminated
are important research topics.

Food scientists are involved in establishing international food standards to promote
and facilitate world trade and at the same time to assure the wholesomeness and value
of foods purchased between nations. Standards generally cover ingredient composition,
microbiological purity, and subjective quality factors that often are not agreed upon
universally. Wherever possible, standards also must not be discriminatory against one
nation or another. This sometimes poses highly perplexing problems. Many countries
would agree that Cheddar cheese to be called by this name should be made from cow’s
milk and contain a moisture content of not more than 39%. In India, however, much
of the milk comes from the buffalo. Further, a Cheddar-type cheese made from buffalo
milk is of poor texture unless somewhat more moisture is retained. Thus, an interna-
tional Cheddar cheese standard upholding cow’s milk as the raw material source, and
a maximum of 39% moisture, could be to the disadvantage of India were such a product
produced for export. Similar problems are currently being studied for a wide variety
of food items by international committees.

Food scientists work in conjunction with nutritionists to develop standards for the
optimal nutritional content of the diet and to determine how food processing and
storage affects nutrients. One important aspect of this is to investigate how food
formulation affects the bicavailability of nutrients. For example, ascorbic acid (vitamin
C) can increase the bioavailability of iron in the diet. Other food scientists study how
storage affects nutritional content of foods. For example, storing milk in clear contain-
ers under display case lights can reduce the vitamin content of this important food.

As these examples show, food science is involved in many technical and scientific
aspects of food. The activities of food scientists are involved in diverse areas with the
common theme of food. Almost limitless other examples might have been chosen:
food preservation by irradiation; freeze concentration to remove water without loss of
volatiles; the use of chemical additives to enhance the physical, chemical, and nutri-
tional properties of foods; mechanical deboning to increase the yields of flesh from red
meat, poultry, and fish; quick cooking methods using infrared, dielectric, or microwave
energy; optimization of processes to maximize nutrient retention and minimize energy
expenditures; and the development of information meaningful to the public and essen-
tial to the creation of relevant, coherent food law.
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All of these areas, and a great many more referred to in subsequent chapters, provide
daily problems for food scientists. Together they help convey a better understanding
of the term food science than can any simple definition.
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2

Characteristics of
the Food Industry

Regardless of the criteria used to measure it, the food industry is very large, and if
food production, manufacturing, marketing, restaurants and institutions are combined,
it is the largest industrial enterprise in the United States. An appreciation of the size,
components, interrelationships, and responsiveness to change of the food industry
enlarges food scientists’ understanding of the environment in which they operate.

The total U.S. food-producing system—including the agricultural sector, food pro-
cessing and marketing functions, and supporting industrial activities—generates
about 20% of the gross national product and draws on close to one-fourth of the work
force. This is greater than the combined efforts employed in the steel, automobile,
chemical manufacturing, communications, public utilities, mining, and several other
industries.

The food-producing industry grows, processes, transports, and distributes our food-
stuffs. Approximately, 3 million people work on farms, in orchards, on ranches, in
fishing, and other areas and are directly involved in the production of the raw food
materials that are subsequently processed into foods. As the chain of activities proceeds,
people are engaged in such functions as produce buying, cattle feeding, dairy plant
and grain elevator operations, and warehouse management. Food processing (manufac-
turing) operations convert raw agricultural commodities into canned, frozen, dehy-
drated, fermented, formulated, and otherwise modified forms of food. According to the
Survey of Current Business, approximately 1.7 million people were directly employed
in food manufacturing alone in 1991 (not counting related businesses). These people
earned approximately $44 billion. Transportation of foodstuffs by rail, truck, water,
and air, and the associated warehousing, employs an additional 2 million people.
Wholesale distribution firms that keep retail outlets stocked are estimated to involve
about 700,000 people. Retail distribution, including private stores, chain stores, and
supermarkets account for an additional 2 million employees. Restaurants, drive-ins,
cafeterias in hospitals, plants, and schools, vending machines, airline feeding, and
other foodservice operations utilize about 5 million more people. Technically trained
personnel serving the food industry in state, federal, and industrial positions of re-
search, development, and quality control number over 25,000. Several million more
persons from scores of occupations contribute directly or indirectly to the food produc-
tion process.

The amount of food produced in the United States is enormous. For example, the
production of cheese in 1991 was 6.1 billion pounds; wheat 74 million metric tons;
poultry 24 billion pounds, meat 39 billion pounds, and eggs 188 million cases. The
food industry is also very large when considered on the basis of sales. In 1980, consumers
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Table 2.1. Percent of Total Personal
Consumption Expenditures Spent for Food
in Selected Countries in 1988

Country Percent of Total
Phillipines 52
China 48
Korea 36
Greece 35
Portugal 33
Mexico 32
Former USSR 28
Israel 27
Japan 19
France 17
United Kingdom 14
Canada 12
United States 10

Source: World Food Expenditures, Na-
tional Food Review 12(4) 26-29

spent $264 billion on food; in 1991, the figure was over $492 billion and rising. Interest-
ingly, this is less than 12% of total disposable income. According to figures from the
United States Department of Agriculture (USDA), this gives the United States the
cheapest food supply in the world (Table 2.1). Nowhere else can people feed themselves
as adequately on less than one-eighth of their disposable income. The cost of food when
compared to disposable income has actually fallen from over 17% in 1960. The low
cost of food was not always the case and certainly is not representative of less developed
parts of the world where the majority of one’s labor may be required to produce or
purchase adequate food. In China, for example, it is estimated that more than 48% of
disposable income must go for food.

The abundance of food in the United States is not due to more people, animals, and
land on today’s farms, but is the result of increased efficiency in agricultural operations
resulting from application of advances in science and technology. Since 1920, cropland
has not significantly increased, but production per hectare has gone up sharply; total
numbers of livestock have changed very little, but production per animal has steadily
risen. This increased production results from greater uses of fertilizers, agricultural
chemicals, animal and plant genetic improvements, and farm mechanization. Each
year more food for more people is being produced by fewer farmers. Thus, in 1940 one
farmer supplied the food for about 12 people,in 1960 about 28 people, and presently
one farmer can produce the food for approximately 80 people.

This has had both negative and positive consequences over the years. During the
1950s and 1960s, U.S. farmers produced large food surpluses, which lowered prices.
This was alleviated by subsidizing farmers to limit their planting and production of
certain commodities, by providing food aid to less developed areas of the world, and
by developing processing methods to convert surplus foods into different forms to create
new markets. Examples of the latter were conversion of surplus wheat into bulgur (a
form of boiled wheat that can be dehydrated and consumed as a cereal) or peeled
wheat, which acquires the appearance and some of the eating qualities of rice. Further
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examples were the conversion of perishable commodities such as sweet potatoes, apples,
and milk to more stable dehydrated forms, either for export or for use in other manufac-
tured foods. But surpluses have largely disappeared in recent years due to an increasing
demand for food worldwide, and U.S. grain is being sought to feed the peoples of less
developed countries as well as to fatten the livestock of the more affluent.

The food supply in the United States is marked not only by its quantity but also by
its quality, variety, and convenience. Figure 2.1 shows how food was sold in large
cities in the early 1900s. Fresh produce underwent heavy spoilage; variety was lacking;
what variety there was, was seasonal, and the consequences of unsanitary handling
were all too common. In contrast, today’s large “superstores” stock as many as 50,000
individual food and nonfood items, and the battle is for shelf space and preferred
position. The use of scanners and computers has helped the retail industry manage
these large stores. This variety is largely the work of the food processor who may
manufacture a basic food in 20 or more forms to entice the food purchaser. The many
flavors of yogurt is one example.

COMPONENTS OF THE FOOD INDUSTRY

The food industry may be divided into segments, or components, in various ways.
One of the simplest is a functional division into the four major segments of raw material

Figure 2.1. Big city marketing of food in the early 1890s. Courtesy of U.S. Department of Agriculture.
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production, manufacture, distribution, and marketing. Raw material production en-
compasses the technologies of farming, orchard management, fishing, and so on, includ-
ing the selection of plant and animal varieties, cultivation and growth, harvest and
slaughter, and the storage and handling of the raw materials. Manufacturing converts
the raw agricultural products into more refined or finished foods. Manufacturing in-
cludes the numerous unit operations and processes that many consider to be the core
of food technology. Distribution is involved in product form, weight and bulk, storage
requirements and storage stability; and product attributes conducive to product sales.
Marketing is the selling of foods in commerce and involves wholesale, retail, institu-
tions, and restaurants. This overall division is artificial and the segments flow into
one another. The food industry is so geared that there is a highly planned organization
and rhythm to the functions of the segments. In a well-developed food industry, this
involves planning and scheduling of all phases to eliminate or at least minimize both
shortages and surpluses among farmer, manufacturer, and distributor. Thus, it is
common for large companies to own and manage farms or plantations, processing and
distribution facilities, and even the outlets for sale of their manufactured products to
ensure smooth operations and high profits. In recent years, for example, many food
manufactures have opened national restaurant chains.

If the industry is divided according to function, then it is sometimes helpful to know
the relative value of the different functions. However, this is not simple to determine
because there are great differences between products, as analyses of the percentage
of the consumer’s dollar spent for production, processing, transportation, and selling
of different foods has shown. Currently, in the case of beef, the greatest cost is in farm
production and the smallest cost is in processing and packaging. In contrast, for canned
tomatoes, the biggest cost is in processing and packaging, and farm production repre-
sents one of the smaller costs.

A more common way of dividing the food industry is along major product lines. Table
2.2 gives the per capita dollar spent in 1990 on major food categories as well as the
per capita consumption of these foods. Thus, of the consumer dollar spent for all foods
to be consumed at home in 1990, about $0.27 went for meat, poultry, fish, and egg
products, about $0.16 for fresh and processed fruits and vegetables, about $0.12 for
dairy products, $0.15 for cereal products, and $0.30 for other products such as edible
oils. These values do not necessarily reflect the tonnage or per capita consumption of
each of the food categories, as the cost of a unit of each food differs greatly. Of all
dollars spent for food, about 42% were spent on food consumed away from home.

Food is most often consumed in a different form than that in which it is produced.
For example, less than half of the 148 billion pounds of milk produced in the United
States in 1991 was consumed as fluid milk. Approximately 17% went into the manufac-
ture of butter, over 31% into cheese, about 9% into ice cream and other frozen desserts,
and so on. As the yield is only about 4 kg of butter per 100 kg of milk, and about 10
kg of cheese per 100 kg of milk, this amounted to some 0.5 million tons of butter, and
approximately 2.3 million tons of cheese. Other examples of commodity conversions
include the transformation of cereal grains into breakfast cereals, soybeans into edible
oils, and cereal starches into sugar syrups. One way to define the food industry is to
say that it converts or changes raw agricultural commodities into more finished foods.

Americans have increased their consumption of fish and shellfish over the last
decade but still consume less than in many other countries. Consumption in 1990 was
approximately 15 pounds per person. This is 27% higher than it was in 1970-1974.
The largest increases have come in fresh and frozen products, whereas canned fish
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Table 2.2. Per Capita Food Spending and Selected Consumption Figures

Consumption
Dollars/Person (Pounds per Capita)
1986 1990 1980-1984 1990
Food expenditures 1326 1652 — —
Food at home 767 956 — —
Cereals and bakery products 106 142 148 185
cereals and cereal products 36 50 — —
bakery products 70 92 — —
Meats, poultry, fish 216 257 182 191
beef 73 84 73 64
pork 45 51 48 46
other meats 30 38 — —
poultry 33 42 45 64
fish and seafood 25 32 — —
eggs 12 12 34 30
Dairy products 97 113 559 568
fresh milk and cream 47 54 — —_
other dairy products 49 60 — —
Fruit and vegetables 123 157 —_— —_
fresh fruit 39 49 87 95
fresh vegetables 35 45 76 93
processed fruit 28 36 — —
processed vegetables 21 27 — —
Other food at home 213 287
sugar and other sweets 28 36 148 —
fats and oils 20 26 64 62
miscellaneous foods 91 129 — —
nonalcoholic beverages 74 82 — —
Foods away from home 560 697 — —
Alcoholic beverages 104 113 — —

Source: ERS-USDA 1991. Food and Nutrient Consumption. FoodReview 14(3) 2-18.

rose only 11%. Lesser amounts are consumed in salted and smoked form. In 1991 the
total domestic catch of fishery products for human consumption was 9.5 billion pounds
of which 6.5 billion was for the fresh or frozen market, with 0.6 billion being canned.
During the same period, the United States imported an additional 3 billion pounds.
Since everything about the food industry is big, it is to be expected that the number
of people employed in food processing and the number of food processing plants are
also large. The USDA estimated that there were 380,000 processing, wholesale, and
retail firms in the United States in 1990. The estimated number of food processing
plants with more than 20 employees in the United States is more than 20,000. The
trend is for this number to become smaller and the remaining plants to become larger.
This has concerned some who point out monopolistic tendencies in specific branches
of the food industry. But a counterinfluence is a growing trend toward diversification
within large food companies, including involvement in nonfood ventures. Small food
processing establishments, with fewer than 20 employees, and retail outlets may num-
ber as many as 500,000. According to the USDA, in 1988 there were over 3 million
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people employed in the food processing and marketing and related industries. This
number has declined somewhat over the recent years and is not expected to increase
in the near future. By comparison, there were only 3 million people directly employed
in farming and related activities in 1989.

Currently in the United States, nearly one-half of the dollars spent on food goes for
food eaten away from home. The trend of increased spending for food eaten away from
home has leveled off in recent years, but the general trend has been upward for the
last few decades. Actually, the quantity of food consumed outside of the home is less
than one-third that eaten at home, the dollar ratio representing higher prices for food
away from home. This food away from home is consumed in restaurants, industrial
and school cafeterias, hospitals, airplanes, and through vending machines and other
outlets. In 1992 the USDA estimated that there were over 730,000 foodservice outlets
in the United States. This included restaurants, fast-food outlets, schools, institutions,
and cafeterias.

These types of foodservice have their own specific requirements for ease of prepara-
tion and serving speed, providing new challenges and opportunities for convenience-
food manufacturers, suppliers of packaging materials, makers of quick cooking and
reconstituting equipment, catering establishments, and an ever-increasing variety of
carryout and fast-food franchise chains. Many companies have broadened their activi-
ties in response to these changes. Grocery stores have added restaurants and food
processing facilities while food manufacturers have acquired restaurant chains and
some have become direct marketers of their products.

ALLIED INDUSTRIES

Many companies which may not directly sell food are nonetheless deeply involved
in the food industry. These are the companies that produce the nonfood components
that are essential to the marketing of food. A good example is the packaging industry.
For example, steel manufacturers make materials for the billions of cans used for food
each year. They have worked in depth on the corrosive effects and interactions of
different foods with the metals used in the manufacture of cans. They have supported
extensive research on improved types of cans where the gauge of the metal may be
reduced, thus lightweighting the cans and reducing costs. The same is true of the
leading aluminum companies in the development of aluminum cans, aluminum dishes,
and foil for food use. Other examples of companies which supply ingredients to the
food industry include food ingredients such as color or flavor suppliers (Fig 2.2). The
study of can closure, can closure machines, and heat transfer into cans for sterilization
has kept food scientists and engineers busy. Companies do extensive research and
development in food packaging in glass, paper, and plastic. Tinted glass that screens
out ultraviolet rays and thus protects light-sensitive foods and plastic films that provide
maximum moisture and oxygen barriers and resistance to heating and freezing are
studied by scientists in these companies. Recent advancements in polymers have led
to the development of many new types of plastic packages for foods such as those which
will withstand the temperatures generated in the microwave oven or the pressures
generated during retorting foods in plastic cans. These new technologies have reduced
costs and provided many new products and more convenient foods.

Chemical manufacturers are important in the food industry because they supply
many of the acidulants, preservatives, enzymes, stabilizers, and other chemicals used
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Figure 2.2. A flavor chemist compounding flavors for a food. Food Processing Magazine,
55(5)15. 1994.

in foods. All of these must be functional and fully satisfy specifications of safety set
down by the Food & Drug Administration (FDA) or other regulatory agencies that
have responsibility for food safey.

Food machinery and equipment manufacturers often are the prime innovators of
new food processing methods and systems. They have developed pasteurizers and
evaporators, microwave ovens and infrared cookers, freeze-drying systems and liquid-
nitrogen freezers, and instrumentation and computer controls.

All of these, and many, many more companies in allied industries work directly
with food.
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In recent years, especially, all industries have become more accountable to govern-
ment, consumers, their employees, and each other. This has taken many forms, such
as providing the public with more information, assuming greater responsibility for
the quality of the environment and the safety of products, conserving resources, and
meeting increasingly rigorous government regulations. In the case of the food industry,
this trend has led to greater dependence on outside consultants, testing laboratories,
and legal expertise. Thus, more of these people are becoming involved in the food
production process.

INTERNATIONAL ACTIVITIES

Food has become a global commodity. Foods are traded and shipped worldwide (Fig.
2.3). It is not unusual to find dozens of types of fine foods from around the world in a
modern grocery store. This might include cheeses from Europe, lamb from New Zealand,
fresh grapes from Chile, snowpeas from Guatemala, apples from Argentina, beef from
Australia, and mangoes from South America. Many U.S. food companies have set up
subsidiaries in other countries and many fast-food outlets such as McDonald’s have
opened stores around the world. The largest McDonald’s is reported to be in Moscow.

Agricultural imports (food and other products) to the United States amounted to
about $22 billion in 1991 which amounted to approximately 10% of all imports. These
have included coffee, tea, cocoa, spices, and other products not grown in this country,
as well as sugar, fish, and other products to supplement domestic production. Food
exports were about $37 billion in 1991 and have grown due largely to increased world
demand for cereal grains and soybeans, making the United States the world’s largest
food exporter. Most major American food companies have vigorous international divi-
sions with manufacturing facilities in many parts of the world. Among those with
extensive overseas operations are Kraft—General Foods, CPC International, H.J. Heinz,
Borden, Campbell Soup, Nabisco Brands, Coca-Cola, Pepsico, Beatrice Companies,

Figure2.3. Large cargo container ship transporting goods internationally. Source: Hand-
book of Package Engineering, J. P. Hanlon, Technomic Publishing Co. Lancaster, PA
1992.
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Ralston Purina, and General Mills. There is a recent trend to decrease the trade tariffs
on many items including food. This can be expected to increase the international trade
in food items. It is common for a U.S. grocery store to stock food items from around
the world.

When these companies go into food production in foreign countries they do not simply
build a plant and resume operations as in the United States. Experience has shown
that often they must modify well-known products to suit local tastes. Even the most
popular soft drink formulations may vary in certain parts of the world. Another problem
facing companies entering operations in a new country is related to available food
ingredients. In some countries, the food producer may not import certain essential or
important ingredients but must utilize local ingredients such as wheat or cocoa. These
may differ substantially from equivalent ingredients used in the United States and
thus require extensive reformulation and process changes to achieve acceptable quality.
This is further complicated by local food laws, which often prohibit the use of specific
food acidifiers, preservatives, or food colors that are permitted in the United States.

RESPONSIVENESS TO CHANGE

It is often said that the food industry is a stable industry, resistant to the effects of
recessions. In the sense that per capita consumption of total food is remarkably con-
stant, and for many decades has remained at around 658 kg (1450 pounds) per year,
this is true. However, the kind of foods consumed are continually changing and this
contributes to great competition within the industry and makes it highly dynamic.

People choose the foods they eat in response to many influences. The food industry
responds to these choices or more often tries to anticipate these changes so that they
can have the desirable products. For example, changes in food use reflect demographic
shifts such as the increasing numbers of older Americans, working women, and single-
member households. The food products available in the marketplace also reflect the
supply of ingredients and nonfood components, which are subject to extremes of
weather, political barriers, and changing world demand. Availability and costs of
energy influence all phases of food production. Advances in the areas of nutrition,
health, and food safety often change eating habits whether the benefits that may result
are real or just perceived.

According to the U.S. Department of Agriculture, between 1968 and 1988 U.S.
residents increased their daily consumption of kilocalories from 3300 to 3600. However,
the kinds of foods making up this consumption has changed substantially. For example,
fresh and frozen fruits consumption has increased 25% over a the last 20 years. Atti-
tudes with respect to fat, cholesterol, and fiber contents of foods have changed. During
the same period, red meat consumption has declined by 16%. Government regulation
of food additives, food composition standards, and labeling also influence product offer-
ings. Technical innovations—from ingredient modifications to new processing and
packaging methods to microwave oven and other cooking advances—alter our food
supply.

The above determine the directions of new product development, marketing, and
advertising. New products in great variety are characteristic of the modern food indus-
try. In 1991 there were over 12,000 new food products introduced into commerce in
the United States (Table 2.3). Currently, there are over 50,000 items representing
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Table 2.3. Numbers of New Food Products Introduced Between 1988 and 1993

Category 1988 1989 1990 1991 1992 1993

Baby food 55 53 31 95 53 7
Bakery products 968 1,155 1,239 1,631 1,508 1,420
Baking ingredients 212 233 307 335 346 383
Beverages 936 913 1,143 1,367 1,538 1,845
Breakfast cereal 97 118 123 108 122 929
Candy/gum/snacks 1,310 1,355 1,486 1,885 2,068 2,042
Condiments 1,608 1,701 2,028 2,787 2,555 3,148
Dairy 854 1,348 1,327 1,111 1,320 1,099
Desserts 39 69 43 124 93 158
Entrees 613 694 753 808 698 631
Fruits and vegetables 262 214 325 356 276 407
Pet food 100 126 130 202 179 276
Processed meat 548 509 663 798 785 454
Side dishes 402 489 538 530 560 680
Soup 179 215 159 265 211 248
Total, food 8,183 9,192 10,301 12,398 12,312 12,897

SouRcE: Gorman’s New Product News, 29(1) 1994.

different products, brand names, and sizes in large U.S. food stores, including as many
as 3000 pet food items. Many of these products have short life spans.

INTERRELATED OPERATIONS

As hasbeen stated, the production of specific foods in a highly advanced and organized
food industry is a systematic and rhythmic process. The food manufacturer does not
simply decide to produce 5000 tons of margarine and then casually do so. If they did,
they might find themselves, at one end, unable to procure the necessary vegetable oils
at a competitive price and, at the other, without a ready and adequate outlet for the
product. These factors alone could make them unsuccessful in the highly competitive
food field, where often fractions of a cent per kilogram or per package make the
difference between economic success or failure. Throughout all production, manufactur-
ing, and distribution operations, these fractions of cents per unit of food product are
carefully controlled along with the quality aspects of the product. Since the food indus-
try is a low-markup, high-volume industry, and numbers like several hundred thousand
units per day—such as cartons of milk or loaves of bread—are common for a single
plant, losses of fractions of a cent per unit anywhere along the chain from farmer to
consumer can mean losses to the food producer of hundreds of thousands of dollars per
year.
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Constituents of
Foods: Properties
and Significance

A knowledge of the constituents of foods and their properties is central to food
science. The advanced student of food science, grounded in the basic disciplines of
organic chemistry, physical chemistry, and biochemistry, can visualize the properties
and reactions between food constituents on a molecular basis. The beginning student
is not yet so equipped. This chapter, therefore, will be more concerned with some of
the general properties of important food constituents, and how these underlie practices
of food science and technology.

Foods are made up mostly of biochemicals (i.e., edible biochemicals) which are mainly
derived from living sources such as plants and animals. There are three main groups
of constituents in foods: carbohydrates, proteins, and fats, and derivatives of these. In
addition, there are inorganic and mineral components, and a diverse group of organic
substances present in comparatively small proportions that include such substances
as vitamins, enzymes, emulsifiers, acids, oxidants, antioxidants, pigments, and flavors.
There is also the ever-present and very important constituent, water. These components
are arranged in different foods to give the foods their structure, texture, flavor, color,
and nutritive value. In some instances, foods also contain substances that can be toxic
if consumed in large amounts. The general composition of a food as well as the way
in which the components are organized give a food its individual characteristics. For
example, whole milk and fresh apples have about the same water content, but one is
a solid and the other a fluid because of the way the components are arranged.

The above constituents occur in foods naturally. Sometimes we are not satisfied with
the structure, texture, flavor, color, nutritive value, or keeping quality of foods, and
so we add other materials to foods to improve one or more properties. These may be
natural or synthetic. For example, we may add natural or synthetic fruit flavors to
beverages.

CARBOHYDRATES

Carbohydrates (from “hydrates of carbon”) are organic compounds with the basic
structure C,(H;0),. Among the most important types of carbohydrates in foods are
the sugars, dextrins, starches, celluloses, hemicelluloses, pectins, and certain gums.
Chemically, carbohydrates contain only the elements carbon, hydrogen, and oxygen.

24
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Simple carbohydrates are called sugars. One of the simplest carbohydrates is the six-
carbon sugar glucose. Glucose and other simple sugars form ring structures of the
following form:

CH,0H CH,0H CH,0H
(6) O, H 0
H H HO OH
HO OH HO OH OH
OH OH
a-D-glucose a-D-mannose a-D-galactose

These simple sugars each contain 6 carbon atoms, 12 hydrogen atoms, and 6 oxygen
atoms [C,(H,0), where x=6; y=6]. They differ in the positions of oxygen and hydrogen
around the ring. These differences in the arrangement of the elements result in differ-
ences in the solubility, sweetness, rates of fermentation by microorganisms, and other
properties of these sugars.

Two glucose units may be linked together with the splitting out of a molecule of
water. The result is the formation of a molecule of a disaccharide, in this case maltose:

CH,OH CH,OH
0 )
OH o NoH
HO P OH
OH H

Common disaccharides formed in similar fashion are sucrose (e.g., cane or beet sugar)
made from glucose and fructose (a five-membered ring), maltose or malt sugar from
two molecules of glucose, and lactose or milk sugar from glucose and galactose. These
disaccharides also differ from one another in solubility, sweetness, susceptibility to
fermentation, and other properties.

A larger number of glucose units may be linked together in polymer fashion to
form polysaccharides (i.e., “many sugars”). One such polysaccharide is amylose, an
important component of plant starches (Fig. 3.1). A chain of glucose units linked
together in a slightly different way forms cellulose.

Thus, the simple sugars are the building blocks of the more complex polysaccharides,
the disaccharides and trisaccharides, the dextrins, which are intermediate in chain
length, on up to the starches, celluloses, and hemicelluloses; molecules of these latter
substances may contain several hundred or more simple sugar units. Chemical deriva-
tives of the simple sugars linked together in long chains likewise yield the pectins
and carbohydrate gums.

The disaccharides, dextrins, starches, celluloses, hemicelluloses, pectins, and carbo-
hydrate gums are composed of simple sugars, or their derivatives. Therefore, they can
be broken down or hydrolyzed into smaller units, including their simple sugars. Such
breakdown in the case of amylose, a straight chain fraction of starch, or amylopectin,
a branched chain fraction (Fig. 3.1), yields dextrins of varying intermediate chain
length, the disaccharide maltose, and the monosaccharide glucose. This breakdown or
digestion can be accomplished with acid or by specific enzymes, which are biological
catalysts. Microorganisms, germinating grain, and animals including humans possess
various such enzymes.
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The chemically reactive groups of sugars are the hydroxyl groups (—OH) around
the ring structure, and when the ring is opened, the

0] O
V4 V4
—C (aldehyde group) and the —C\ (ketone group).
AN

H

Sugars that possess free aldehyde or ketone groups are known as reducing sugars.
All monosaccharides are reducing sugars. When two or more monosaccharides are
linked together through their aldehyde or ketone groups so that these reducing groups
are not free, the sugar is nonreducing. The disaccharide maltose is a reducing sugar;
the disaccharide sucrose is a nonreducing sugar. Reducing sugars particularly can react
with other food constituents, such as the amino acids of proteins, to form compounds that
affect the color, flavor, and other properties of foods. In like fashion, the reactive groups
of long-chain sugar polymers can combine in a cross-linking fashion. In this case the
long chains can align and form fibers, films, and three-dimensional gellike networks.
This is the basis for the production of edible films from starch as a unique coating and
packaging material.

Carbohydrates play a major role in biological systems and in foods. They are produced
by photosynthesis in green plants and are nature’s way of storing energy from sunlight.
They may serve as structural components as in the case of cellulose, be stored as
energy reserves as in the case of starch in plants and liver glycogen in animals, and
function as essential components of nucleic acids as in the case of ribose, and as
components of vitamins such as the ribose of riboflavin. Carbohydrates can be oxidized
to furnish energy. Glucose in the blood is a ready source of energy for animals. Fermen-
tation of carbohydrates by yeast and other microorganisms can yield carbon dioxide,
alcohol, organic acids, and a host of other compounds.

Some Properties of Sugars

Such sugars as glucose, fructose, maltose, sucrose, and lactose all share the following
characteristics in varying degrees: (1) They are usually used for their sweetness; (2)
they are soluble in water and readily form syrups; (3) they form crystals when water
is evaporated from their solutions (this is the way sucrose is recovered from sugar
cane juice); (4) they supply energy; (5) they are readily fermented by microorganisms;
(6) they prevent the growth of microorganisms in high concentration, so they may be
used as a preservative; (7) they darken in color or caramelize on heating; (8) some of
them combine with proteins to give dark colors, known as the browning reaction; and
(9) they give body and mouth feel to solutions in addition to sweetness.

A very important advance in sugar technology has been the development of enzymatic
processes for the conversion of glucose to its isomer, fructose. Fructose is sweeter than
glucose or sucrose. This has made possible the production of sugar syrups with the
sweetness and certain other properties of sucrose starting from starch. Commonly,
corn starch is hydrolyzed to provide the glucose, which is then isomerized. The United
States produces enormous quantities of corn and with this technology has become less
dependent on imported sucrose, the availability and price of which can fluctuate greatly.
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Some Properties of Starches

The starches important in foods are primarily of plant origin and exhibit the following
properties: (1) They are not sweet; (2) they are not readily soluble in cold water; (3)
they form pastes and gels in hot water; (4) they provide a reserve energy source in
plants and supply energy in nutrition; (5) they occur in seeds and tubers as characteris-
tic starch granules (Fig. 3.2). When a suspension of starch granules in water is heated,
the granules swell due to water uptake and gelatinize; this increases the viscosity of
the suspension and, finally, a paste is formed which, on cooling, can form a gel. Because
of their viscosity, starch pastes are used to thicken foods, and starch gels, which can
be modified by sugar or acid, are used in puddings. Both pastes and gels can revert or
retrograde back to the insoluble form on freezing or ageing, causing changes in food
texture. Partial breakdown of starches yields dextrins, which are intermediate in chain
length between starches and sugars and exhibit other properties intermediate between
these two classes of compounds.

In recent years much has been learned about modifying the properties of natural
starches by physical and chemical means. This has greatly increased the range of uses
for starch as a food ingredient, especially with respect to controlling the texture of
food systems and permitting the manufacture of food items that require minimum
heating to achieve desired viscosity. This technology has been used to make such
products as instant puddings which do not require cooking.

Modification techniques include reduction of a starch’s viscosity by chemically or
enzymatically breaking the molecules at the glucosidic linkages or by oxidation of
some of the hydroxyl groups. The swelling properties of starch heated in water also

Figure 3.2. Ungelatinized starch granules. (A) Sorghum; (B) corn; (C) wheat. Courtesy of Northern
Regional Research Laboratory.
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can be slowed down by cross-linking reagents that react with hydroxyl groups on
adjacent starch molecules to form chemical bridges between linear chains. The viscosity
of such cross-linked starch also is less likely to break down in acid foods and at high
temperatures as in cooking and canning. Starch further may be modified by reacting
its hydroxyl groups with a range of reagents that form ester, ether, acetal, and other
derivatives. A major effect of this type of modification is to interfere with the tendency
of linear molecules to associate or retrograde to the insoluble form on freezing and
ageing. Starch granules also may be precooked to produce a starch that will swell in
cold water.

Some Properties of Celluloses and Hemicelluloses

Celluloses and hemicelluloses, which are abundant in the plant kingdom and act
primarily as supporting structures in plant tissues, are relatively resistant to break-
down. They are insoluble in cold and hot water and are not digested by man, so do
not yield energy. They are important, however, as dietary fiber. Long cellulose chains
may be held together in bundles forming fibers, as in cotton and flax (Fig. 3.3); such
structures make celery “stringy” and are often ruptured by the growth of ice crystals
when vegetables such as lettuce are frozen. The fiber in food that produces necessary
dietary roughage is largely cellulose, and the hard parts of coffee beans and nut shells
contain cellulose and hemicellulose. These materials can be broken down to glucose
units by certain enzymes and microorganisms. For example, cellulose from plants
and from waste paper can be enzymatically converted to glucose, supplemented with
nitrogen, and used for the growth of yeast and other microorganisms as an animal
feed supplement or as a source of protein for humans.

Some Properties of Pectins and Carbohydrate Gums

Pectins and carbohydrate gums—sugar derivatives usually present in plants in
lesser amounts than other carbohydrates—exhibit the following characteristics: (1)
Like starches and celluloses, pectins are made up of chains of repeating units (but the
units are sugar acids rather than simple sugars); (2) pectins are common in fruits and
vegetables and are gumlike (they are found in and between cell walls and help hold

Figure 3.3. Electron micrograph (15,000X)
showing cellulose fibers from plant cell walls.
Courtesy of R.D. Preston.
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the plant cells together); (3) pectins are soluble in water, especially hot water; (4)
pectins in colloidal solution contribute viscosity to tomato paste and stabilize the fine
particles in orange juice from settling out; (5) pectins in solution form gels when sugar
and acid are added and this is the basis of jelly manufacture. Other carbohydrate gums
from plants include gum arabic, gum karaya, and gum tragacanth (seaweeds yield the
gums agar-agar, carageenan, and algin). In addition to their natural occurrence, pectins
and gums are added to foods as thickeners and stabilizers.

PROTEINS

Proteins are made by linking individual amino acids together in long chains. Amino
acids are made up principally of carbon, hydrogen, oxygen, and nitrogen. Some amino
acids also contain other elements such as sulfur.

Proteins are essential to all life. In animals they help form supporting and protective
structures such as cartilage, skin, nails, hair, and muscle. They are major constituents
of enzymes, antibodies, many hormones, and body fluids such as blood, milk, and egg
white.

Typical amino acids have the following chemical formulas:

CH,
> CHCH, ('ZHCOOH (I?H, CH,CH,CH, (l:HCOOH
CH
2 NH, NH, NH,
leucine lysine
CH;CH; CH,
> CH(iHCOOH >CH(I3HCOOH
CH CH
* NH, NH,
isoleucine valine

Amino acids have the —NH, or amino group, and the —COOH or carboxyl group
attached to the same carbon atom. These groups are chemically active and can combine
with acids, bases, and a wide range of other reagents. The amino and carboxyl groups
themselves are basic and acidic, respectively; the amino group of one amino acid readily
combines with the carboxyl group of another. The result is the elimination of a molecule
of water and formation of a peptide bond, which has the following chemical represen-
tation:

H 0
H,N—C—C=N—C—COOH
' H H

In this case, where two amino acids have reacted, a dipeptide is formed, with the
peptide bond at the center. The remaining free amino and carboxyl groups at the ends
can react in like fashion with other amino acids forming polypeptides. These and other
reactive groups on the chains of different amino acids can enter into a wide range of
reactions with many other food constituents. There are 20 different major amino acids
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and a few minor ones that make up human tissues, blood proteins, hormones, and
enzymes. Eight of these are designated essential amino acids since they cannot be
synthesized by humans in adequate amounts to sustain growth and health and must
be supplied by the diet. The remaining amino acids also are necessary for health but
can be synthesized by humans from other amino acids and nitrogenous compounds
and so are designated as nonessential. The essential amino acids are leucine, isoleucine,
lysine, methionine, phenylalanine, threonine, tryptophan, and valine. To this list of
eight is added histidine to meet the demands of growth during childhood. The nonessen-
tial amino acids are alanine, arginine, aspartic acid, cysteine, cystine, glutamic acid,
glycine, hydroxyproline, proline, serine, and tyrosine. The list of essential amino acids
differs somewhat for other animal species.

The complexity of amino acid polymerization to form protein chains is illustrated
in Fig. 3.4 for the protein of human hemoglobin. There is enormous opportunity for
variation among proteins. This variation arises from combinations of different amino
acids, from differences in the sequence of amino acids within a chain, and from differ-
ences in the shapes the chains assume. That is whether they are straight, coiled, or
folded. These differences are largely responsible for the differences in the taste and
texture of chicken muscle, beef muscle, and milk curd.

Protein chains can be oriented parallel to one another like the strands of a rope as
in wool, hair, and the fibrous tissue of chicken breast. Or they can be randomly tangled
like a tangled bunch of string. Thus, proteins taken from different foods such as egg,
milk, and meat may have a very similar chemical analysis as to C, H, O, and N, and
even with respect to their particular amino acids, yet contribute remarkably different
structures to the foods containing them.

Further, the complex and subtle configuration of a protein can be readily changed,
not only by chemical agents but by physical means. A given protein in solution can
be converted to a gel or precipitate. This happens to egg white when it is coagulated
by heat. Or the process can be reversed: a precipitate transformed to a gel or solution
as in the case of dissolving animal hoofs with acid or alkali to make glue.

When the organized molecular or spatial configuration of a protein is disorganized,
we say the protein is denatured. This can be done with heat, chemicals, excessive
stirring of protein solutions, and acid or alkali. When egg white is heated, it becomes
a solid rather than a liquid because it is irreversibly denatured.

These changes in food proteins are easily recognized in practice. When meat is
heated, the protein chains shrink and so steak shrinks on cooking. When milk is
coagulated by acid and heat, protein precipitates, forming cheese curd. If the heat or
acid is excessive, the precipitated curd shrinks and becomes tough and rubbery.

Protein solutions can form films and this is why egg white can be whipped. The
films hold entrapped air, but if you overwhip you denature the protein, the films break,
and the foam collapses.

Like carbohydrate polymers, proteins can be broken down to yield intermediates of
various sizes and properties. This can be accomplished with acids, alkalis, and enzymes.
The products of protein degradation in order of decreasing size and complexity are
protein, proteoses, peptones, polypeptides, peptides, amino acids, NH;, and elemental
nitrogen. In addition, highly odorous compounds, such as mercaptans, skatole, putres-
cine, and H,S, can form during decomposition.

Controlled cheese ripening involves a desirable degree of protein breakdown. Putre-
faction of meat is the result of excessive protein breakdown accompanying other
changes. The deliberate and unavoidable changes in proteins during food processing
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Figure 3.4. Diagram of amino acid chain of the human hemoglobin protein. Courtesy
of W.A. Schroeder.

32



Constituents of Foods: Properties and Significance 33

and handling are among the most interesting aspects of food science. Today, animal,
vegetable, and microbial proteins are being extracted, modified, and incorporated into
numerous manufactured food preducts. In addition to their nutritional value, they are
selected for specific functional attributes including dispersibility, solubility, water
sorption, viscosity, cohesion, elasticity, emulsifying effects, foamability, foam stability,
and fiber formation. Additional properties of proteins are discussed in Chapter 4 dealing
with nutrition, and in subsequent chapters.

FATS AND OILS

Fats differ from carbohydrates and proteins in that they are not polymers of repeating
molecular units. They do not form long molecular chains, and they do not contribute
structural strength to plant and animal tissues. Fats are smooth, greasy substances
that are insoluble in water.

Fat is mainly a fuel source for the animal or plant in which it is found, or for the
animal that eats it. It contains about 2% times the calories found in an equal dry
weight of protein or carbohydrate. For this reason, reduction in the caloric content of
foods is often accomplished by replacing fat with protein or carbohydrate. Fat always
has other substances associated with it in natural foods, such as the fat-soluble vitamins
A, D, E, and K; the sterols, cholesterol in animal fats and ergosterol in vegetable fats;
and certain natural lipid emulsifiers designated phospholipids because of the presence
of phosphoric acid in their molecules.

A typical fat molecule consists of glycerol combined with three fatty acids. Glycerol
and butyric acid, a common fatty acid found in butter, have the following chemical
formulas:

H, (Il —OH
HC—OH HOOC —CH,; —CH, —CH,
H;(ll —OH butyric acid
glycerol

Glycerol has three reactive hydroxyl groups, and fatty acids have one reactive car-
boxyl group. Therefore, three fatty acid molecules can combine with each glycerol
molecule, eliminating three molecules of water. Such fats are called triglycerides.

There are about 20 different common fatty acids that are connected to glycerol in
natural fats. These fatty acids differ in length and in the number of hydrogen atoms
they contain. Formic acid (HCOOH), acetic acid (CH;COOH), and propionic acid
(CH,CH,COOH) are the shortest of the fatty acids. Stearic acid (C,;H;;COOH) is one
of the longer common fatty acids. Some of the opportunities for variations in natural
fats can be seen from the formula for a typical triglyceride:

7
H,C—O— _(CHz)m —CH3
0
/
HC—0—C= (CH, )¢ — CHs

Z
H,;C—0-C—(CH,), —CH=CH—(CH,),; —CH,
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In this case, the fatty acids reacting with glycerol from top to bottom are lauric acid,
stearic acid, and oleic acid, with carbon chain lengths of 12, 18, and 18, respectively.
Stearic and oleic acids, although of similar length, differ with respect to the number
of hydrogen atoms in their chains. Stearic acid is said to be saturated with respect to
hydrogen. Oleic acid with two fewer hydrogen atoms is said to be unsaturated. Another
18-carbon unsaturated fatty acid with four fewer hydrogen atoms and two points of
unsaturation is linoleic acid. This unsaturated fatty acid is a dietary essential for
health. The degree of unsaturation also affects the physical properties, such as melting
temperature, of fats.

Fat molecules can differ with respect to the lengths of their fatty acids, the degree
of unsaturation of their fatty acids, the position of specific fatty acids with respect to
the three carbon atoms of glycerol, orientation in the chains of unsaturated fatty acids
to produce spatial variations within these chains, and in still other ways.

Fat molecules need not have all three hydroxyl groups of glycerol reacted with fatty
acids as in a triglyceride. When two are reacted, the molecule is known as a diglyceride;
when glycerol combines with only one fatty acid molecule, the resulting fat is a mono-
glyceride. Diglycerides and monoglycerides have special emulsifying properties.

Natural fats are not made up of one type of fat molecule but are mixtures of many
types, which may vary in any of the ways previously described. This complexity of fat
chemistry today is well understood to the point where fats of very special properties
are custom-produced and blended for specific food uses.

The chemical variations in fats lead to widely different functional, nutritional, and
keeping-quality properties. The melting points of different fats are an example of this
functional variation. The longer fatty acids yield harder fats, and the shorter fatty
acids contribute to softer fats. Unsaturation of the fatty acids also contributes to softer
fats. An oil is simply a fat that is liquid at room temperature. This is the basis of
making solid fats from liquid oils. Hydrogen is added to saturate highly unsaturated
fatty acids, a process known as hydrogenation. More will be said about changes in fat
consistency in the chapter on fats and oils (Chapter 16).

Some additional properties of fats important in food technology are the following:

* They gradually soften on heating, that is, they do not have a sharp melting point.
Since fats can be heated substantially above the boiling point of water, they can
brown the surfaces of foods.

* When heated further, they first begin to smoke, then they flash, and then burn. The
temperatures at which these occur are known as the smoke point, the flash point,
and the fire point, respectively. This is important in commercial frying operations.

* Fats may become rancid when they react with oxygen or when the fatty acids are
liberated from glycerol by enzymes.

* Fats form emulsions with water and air. Fat globules may be suspended in a large
amount of water as in milk or cream, or water droplets may be suspended in a large
amount of fat as in butter. Air may be trapped as an emulsion in fat as in butter-
cream icing or in whipped butter.

* Fat is a lubricant in foods; that is, butter makes the swallowing of bread easier.

* Fat has shortening power; that is, it interlaces between protein and starch structures
and makes them tear apart easily and short rather than allow them to stretch long.
In this way, fat tenderizes meat as well as baked goods.

* Fats contribute characteristic flavors to foods and in small amounts produce a feeling
of satiety or loss of hunger.
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ADDITIONAL FOOD CONSTITUENTS

Whereas carbohydrates, proteins, and fats often are referred to as the major food
constituents due to their presence in substantial amounts, there are other groups of
substances which play in important role, out of proportion to their relatively small
concentration in foods.

Natural Emulsifiers

Materials that keep fat globules dispersed in water or water droplets dispersed in
fat are emulsifiers. Without emulsifiers, mayonnaise would separate into water and
oil layers. The mayonnaise emulsion is stabilized by the presence of egg yolk, but the
active ingredients in egg yolk stabilizing the emulsion are phospholipids, the best
known of which is lecithin. There are many lecithins differing in their fatty acid
contents. Chemically, a typical lecithin would have the following formula:

H,C—OOC "C”Hg;

HC ‘—OOC-'C”HM
]
H;C—O—T—O—CH,CH,N(CH,),
+
0 -

Lecithins are structurally like fats but contain phosphoric acid. Most important,
they have an electrically charged or polar end (the + and — at the bottom) and a
noncharged or nonpolar end at the top. The polar end of this and similar molecules is
water-loving or hydrophilic and easily dissolved in water. The uncharged or nonpolar
end is fat-loving or hydrophobic and easily dissolved in fat or oil. The result in a water—
oil mixture is that the emulsifier dissolves part of itself in water and the other part
in oil. If the oil is shaken in an excess of water, the oil will form small droplets. Then
the nonpolar ends of lecithin molecules orient themselves within the fat droplets and
the polar ends stick out from the surface of the droplets into the water phase. This
has the effect of surrounding the oil droplets with an electrically charged surface. Such
droplets repel one another rather than having a tendency to coalesce and separate as
an oil layer. The emulsion is thus stabilized. Such phenomena are common in foods
containing oil and water. Lecithin and other phospholipid emulsifiers are present in
animal and plant tissues and in egg, milk, and blood. Without them we could not have
stable mayonnaise, margarine, or salad dressings. The monoglycerides and diglycerides
mentioned earlier are also highly effective emulsifiers, as are certain proteins.

Emulsifiers belong to a broader group of chemicals known as surface active agents,
designated as such because they exert their effects largely at surfaces. Today, a large
number of natural and synthetic emulsifiers and emulsifier blends suitable for food
use are available. Selection is based largely on the type of food system to be emulsified.
With water and oil, one can have oil-in-water or water-in-oil emulsions. In an oil-in-
water emulsion, water is the continuous phase and oil is the dispersed or discontinuous
phase; mayonnaise is an example of this type of emulsion. In a water-in-oil emulsion,
oil is the continuous phase and water is the dispersed phase; margarine is an example.
Generally the phase present in greater amount becomes the continuous phase of the
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food system. In choosing an effective emulsifier for a manufactured food, oil-in-water
emulsions are best stabilized with emulsifiers that have a high degree of water solubil-
ity (along with some oil solubility), whereas water-in-0il emulsions are best prepared
with emulsifiers having considerable oil solubility and lesser water solubility.

Analogs and New Ingredients

In response to the desire to reduce the caloric content or improve the flavor of many
foods, considerable effort has been directed at developing analogs of fat, sugar, and
other food components. These analogs have the common objective of mimicking the
functional properties such as flavor, mouthfeel, texture, and appearance of the indige-
nous components while at the same time reducing the caloric content of the food. Often
these analogs are used to replace high-calorie sweeteners such as sugar or to replace
fat. Replacing fat is especially desirable because as pointed out in Chapter 4, on an
equal-weight basis, fat contains more than twice the calories of other food components.

The use of fat replacers in ice cream is a good example of the use of such analogs.
Fat contributes smoothness, creaminess, and flavor to ice cream. A process has recently
been developed where egg or milk proteins are formed into very small hard spheres.
When suspended at the proper concentration in a liquid, these protein spheres also
have a creamy or smooth texture. This is similar to chocolate in which the finely
ground cocoa produces smoothness. These protein spheres can then replace some or
all of the fat in ice cream or other products. Because protein on an equal-weight basis
has fewer calories than fat, the net result is a reduction in caloric content of the ice
cream.

Other analogs or substitutes have been developed. Fat substitutes which can be used
as a cooking oil, yet are not absorbed by humans have been developed. This means
that fried foods such as potato chips could have their caloric content substantially
reduced. However, government approval of these substitutes is still pending. Aspar-
tame, which is made up of amino acids, is an example of a sugar substitute. On an
equal-weight basis, aspartame has about the same caloric content as sucrose but is
200 times sweeter. Therefore, less is used and the caloric content of the food is reduced.

Several challenges remain in the use of analogs. For example, analogs may mimic
some important functions but often do not behave in exactly the same way as the food
component they are substituting. Fat replacers may have the mouthfeel of fat but do
not carry the fat-soluble flavors or vitamins of the natural fat. Sometimes, sugar
substitutes can leave undesirable after tastes. Some fat or sugar substitutes are not
heat stable and decompose when heated.

Organic Acids

Fruits contain natural acids, such as citric acid of oranges and lemons, malic acid
of apples, and tartaric acid of grapes. These acids give the fruits tartness and slow
down bacterial spoilage.

We deliberately ferment some foods with desirable bacteria to produce acids and
thus give the food flavor and keeping quality. Examples are fermentation of cabbage
to produce lactic acid and yield sauerkraut, and fermentation of apple juice to produce
first alcohol and then acetic acid to obtain vinegar. In the manufacture of cheese, a
bacterial starter culture is added to milk to produce lactic acid. This aids in curd
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formation and in the subsequent preservation of the curd against undesirable bacterial
spoilage.

Besides imparting flavor and aiding in food preservation, organic acids have a wide
range of textural effects in food systems due to their reactions with proteins, starches,
pectins, gums, and other food constituents. The rubbery or crumbly condition of Ched-
dar cheese depends largely on acid concentration and pH, as does the stretchability of
bread dough, the firmness of puddings, the viscosity of sugar syrups, the spreadability
of jellies and jams, and the mouthfeel of certain beverages. Organic acids also influence
the colors of foods, as many plant and animal pigments are natural pH indicators.
Acids are also important inhibitors of bacterial spoilage in foods, particularly of bacteria
which can cause human disease. For example, under anaerobic conditions and slightly
above a pH of 4.6, Clostridium botulinum can grow and produce lethal toxin. C. botuli-
num does not grow in foods high enough in organic acids to have a pH of 4.6 or less,
so it is not a hazard.

Oxidants and Antioxidants

Many food constituents are adversely affected by oxygen in the air. This is so of
fats, oils, and oily flavor compounds which may become rancid on excessive exposure
to air. Carotene, which yields vitamin A, and ascorbic acid, which is vitamin C, also
are diminished in vitamin activity by oxygen. Oxygen is an oxidant; it causes oxidation
of these materials. Oxygen is always present in and around foods, although it may be
minimized by nitrogen or vacuum packaging.

Certain metals such as copper and iron are strong promoters or catalysts of oxidation.
This is one of the reasons why copper and iron have largely been replaced in food
processing equipment by stainless steel. Many natural foods, however, contain traces
of copper and iron, but they also contain antioxidants.

An antioxidant, as the term implies, tends to prevent oxidation. Natural antioxidants
present in foods include lecithin (which also is an emulsifier), vitamins C and E, and
certain sulfur-containing amino acids. However, the most effective antioxidants are
synthetic chemicals approved by the Food and Drug Administration for addition to
foods.

Enzymes

Enzymes are biological catalysts that promote a wide variety of biochemical reac-
tions. Amylase found in saliva promotes digestion or breakdown of starch in the mouth.
Pepsin found in gastric juice promotes digestion of protein. Lipase found in liver
promotes breakdown of fats. There are thousands of different enzymes found in bacteria,
yeasts, molds, plants, and animals. Even after a plant is harvested or an animal is
killed, most of the enzymes continue to promote specific chemical reactions, and most
foods contain a great number of active enzymes. Enzymes are large protein molecules
which, like other catalysts, need to be present in only minute amounts to be effective.

Enzymes function by lowering the activation energies of specific substrates. They
do this by temporarily combining with the substrate to form an enzyme—substrate
complex that is less stable than the substrate alone. This overcomes the resistance to
reaction. The substrate thus excited plunges to a still lower energy level by forming



38 Food Science

new products of reaction. In the course of reaction, the enzyme is released unchanged.
The release of the enzyme so that it can continue to act explains why enzymes are
effective in such trace amounts.

The reactions catalyzed by a few enzymes of microbial origin are indicated in Table
3.1. Some properties of enzymes important to the food scientist are the following: (1)
In living fruits and vegetables, enzymes control the reactions associated with ripening;
(2) after harvest, unless destroyed by heat, chemicals, or some other means, enzymes
continue the ripening process, in many cases to the point of spoilage—such as soft
melons and overripe bananas; (3) because enzymes enter into a vast number of biochem-
ical reactions in foods, they may be responsible for changes in flavor, color, texture,
and nutritional properties; (4) the heating processes in food manufacturing are designed
not only to destroy microorganisms but also to inactivate food enzymes and thereby
extend the storage stability of foods; (5) when microorganisms are added to foods for
fermentation purposes, the important agents are the enzymes the microorganisms
produce; and (6) enzymes also can be extracted from biological materials and purified
to a high degree. Such commercial enzyme preparations may be added to foods to break
down starch, tenderize meat, clarify wines, coagulate milk protein, and produce many
other desirable changes. Some of these additional changes are indicated in Table 3.2.

Sometimes we wish to limit the degree of activity of an added enzyme but cannot
readily inactivate the enzyme without adversely affecting the food. One way to accom-
plish this is to immobilize the enzyme by attaching it to the surface of a membrane
or another inert object in contact with the food being processed. In this way reaction
time can be regulated without the enzyme becoming part of the food. Such immobilized

Table 3.1. Examples of Extracellular Hydrolytic Enzymes

Enzyme Substrate Catabolic Products
Esterases
lipases Glycerides (fats) Glycerol + fatty acids
phosphatases
lecithinase Lecithin Choline + H,PO, + fat
Carbohydrases
fructosidases Sucrose Fructose + glucose
a-glucosidases Maltose Glucose
(maltase)
B-glucosidases Cellobiose Glucose
B-galactosidases Lactose Galactose + glucose
(lactase)
amylase Starch Maltose
cellulase Cellulose Cellobiose
cytase — Simple sugars
Nitrogen-carrying compounds
proteinases Proteins Polypeptides
polypeptidases Proteins Amino acids
desamidases
urease Urea CO, + NH,
asparaginase Asparagine Aspartic acid + NH,
deaminases Amino acids NH; + organic acids

Courtesy of H. H. Weiser.
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Table 3.2. Some Commercial Enzymes and Their Application

Type Typical Use

Carbohydrases Production of invert sugar in confectionary industry; production of corn
syrups from starch; conversion of cereal starches into fermentable
sugars in malting, brewing, distillery, baking industry; clarification of
beverages and syrups containing fruit starches.

Proteases Chill-proofing of beers and related products; tenderizing meat;
production of animal and plant protein hydrolyzates.

Pectinases Clarification of fruit juices; removal of excess pectins from juices such

Glucose oxidase
—Catalase

Glucosidases

Flavor enzymes
(flavorases)

Lipases

Cellulase

as apple juice before concentration; increase of yield of juice from
grapes and other products; clarification of wines; dewatering of fruit
and vegetable wastes before drying.

Removal of glucose from egg white before drying; removal of molecular
oxygen dissolved or present at the surface of products wrapped or sealed
in hermetic containers.

Liberation of essential oils from precursors such as those present in
bitter almonds; destruction of naturally occurring bitter principles such
as those occurring in olives and the bitter principle glycosides in
cucurbitaceae (cucumber and related family).

Restoration and enrichment of flavor by the addition of enzymes
capable of converting organic sulfur compounds into the particular
volatile sulfur compounds responsible for flavor in garlic and onions,
e.g., conversion of alliin of garlic into garlic oil by alliianase; conversion
of sulfur-containing flavor precursors of cabbage and related species
(watercress, mustard, radish) by enzyme preparations from related rich
natural sources of enzymes; addition of enzyme preparations from
mustard seeds to rehydrated blanched dehydrated cabbage to restore
flavor; production of natural banana flavor in sterilized banana puree
and dehydrated bananas by naturally occurring banana flavor enzyme;
improvement in flavor of canned foods by an enzyme preparation from
fresh corn.

Improvement in whipping quality of dried egg white and flavor
production in cheese and chocolate.

Mashing of grain and brewing, clarification and extraction of fruit
juices, tenderization of vegetables.

Courtesy of M. A. Joslyn

enzymes are presently being used to hydrolyze the lactose of milk into glucose and
galactose, to isomerize the glucose from corn starch into fructose, and in many other
industrial food processes.

Pigments and Colors

Foods may acquire their color from any of several sources. One major source is
natural plant and animal pigments. For example, chlorophyll imparts green color to
lettuce and peas, carotene gives the orange color to carrots and corn, lycopene contri-
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butes to the red of tomatoes and watermelons, anthocyanins contribute purple to grapes
and blueberries, and oxymyoglobin gives the red color to meats.

These natural pigments are highly susceptible to chemical change—as in fruit ripen-
ing and meat ageing. They also are sensitive to chemical and physical effects during
food processing. Excessive heat alters virtually all natural food pigments. Chopping
and grinding also generally change food colors because many of the plant and animal
pigments are organized in tissue cells and pigment bodies, such as the chloroplasts
which contain green chlorophyll. When these cells are broken, the pigments leach out
and are partially destroyed on contact with air.

Not all food color comes from true plant and animal pigments. A second source of
color comes from the action of heat on sugars. This is referred to as caramelizing.
Examples of caramelization are the darkening of maple sugar on heating, the color
on toasting bread, and the brown color of caramel candy.

Third, dark colors result from chemical interactions between sugars and proteins,
referred to as the browning reaction or the Maillard reaction. In this case, an amino
group from a protein combines with an aldehyde or ketone group of a reducing sugar
to produce a brown color—an example is the darkening of dried milk on long storage.

Complex color changes also occur when many organic chemicals present in foods
come in contact with air. Examples are the darkening of a cut surface of an apple and
the brown color of tea from tea tannins. These oxidations generally are intensified by
the presence of metal ions.

In many foods and in cooking, final color is the result of a combination of several of
the above, which adds to the complexity of the field of food color.

Not to be overlooked is the intentional coloring of food by the addition of natural or
synthetic colors as in the coloring of gelatin desserts or the addition of vegetable dyes
to Cheddar cheese to make it orange.

Flavors

If food color is complex, then the occurrence and changes that take place in food
flavors are certainly no less complex.

In coffee alone over 800 constituents have been identified, many of which may
contribute to the flavor and aroma, although the contribution of many of them may
be quite small. These organic chemicals are highly sensitive to air, heat, and interaction
with one another. The flavor and aroma of coffee, milk, cooked meats, and most foods
is in a continuing state of change—generally becoming less desirable as the food is
handled, processed, and stored. There are exceptions, of course, as in the improvement
of flavor when cheese is ripened, wine is aged, or meat is aged.

It is important to recognize that flavor often has a regional and cultural basis for
acceptance. Not only do many Orientals prize the flavors of “100-year eggs” and sauces
made from aged fish, but in the United States different blends of coffee are favored in
the South and in the North, and sour cream is not as popular in the Midwest as in
the East.

A detailed discussion of the chemistry of flavor is beyond the scope of this book.
However, flavors are one of the major areas of interest among food chemists. Much
progress has been made in this area from use of analytical methods such as gas
chromatography and mass spectrometry. In gas chromatography, aroma compounds
are separated from one another on the basis of relative volatility by a special column
through which gas is passed. Each compound gives a specific peak on a recording chart.
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The peaks corresponding to aroma compounds obtained from two kinds of apples are
shown in Fig. 3.5. Although such methods are highly sensitive, for many flavor and
aroma compounds they are not as sensitive as the human nose. Furthermore, the
instrumental approach does not tell whether a flavor is liked or disliked. Therefore,
subjective methods of study also are used. These employ various kinds of taste panels.
Because the results are subjective, conclusions are generally based on the judgments
of several people making up the panel.

Vitamins and Minerals

Vitamins and minerals are essential parts of food because they are required for
normal health. There are a wide range of minerals and vitamins that are important
in the diet, and the effects of food formulation and processing on vitamins and minerals
must be understood. This will be discussed in detail in Chapter 4 on the nutrients of
food.

Natural Toxicants

Over the centuries, plants have evolved the ability to form many compounds which
play no direct biochemical role in the plant but may serve to protect the plant or help
ensure reproduction. These secondary metabolites may attract pollinating insects or
reject predators which attack the plant. It is not surprising that some of these com-
pounds can be toxic. For example, some species of mushrooms have poisonous properties
due to specific nitrogen-containing bases or alkaloids that, depending on concentration,
can produce marked physiological effects. Many other natural foods also contain sub-
stances that can be harmful if consumed in sufficient quantities, but are not a threat
at the low concentrations present in our usual diets.

Similarly, soil and water normally contain the potentially harmful metals lead,
mercury, cadmium, arsenic, zinc, and selenium, and so traces of these metals occur in
foods and always have. At their low levels of occurrence, however, not only are these
natural components of foods harmless but zinc, selenium, and possibly others are
essential nutrients.

Many harmful substances are not normal components of foods but can become part
of food; these include industrial contaminants, toxins produced in food by microorgan-
isms, and additives whose safe-use levels are exceeded. These kinds of materials are
dealt with in subsequent chapters.

In addition to heavy metals, some of the better known toxicants occurring naturally
in foods include low levels of the alkaloid solanine in potatoes, cyanide-generating
compounds in lima beans, safrole in spices, prussic acid in almonds, oxalic acid in
spinach and rhubarb, enzyme inhibitors and hemagglutinins in soybean and other
legumes, gossypol in cottonseed oil, goitrogens in cabbage that interfere with iodine
binding by the thyroid gland, tyramine in cheese, avidin in egg white which is antago-
nistic to the growth factor biotin, thiaminase in fish which destroys vitamin B,, and
several additional toxins associated with specific fish and shellfish. Vitamins A and
D and essential amino acids such as methionine also exhibit toxic effects in excessive
concentration.

Several of these materials and certain other natural toxicants are largely removed
or inactivated when foods are processed. Thus, the heat of cooking destroys enzyme



048y Jo 1da(T “S 1 Jo £sa1.41m0)) "se1dde urody se[pB[0A BUIOIE JO SISA[BUR dTydeidojewoIyd SBY) *¢'¢ aUnblg

0,6 1V (SILNNIW) INIL

F7ddV S$NO0/JIT130 GFY HSIYd

X

42



Constituents of Foods: Properties and Significance 43

inhibitors and hemagglutinins of beans, avidin of egg white, and thiaminase of fish.
Water soaking and fermentation also remove some cyanogenic compounds. Removal
of gonads, skin, and parts of certain fish eliminates toxins concentrated in these tissues.
Breeding and selection also have lowered concentrations of toxicants in certain plant
foods. Further, in the course of evolution, man has developed physiological mechanisms
to detoxify low levels of many potentially dangerous substances and has learned to
exclude clearly toxic species as food sources.

Although much more remains to be learned, a varied diet of the conventional foods
of a region or culture pose small risk from natural toxicants to normally healthy
individuals. Departures from conventional food sources and time-honored processes
without adequate testing, microbial toxins, and harmful levels of industrial chemicals
generally present greater dangers. With respect to all substances that may be normal
constituents of food or become part of a food, it is important to recognize that such
substances are not harmless or harmful per se but only so in terms of their concentra-
tions.

Water

Water is present in most natural foods to the extent of 70% of their weight or greater.
Fruits and vegetables may contain 90% or even 95% water. Cooked meat from which
some of the water has been driven off still contains about 60% water. Water greatly
affects the texture of foods—a raisin is a dehydrated grape, and a prune, a dried plum.
The form in which water occurs in foods to a large extent dictates the physical properties
of the food. For example, fluid milk and apples contain approximately the same amount
of water but have different physical structures.

Water greatly affects the keeping qualities of food, which is one reason for removing
it from foods, either partially as in evaporation and concentration, or nearly completely
as in true food dehydration. When foods are frozen, water as such also is removed,
since water is most active in foods in its liquid form. As a liquid in foods, it is the
solvent for numerous food chemicals and thus promotes chemical reactions between
the dissolved constituents. It also is necessary for microbial growth.

The other reason for removing water from food (in addition to preservation) is to
reduce the weight and bulk of the food and thus save on packaging and shipping costs.

A great deal of food science and food technology can be described in terms of the
manipulation of the water content of foods: its removal, its freezing, its emulsification,
and its addition in the case of dissolving or reconstituting dehydrated foods.

Water exists in foods in various ways—as free water in the case of tomato juice, as
droplets of emulsified water in the case of butter, as water tied up in colloidal gels in
gelatin desserts, as a thin layer of adsorbed water on the surface of solids often contrib-
uting to caking as in dried milk, and as chemically bound water of hydration as in
some sugar crystals.

Some of these bound water forms are extremely difficult to remove from foods even
by drying, and many dehydrated foods with as little as 2—-3% residual water have their
storage stability markedly shortened.

Close control of final water content is essential in the production of numerous foods:
as little as 1-2% of excess water can result in such common defects as molding of
wheat, bread crusts becoming tough and rubbery, soggy potato chips, and caking of
salt and sugar. Many skills in food processing involve the removal of these slight
excesses of water without simultaneously damaging the other food constituents. On
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the other hand, even where a dehydrated product is involved, it is possible to remove
too much water. In some cases the storage stability of a dehydrated item is enhanced
by leaving a trace of moisture, equivalent to a monomolecular layer of water, to coat
all internal and external surfaces. This monomolecular layer of water then may serve
as a barrier between atmospheric oxygen and sensitive constituents in the food which
otherwise would be more easily oxidized.

It is obvious that the purity of water used in foods or associated with the manufacture
of foods is of utmost importance. It is less obvious, however, that suitable drinking
water from a municipal water supply may not be of adequate purity for certain food
uses. This is particularly important in the manufacture of carbonated beverages, as
will be discussed in Chapter 19.
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4

Nutritive Aspects
of Food
Constituents

Food supplies both the energy for all of the body’s functions and the building blocks
for growth and maintenance. Even in fully grown adults there is a requirement for
energy and to build and maintain body components that are being replaced. For exam-
ple, the human stomach is constantly being lost and replaced. Also, there is increasing
evidence that diet plays a major role in our defense against disease, including chronic
diseases such as cancer and heart disease. Mental processes and behavioral attitudes
appear to be influenced by nutritional status and specific nutrients.

The food scientist must consider the nutritive aspects of food from two points of
view: first, what nutrients do foods contain and what is a human’s requirement for
these; and second, what are the relative stabilities of these nutrients and how are
they affected by food processing, storage, and preparation. The science of nutrition,
concerned with these broad areas, also deals with the physiological and biochemical
phenomena of food utilization as related to health.

The nutrients in food, required in balanced amounts to produce and maintain opti-
mum health, belong to the broad groups of carbohydrates, proteins, fats, vitamins, and
minerals. Water, not generally classified as a nutrient, must not be overlooked, because
a lack of water even for a short period is life threatening.

FOOD AND ENERGY

Food is the “fuel” which supplies chemical energy to the body to support daily activity
and synthesis of necessary chemicals within the body. The major sources of energy for
humans and other animals are carbohydrates, fats, and proteins. In addition to supply-
ing energy, these nutrients have other specific functions, but their conversions to
energy are of fundamental importance. The energy value of foods is measured in heat
units called calories.

Calories

A calorie is the amount of heat required to raise the temperature of one gram of
water one degree Celsius (from 14.5 to 15.5°C). The kilocalorie (1000 calories) is the
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unit commonly used in expressing energy values of foods. In an effort to standardize
nonmetric and metric measurement under the International System of Units (SI), the
kilojoule is sometimes used in place of the kilocalorie (kilocalories X 4.2 = kilojoules).
Calories remain, however, the more common unit of nutritionists, and so this term
will be used in subsequent discussions.

The total potential energy of foods and food components is determined by burning
the food in a steel bomb calorimeter under elevated oxygen pressure. The bomb, and
water that it is immersed in, rise in temperature to an extent that is directly related
to the gross energy content of the food. This is termed “calorimetry.”

The total potential energy of a food as determined by calorimetry may not be equal
to the energy that can be derived from it by an animal or human. If a food or food
constituent is not totally digestible, or if the food is not completely oxidized within
the body, then its caloric value in metabolism will be less than its theoretical total
energy content.

Not all carbohydrates (apart from their relative utilization in the body) yield equal
amounts of energy when burned in a calorimeter. This is true of fats and proteins also.
A fat that is more highly oxidized chemically than another will yield less energy on
further combustion in a calorimeter than a corresponding unoxidized fat. Nevertheless,
common averages from calorimeter studies in kcal/g generally are given as 4.1 for
carbohydrates, 9.5 for fats, and 5.7 for proteins.

Carbohydrates such as sugars and starches, which generally are about 98% digested
and fully oxidized by humans, provide about 4 kcal/g. Most fats are generally digested
to the extent of 95%, yielding 9 kcal/g. Proteins, due to incomplete digestion and
oxidation, generally also yield an energy equivalent of 4 kcal/g. Thus, on an equal-
weight basis, fat generally yields 2.25 times as many calories as protein or carbohy-
drate. These simple relationships permit approximate calculations of the caloric values
of foods when their compositions are known. Calories are needed to satisfy the body’s
energy requirements for production of body heat, synthesis of body tissue, and perfor-
mance of work. The greater part of the food we consume goes to satisfy these energy
requirements. When the body performs little work, a greater proportion of this energy
is conserved and stored in the form of fat. Likewise, when energy demands exceed the
intake of calories, fat and other tissues are oxidized to provide this energy and the
body loses weight. An excess intake of about 9 g (¥4 oz) of butter or margarine daily
canresult in the deposition of about 3.2 kg (7 1b) of fat in a year. This can be counteracted
by walking approximately an additional 2.4 km (1.5 miles) daily.

Comprehensive calorie charts for common foods are readily available and are not
included here, although the caloric content of a few representative foods are given in
Table 4.1, which also includes the contents of other nutrients in these foods. While
the caloric contents of foods are relatively fixed, a human’s caloric requirements vary
widely, depending upon such factors as physical activity, climatic conditions, weight,
age, sex, and individual metabolic differences. Table 4.2 gives daily dietary allowances
for each of the major nutrients, but not calories, recommended by the Food and Nutri-
tion Board, National Academy of Sciences—National Research Council. These recom-
mended daily dietary allowances are intended to cover most normal persons as they
live in the United States under usual work and environmental stresses. Caloric needs
are related to energy expenditure and are dealt with in a separate section of the
recommended allowances. Especially depending on physical activity, an adult male’s
daily requirement can range from about 2500 to 5000 kcal. If he is a laborer and needs
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5000 kcal per day, he must eat some fat since a human stomach is not large enough
to hold sufficient carbohydrates and proteins, consumed at usual mealtimes, containing
this many calories.

Whereas fats are the most concentrated source of food calories, carbohydrates are
the cheapest source—and proteins the most expensive. It generally is agreed that quite
apart from the other nutritional demands of the body, and except for very young
children and the aged, a daily intake of less than about 2000 kecal represents dietary
insufficiency. It is one of the sad contrasts of our time that while so many of the world’s
people go hungry, in the United States and certain other countries obesity from excess
caloric intake is a major nutritional disease.

ADDITIONAL ROLES OF
CARBOHYDRATES, PROTEINS, AND FATS
IN NUTRITION

Carbohydrates, proteins, and fats in many ways are interrelated and interconvertible
in animal metabolism. Although dietary carbohydrate is an economical source of calo-
ries and provides rapidly available energy for a variety of physiologic functions, the
body can fulfill its energy and carbon requirements from proteins and fats. It also can
synthesize blood glucose, liver glycogen, the ribose sugar components of nucleic acids,
and other important biological carbohydrates from proteins and fats.

On the other hand, carbohydrates from the foods consumed help the body use fat
efficiently. They do this by supplying an organic acid formed as an intermediate in
the oxidation of carbohydrates. This organic acid is required for the complete oxidation
of fat to CO, and water. When fat is not efficiently oxidized, ketone bodies can accumu-
late in the blood and produce the disease condition known as ketosis.

Carbohydrates also exert a protein-sparing effect. When carbohydrates are depleted
in the animal body and the animal needs additional energy, it gets this energy by
oxidizing fats and proteins. In the case of proteins, this energy requirement is thus
satisfied at the expense of the body’s requirement for proteins and amino acids as
components of body tissues, enzymes, antibodies, and other essential nitrogen-con-
taining substances. However, if carbohydrates are supplied, the body oxidizes them
for energy in preference to protein and, thus, the protein is spared. In similar fashion,
fats can exert a protein-sparing effect.

The role of carbohydrates such as cellulose and hemicellulose in providing fiber and
bulk is essential to a healthy condition of the intestine. In addition, the microflora of
the intestine are much influenced by the nature of carbohydrates in the diet. When
these carbohydrates are comparatively slow to dissolve, as in the case of starch and
lactose, they remain in the intestinal tract for longer periods than the more highly
soluble sugars. In this case, they serve as readily available nutrients for growth of
microorganisms that synthesize several vitamins of the B complex. On the other hand,
the slow rate of absorption of lactose from the intestine can cause diarrhea in some
adults consuming excessive amounts of this sugar. Lactose also appears to increase
calcium retention in children.

The role of protein in supplying chemical building materials for the synthesis of
body tissues and other constituents of life and in providing those essential amino acids
that the body cannot itself synthesize have been mentioned. The nutritional value of



Table 4.2. Food and Nutrition Board, National Academy of Sciences—National Research Council
nutrition of practically all healthy people in the United States.

Water-Soluble

Fat-Soluble Vitamins Vitamins
Age . . Vita- Vita- Vita- Vita-  Vita- Thia-
(years) or Weight Height Protein min A minD min E min K min C min

Category Condition (kg) (b) (cm) (in) ®) (pg REY  (pg)* (mgo-TEX (pug) (mg) (mg)

Infants 0.0-0.5 6 13 60 24 13 375 75 3 5 30 03
0.5-1.0 9 20 71 28 14 375 10 4 10 35 04

Children 1-3 13 29 90 35 16 400 10 6 15 40 0.7
4-6 20 44 112 44 24 500 10 7 20 45 0.9

7-10 28 62 132 52 28 700 10 7 30 45 0.9

Males 11-14 45 99 157 62 45 1000 10 10 45 50 1.3
15-18 66 145 176 69 59 1000 10 10 65 60 1.5

19-24 72 160 177 70 58 1000 10 10 70 60 15

25-50 79 174 176 70 63 1000 5 10 80 60 1.5

51+ 77 170 173 68 63 1000 5 10 80 60 1.2

Females 11-14 46 101 157 62 46 800 10 8 45 50 1.1
15-18 55 120 163 64 44 800 10 8 55 60 1.1

19-24 58 128 164 65 46 800 10 8 60 60 1.1

25-50 63 138 163 64 50 800 5 8 65 60 1.1

51+ 65 143 160 63 50 800 5 8 65 60 1.0

Pregnant 60 800 10 10 65 70 15
Lactating 1st 6 months 65 1300 10 12 65 95 1.6
2nd 6 months 62 1200 10 11 65 90 1.6

“The allowances, expressed as average daily intakes over time, are intended to provide for individual
variations among most normal persons as they live in the United States under usual environmental
stresses. Diets should be based on a variety of common foods in order to provide other nutrients for
which human requirements have been less well defined. See text for detailed discussion of allowances
and of nutrients not tabulated.

*Weights and heights of reference adults are actual medians for the U.S. population of the designated
age, as reported by National Health and Nutrition Examination Survey II. The use of these figures
does not imply that the height-to-weight ratios are ideal.

SUMMARY TABLE. Estimated Safe and Adequate Daily Dietary Intakes of Selected Vitamins
and Minerals®

Vitamins Trace Elements®

Age Biotin Pantothenic Copper Manganese Fluoride Chromium Molybdenum
Category (years) (ng) Acid (mg) (mg) (mg) (mg) (ng) (ng)
Infants 0-0.5 10 2 04-06 03-06 0.1-0.5 10-40 15-30
05-1 15 3 0.6-0.7 0.6-10 0.2-1.0 20-60 20-40
Childrenand 1-3 20 3 0.7-1.0 1.0-15 0.5-1.5 20-80 25-50
adolescents 4-6 25 34 1.0-1.5 15-2.0 1.0-25 30-120 30-75
7-10 30 45 1.0-20 2.0-3.0 1.5-25 50-200 50-150
11+  30-100 4-7 1.5-25 2.0-5.0 1.5-25 50-200 75—-250
Adults 30-100 4-7 1.5-3.0 2.0-5.0 1.5-4.0 50-200 75-250

“Because there is less information on which to base allowances, these figures are not given in the
main table of RDA and are provided here in the form of ranges of recommended intakes.

*Since the toxic levels for many trace elements may be only several times usual intakes, the upper
levels for the trace elements given in this table should not be habitually exceeded.
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Recommended Dietary Allowances,” Revised 1989. Designed for the maintenance of good

Water-Soluble
Vitamins Minerals
Ribo- Vita- Vita- Cal- Phos- Magne- Sele-
flavin Niacin min B; Folate minB,, cium phorus sium Iron Zinc Iodine nium
(mg) (mgNEY (mg) (ng) (ng) (mg) (mg) (mg) (mg) (mg) (ng) (ng)

0.4 5 0.3 25 0.3 400 300 40 6 5 40 10
0.5 6 0.6 35 0.5 600 300 60 10 5 40 5
0.8 9 1.0 50 0.7 800 800 80 10 10 70 20
11 12 11 75 1.0 800 800 120 10 10 90 20
1.2 13 14 100 14 800 800 170 10 10 120 30
15 17 1.7 150 2.0 1200 1200 270 12 15 150 40
18 20 2.0 200 2.0 1200 1200 400 12 15 150 50
1.7 19 2.0 200 2.0 1200 1200 350 10 15 150 70
1.7 19 2.0 200 2.0 800 800 350 10 15 150 70
14 15 2.0 200 2.0 800 800 350 10 15 150 70
13 15 14 150 2.0 1200 1200 280 15 12 150 45
1.3 15 1.5 180 2.0 1200 1200 300 15 12 150 50
13 15 1.6 180 2.0 1200 1200 280 15 12 150 55
13 15 1.6 180 2.0 800 800 280 15 12 150 55
1.2 13 1.6 180 2.0 800 800 280 10 12 150 55
16 17 2.2 400 2.2 1200 1200 320 30 15 175 65
18 20 21 280 2.6 1200 1200 355 15 19 200 75
1.7 20 21 260 2.6 1200 1200 340 15 16 200 75

‘Retinol equivalents. 1 retinol equivalent = 1 pg retinol or 6 pg B-carotene.

9As cholecalciferol. 10 ug cholecalciferol = 400 IU of vitamin D.

‘a-Tocopherol equivalents. 1 mg da- tocopherol = 1 a-TE.

1 NE (niacin equivalent) is equal to 1 mg of niacin or 60 mg of dietary tryptophan.

different proteins depends on their different amino acid compositions. A complete
protein is one that contains all of the essential amino acids in amounts and proportions
to maintain life and support growth when used as the sole source of protein. Such a
protein is said to have high biological value. Many animal proteins such as those
found in meat, poultry, fish, milk, and eggs generally are of high biological value. An
exception is gelatin, which contains limited amounts of isoleucine, threonine, and
methionine, and no tryptophan. Plant proteins generally are not as high in biological
value as animal proteins because of amino acid limitations. Thus, for example, most
varieties of wheat, rice, and corn lack lysine; corn also lacks tryptophan; legumes are
of somewhat higher protein quality but have limited amounts of methionine.

Incomplete proteins can be supplemented with the missing essential amino acids
either in the form of synthetic compounds or as protein concentrates from natural
sources. Blends of plant and animal products also can overcome essential amino acid
limitations and produce nutritional adequacy, but complementary components should
best be given at the same feeding since the body has very limited protein storage
capacity and all amino acids are needed for daily protein synthesis. Much protein
supplementation is now being practiced to improve world food resources.

The amount of protein required daily, which beyond early childhood may range from
about 40 to 60 g (Table 4.2), depends on the body demand—the demand being greatest
during growth, pregnancy, and lactation.

One of the severest needs for protein on a world population basis is in infants
after weaning and in young children. Protein shortage or protein malnutrition can be
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dramatically reversed by proper diet. However, in instances where adequate protein
and proper diet are withheld too long, recovery may not be complete due to irreversible
damage and possible mental retardation.

In addition to supplying calories for energy, fats supply polyunsaturated fatty acids,
at least one of which, linoleic acid, is an essential fatty acid. As in the case of the
essential amino acids, linoleic acid is called an essential fatty acid because animals
cannot adequately synthesize it and so it must be supplied by the diet as such. In rats
and in human infants, absence of linoleic acid interferes with normal growth rates
and results in skin disorder. Two other polyunsaturated fatty acids, linolenic acid and
arachidonic acid, formerly were listed also as essential fatty acids. However, since the
body can convert linoleic acid to arachidonic acid and since linolenic acid can only
partially replace linoleic acid, we now regard only linoleic acid as an essential fatty
acid. Good sources of linoleic acid include grain and seed oils, fats from nuts, and fats
from poultry. Linoleic and other unsaturated fatty acids when present in high propor-
tion of dietary fats can lower blood cholesterol levels under certain dietary conditions;
more will be said about this in the last section of this chapter.

Vitamins A, D, E, and K are fat soluble and so are to be found associated with the
fat fractions of natural foods. Additionally, phospholipids, which are organic esters of
fatty acids and also contain phosphoric acid and usually a nitrogenous base, are par-
tially soluble in fats. The emulsifying properties of lecithin were discussed in Chapter
3. Lecithin, cephalin, and other phospholipids are found in brain, nerve, liver, kidney,
heart, blood, and other tissues in addition to their presence in egg yolk. Because of
their strong affinity for water, they facilitate the passage of fats in and out of the cells
and play a role in fat absorption from the intestine and the transport of fats from the
liver. Fat also physically insulates the body from rapid changes in temperature and
helps cushion organs from sudden injury. Excess dietary fat is stored in the body’s
adipose (fatty) tissue, as are fats formed from the metabolism of excess carbohydrates
and proteins. These stored fats can be drawn upon as a reserve source of energy. In
excessive amounts they contribute to obesity.

PROTEIN QUALITY

It previously was stated that the comparative value of different proteins depends
on their different amino acid compositions, especially their contents of the essential
amino acids, leucine, isoleucine, lysine, methionine, phenylalanine, threonine, trypto-
phan, and valine, plus histidine to meet the demands of growth during childhood.
Although this statement is essentially true, it requires some further consideration.

Protein quality, or the nutritional value of a protein, is meaningful only in terms
of the usefulness of a protein for specific vital purposes such as growth, replacement
of metabolic losses and damaged tissue, reproduction, lactation, and general well-
being. The usefulness of a protein may differ for several of these functions. Further,
a measure of usefulness of a protein based on chemical analysis of its amino acid
makeup is complicated by a number of factors. These include accuracy of the analytical
method under conditions that can preclude the detection of one or another amino acid
or cause its destruction, availability and digestibility of the protein from foods that
may not be readily broken down by digestive enzymes or absorbed through the intestine,
and factors contributing to unpalatability of the protein-containing food. Yet another
factor has to do with amino acid imbalance. It is possible to have an excess of one or
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more amino acids relative to others in a protein. This can have a negative effect on
growth rate.

These objections to chemical analysis of amino acid content to determine protein
quality are not encountered when a biological method, such as an animal feeding
study, is used. However, in this case a different set of obstacles is encountered. One
of the most obvious is how closely results obtained with laboratory animals apply to
humans. Even where questions of digestibility and vital response are ruled out, the
palatability differences between species must be considered in arriving at a valid
measure of the nutritional usefulness of a protein source. Notwithstanding these diffi-
culties, research has shown that results obtained with young rats generally are applica-
ble to humans, and feeding tests under controlled conditions are far more easily carried
out on rats than with humans. Such tests may be run under a variety of experimental
conditions which then influence the interpretations that may be given the nutritional
findings.

Several test methods using the rat have been developed and result in specific terms
that the food scientist encounters in the area of protein evaluation. One of the com-
monest methods involves measurement of weight gain of rats per gram of protein
eaten. This is known as Protein Efficiency Ratio (PER). Typical PER values represent-
ing protein quality from various foods are given in Fig. 4.1. One of the principal
limitations of PER values is that results depend on the amount of food eaten, which can
give an erroneous picture if the food is unpalatable to the test animal. The modification
known as Net Protein Retention (NPR) improves upon this. If two groups of animals

Protein Efficiency Ratio

Figure 4.1. Protein quality (PER values) from various types of foods. Source: Borgstrom and Proctor,
Encyclopedia of Food Technology, A. H. Johnson and M. S. Peterson (Editors). AUI Publishing Co.,
Westport, CT, 1974.
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are used and one is placed on the test protein diet and the other is placed on a protein-
free diet, then the weight loss of the protein-free group can be compared with the
weight gain of the protein-receiving group. Properly controlled, the test becomes inde-
pendent of food intake. Another measure is the proportion of absorbed nitrogen that
is retained in the body for maintenance and/or growth. This is known as Biological
Value (BV). It requires measurement of protein consumed and the fraction that is
excreted in the urine and feces. Since Biological Value measures percentage of the
absorbed nitrogen that is retained, it does not account for the digestibility of the
protein. Digestibility (D) also can be measured and is the proportion of consumed food
nitrogen that is absorbed. When Biological Value (BV) is corrected for the digestibility
factor, we get the proportion of nitrogen intake that is retained and this is termed Net
Protein Utilization (NPU), which is BV X D. Since the nutritive value of a protein
food involves both the quality and quantity of protein contained, still another measure
employs NPU multiplied by the amount of protein in the food—this is known as Net
Protein Value. These are but a few of the approaches for measuring protein usefulness.

The complexity of the assessment of protein quality and usefulness has had particular
relevance to efforts to develop high-protein foods and supplements to correct nutritional
deficiencies in underdeveloped regions of the world. Here the importance of field studies
with human subjects under real life conditions has been repeatedly observed. Many
new foods of excellent protein content measured by sophisticated laboratory procedures
have failed in their purpose because of poor palatability, having been manufactured
in a nonfamiliar physical form or having been presented in a manner in conflict with
accepted custom or social status.

BIOAVAILABILITY OF NUTRIENTS

As with protein, the contents of other nutrients in foods determined by chemical or
physical analysis may be quite misleading in terms of the nutrient status of a food.
Apart from amount, what is important is whether the nutrient is in a form that can
be utilized in metabolism; that is, whether the nutrient is bioavailable. For example,
adding small iron pellets to cereals would increase their iron content, but the iron
would not be very available to people eating the cereal and, therefore, be of little value.

Many factors influence a nutrient’s bioavailability, including the food’s digestibility
and the nutrient’s absorbability from the intestinal tract, which are affected by nutrient
binding to indigestible constituents and nutrient-nutrient interactions in food raw
materials. Processing and cooking procedures also can influence nutrient bioavailabil-
ity. Apart from the food itself, different animal species exhibit variations in bicavail-
ability of specific nutrients from a particular food. The age, sex, physiological health,
consumption of drugs, general nutritional status, combinations of foods eaten together,
and other factors all influence the ability of an individual to make use of a particular
nutrient.

Bioavailability of carbohydrates, proteins, fats, vitamins, and minerals may be in-
creased or decreased since all nutrients are reactive and generally present in varying
amounts in food systems. There are many examples of how food composition, processing,
and storage affect nutrient bioavailability. One example is the essential mineral iron.
Under practical conditions its bioavailability from foods may be only 1-10% of its
total level determined by chemical analysis. The recommended dietary allowances for
nutrients in the United States and other countries attempt to take bioavailability
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into account. However, the many factors influencing nutrient bioavailability and the
difficulties inherent in meaningful evaluation procedures leave much research in this
area still to be done.

VITAMINS

Vitamins are organic chemicals, other than essential amino acids and fatty acids,
that must be supplied to an animal in small amounts to maintain health. An exception
to this is vitamin D, the only major vitamin the human body is known to be capable
of manufacturing. Under certain circumstances, however, vitamin D may not be synthe-
sized in adequate amounts and then it too must be supplied by diet or as a dietary
supplement if life and health are to be sustained. Vitamins function in enzyme systems
which facilitate the metabolism of proteins, carbohydrates, and fats, but there is grow-
ing evidence that their roles in maintaining health extend yet further.

The vitamins are conveniently divided into two major groups, those that are fat
soluble and those that are water soluble. Fat-soluble vitamins are A, D, E, and K.
Their absorption by the body depends on the normal absorption of fat from the diet.
Water-soluble vitamins include vitamin C and the several members of the vitamin B
complex.

Vitamin A (Retinol)

Vitamin A as such naturally occurs only in animal materials—meat, milk, eggs,
and the like. Plants contain no vitamin A but contain its precursor, -carotene. Humans
and other animals need either vitamin A or B-carotene, which they easily convert to
vitamin A. B-Carotene is found in orange and yellow vegetables, as well as green leafy
vegetables.

A deficiency of vitamin A leads to blindness, failure of normal bone and tooth
development in the young, and diseases of epithelial cells and membranes of the nose,
throat, and eyes, which can decrease the body’s resistance to infection. These diseases
are rarely seen in the developed world but are sadly too common in some parts of the
world.

Food sources rich in vitamin A are liver, fish oils, dairy products containing butterfat,
and eggs. Sources of its main precursor, B-carotene, are carrots, squash, sweet potatoes,
spinach, and kale. Vitamin A and B-carotene also are made synthetically, as are other
vitamins.

Until recently, vitamin A activity in foods was expressed in terms of International
Units (IU). The IU is a measure of a vitamin’s biological activity. Because the biological
activity of preformed vitamin A (retinol), B-carotene, and other carotenoids differs,
confusion can be avoided by expressing total vitamin A activity in terms of the equiva-
lent weight of pure retinol. Thus, several countries have replaced IU with “retinol
equivalents.” A retinol equivalent is equal to 1 pg of retinol or 6 pg of the B-carotene.
It is also equal to 3.33 IU of vitamin activity from retinol and 10 IU of vitamin A
activity from B-carotene. In the United States, the recommended allowance for vitamin
A activity is 1000 retinol equivalents (RE) for the healthy adult male (Table 4.2).
Because of the smaller size of women, their allowance is 80% of this, but it is increased
during lactation. Like many other nutrients, excessive doses of preformed vitamin A
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can be toxic. Large intakes of carotenes are not similarly harmful since the body will
limit the conversion to vitamin A; however, yellow coloration of the skin may result.
To combat vitamin A deficiency, several countries in South America have passed laws
that all sugar for home consumption be fortified with this vitamin.

Vitamin D

Vitamin D is formed in the skin of humans and animals by activation of sterols by
ultraviolet light from the sun or by ultraviolet activation of sterols artificially. Such
sterols as cholesterol and ergosterol are involved. Cholesterol is found in and under
the skin of animals. Irradiated ergosterol from yeast has served as a vitamin D source
for addition to milk and other foods. Vitamin D increases absorption of calcium and
phosphorus from the intestinal tract and is necessary for their efficient utilization.
Shortage of vitamin D results in bone defects, the principal one being rickets. This
shortage may occur when exposure to the sun is limited. Most foods are low in vitamin
D, although good sources are liver, fish oils, dairy products, and eggs. In children, 400
IU of vitamin D per day is considered optimum, and this is the basis of fortifying milk
with added vitamin D at the level of 400 IU per 0.946 liter (1 qt). In the case of vitamin
D, 400 IU is equivalent to 10 pg of the naturally occurring form of the vitamin in
animal tissues. Excessive intake of vitamin D provides no benefits and is potentially
harmful.

Vitamin E

Also known as a-tocopherol, vitamin E is an antisterility factor in rats and is essential
for normal muscle tone in dogs and other animals, but its significance for humans is
still uncertain. Vitamin E is a strong antioxidant and probably functions as such in
human metabolism. Diets excessive in polyunsaturated fats can lead to the formation
of peroxidized fatty acids that may reach harmful levels. There is evidence that vitamin
E can prevent this. Further, vitamin E favors the absorption of iron and may play
a role in maintaining stability of biological membranes. Because of its antioxidant
properties, vitamin E also is able to spare carotene and vitamin A from oxidative
destruction.

Vegetable oils are good sources of vitamin E, but vitamin E deficiency under practical
conditions of human nutrition is rare. Vitamin E in large doses has been promoted as
a remedy for numerous diseases and as an agent to prolong youth and increase sexual
potency. There is little scientific evidence for such claims.

Vitamin K

Vitamin K is essential for normal blood clotting. Its deficiency generally parallels
liver disease where fat absorption is abnormal. It also can be deficient in infants. This
is prevented by giving infants vitamin K with their formulas. Good sources of vitamin
K are green vegetables such as spinach and cabbage. Vitamin K also is synthesized by
bacteria in the human intestinal tract. Thus, antibiotic therapy that destroys intestinal
organisms can produce deficiencies of vitamin K and certain other vitamins synthesized
by bacteria.



Noutritive Aspects of Food Constituents 57
Vitamin C (Ascorbic Acid)

Vitamin C is the antiscurvy vitamin. Its deficiency causes fragile capillary walls,
easy bleeding of gums, loosening of teeth, and bone joint diseases. It is necessary for
the normal formation of the protein collagen, which is an important constituent of
skin and connective tissue. Like vitamin E, vitamin C favors the absorption of iron.

Vitamin C, also known as ascorbic acid, is easily destroyed by oxidation, especially
at high temperatures, and is the vitamin most easily lost during food processing,
storage, and cooking. Vitamin C-containing foods must be protected against exposure
to oxygen to prevent losses.

The recommended daily allowance for vitamin C in the United States for the male
and female adults is 60 mg. In the United Kingdom and Canada, the recommended
daily allowance has been 30 mg. This is true with other vitamin and nutrient recom-
mendations—there is not complete international agreement.

Excellent sources of vitamin C are citrus fruit, tomatoes, cabbage, and green peppers.
Potatoes also are a fair source (although the content of vitamin C is relatively low)
because we consume large quantities of potatoes. Milk, cereals, and meats are poor
sources.

Two of the more recent claims for vitamin C are that it removes high levels of
cholesterol from the blood of rats and prevents colds in humans. The significance of
the rat studies in relation to humans has not yet been established. A very high level
of one or more grams of vitamin C taken daily in the form of tablets has been advocated
by some as a way to prevent colds. However, the effectiveness of this treatment has
not been supported by the medical profession or the FDA.

Vitamins of the B Complex Group

All members of the vitamin B complex generally are found in the same principal
food sources, such as liver, yeast, and the bran of cereal grains. All are required for
essential metabolic activities and several function as parts of active enzymes. Absence
of a particular B vitamin results in a specific deficiency disease.

Thiamin (Vitamin B,).

Thiamin was the first of the B vitamins to be recognized. The disease beriberi, caused
by a deficiency of thiamin, is common where polished rice is a major dietary item.
Fortification of rice or white bread with thiamin corrects this disease. A most important
role of thiamin is in the utilization of carbohydrate to supply energy, where it functions
as the coenzyme thiamin pyrophosphate, or cocarboxylase, in the oxidation of glucose.

Important to the food technologist is the sensitivity of thiamin to sulfur dioxide
(S0,), a common food preservative chemical, and to sulfite salts. Sulfur dioxide destroys
the vitamin activity and should not be used to preserve foods that are major sources
of thiamin—a practice that is prohibited by the FDA and the meat inspection laws.
The recommended adult daily allowance for thiamin is about 1.0-1.5 mg, depending
on age and sex. Best sources are wheat germ, whole cereals containing bran, liver,
pork, yeast, and egg yolk. Thiamin is stable to heat in acid foods but less so in neutral
and alkaline foods, and this is taken into account in food processing.
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Riboflavin (Vitamin B,)

Riboflavin is the yellow-green pigment of skim milk and whey. It functions in the
oxidative processes of living cells and is essential for cellular growth and tissue mainte-
nance.

Deficiency in humans generally results in skin conditions, such as cracking at the
corners of the mouth. Recommended daily allowance for adults is 1.2—1.7 mg, depending
on sex and age. Liver, milk, and eggs are good sources. Meats and green leafy vegetables
are moderate sources of riboflavin.

Riboflavin is quite resistant to heat but very sensitive to light and this is why brown
milk bottles have seen limited use in the past. Paper cartons, which protect milk from
light, are more practical.

Niacin (Nicotinic Acid)

Niacin, also referred to as nicotinamide in the United Kingdom, is not to be confused
with nicotine from tobacco. A deficiency of niacin adversely affects tissue respiration
and oxidation of glucose and results in the disease known as pellagra in humans. This
is characterized by skin and mucous membrane disorders as well as depression and
confusion. Pellagra can be cured by feeding niacin or by feeding the essential amino
acid tryptophan from which niacin can be made in the body. The adult recommended
daily allowance is 13—20 mg niacin, depending on sex and age. Good sources of this
vitamin are yeast, meat, fish, poultry, peanuts, legumes, and whole grain cereals.
Niacin is very stable to heat, light, and oxidation, but like other water-soluble nutrients
it can be leached from foods during processing and cooking.

Vitamin B,

Vitamin B, is the name given to the closely related substances pyridoxine, pyridoxal,
and pyridoxamine. Although essential in the human diet for specific enzyme systems
and normal metabolism, a deficiency of this vitamin does not cause a well-recognized
disease. Vitamin B, is widely distributed in foodstuffs—good sources being muscle
meat, liver, green vegetables, and grain cereals with bran. The recommended daily
allowance for adults is approximately 2 mg, and 2.2 mg during pregnancy and lactation.
Women taking steroid contraceptive pills may require higher levels.

Pantothenic Acid

Because pantothenic acid is widespread in foods, obvious symptoms of its deficiency
are rare in humans. But a deficiency may appear in experimental animals on limited
diets or in severly malnourished individuals. In this case there is a general lowering
in the state of well-being of the individual with signs of depression, less resistance to
infection, and possibly less tolerance to stress. The human requirement for this vitamin
is not well established but is believed to be about 5 mg per day, including pregnant
and lactating women. This is easily supplied in a normal diet.
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Vitamin B,,

Called the anti-pernicious anemia factor, vitamin B,, also is important in nucleic
acid formation and in fat and carbohydrate metabolism. Vitamin B,,, also called cyano-
cobalamin, is the largest vitamin molecule and contains cobalt in its structure, giving
rise to an essential requirement for the mineral cobalt in nutrition.

Vitamin B,, is synthesized by bacteria and molds and is a commercial by-product
of antibiotic production. Good natural sources of this vitamin are liver, meats, and
seafoods. Strict vegetarians may not get sufficient vitamin B,, from their diets since
it is virtually absent from plant tissues. The recommended daily allowance for adults
is 2.0 pg. Vitamin B,, activity is not restricted to a single substance but is exhibited
by several structurally related compounds.

Folacin

Folacin and folate are the names given to related compounds exhibiting the vitamin
activity of folic acid. Like Vitamin B,, folacin prevents certain kinds of anemias, is
involved in the synthesis of nucleic acids, and is synthesized by microorganisms. Folacin
is present in animal and plant foods, especially liver, leafy vegetables, legumes, and
cereal grains and nuts. The recommended daily allowance for folacin is about 200 pg
for adult males, 180 pg for females, and 400 pg during pregnancy. This allowance
recognizes a limited biological availability of the vitamin from certain foods of a mixed
diet.

Biotin and Choline

Two additional substances that are water soluble and generally listed with the
vitamins of the B complex are biotin and choline. Biotin is active in the metabolism
of fatty acids and amino acids. Choline is a component of cell membranes and brain
tissue, and it functions in the transmission of nerve impulses. Biotin and choline are
seldom in short supply when the diet is adequate in the other B vitamins. Further, these
and other growth factors, such as inositol and para-aminobenzoic acid, are produced by
the normal microflora of the intestine.

Daily Allowances and Insufficiency

Recommended daily allowances for vitamins not only differ for children and adults,
for different physiological states, and for different levels of physical activity, but a
distinction also must be made between recommended levels and minimum acceptable
levels. The recommended levels given in Table 4.2 provide a substantial margin of
safety and may be as much as five times the minimum levels required to sustain life.

Although diet may provide liberal quantities of the various vitamins, several prac-
tices and life situations that have become common can result in vitamin inadequacies.
As mentioned, women taking steroid contraceptive pills may require higher intakes
of vitamin Bg. Oral contraceptives also lower body levels of vitamins C, B,, B,, B,,,
and folacin. Heavy consumption of alcohol may result in vitamin B,, B;, and folacin
insufficiency. Smoking reduces blood levels of vitamin C. Emotional stress can decrease
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absorption and increase excretion of vitamins and other nutrients. Prolonged use of
certain drugs also can increase vitamin and other nutrient requirements.

MINERALS

Calcium and Phosphorus

Calcium and phosphorus are the minerals that humans require in the greatest
amounts. Deficiencies result chiefly in bone and teeth diseases. Calcium also is neces-
sary for clotting of the blood, for the function of certain enzymes, and for control of
fluids through cell membranes. Phosphorus is an essential part of every living cell. It is
involved in the enzyme-controlled energy-yielding reactions of metabolism. Phosphorus
also helps control the acid—alkaline reaction of the blood. Highest requirements for
calcium and phosphorus are for the young, and for pregnant and nursing mothers.

Not only is the dietary intake of these minerals important but also the percentage
that is absorbed into the bloodstream. Because calcium and phosphorus can combine
and precipitate one another, they actually interfere with the effective absorption of
one another. Oxalates in foods like rhubarb also can precipitate calcium and make it
unavailable for nutritional purposes. Milk and dairy products are excellent sources of
calcium and phosphorus, and in normal diets there is seldom any deficiency of these
minerals. In recent years the role of calcium in preventing the loss of calcium from
bones (called osteoporosis) has been studied. This diesease is especially prevalent in
older women. There is some evidence that increasing calcium intake, especially when
young, can help reduce osteoporosis later in life. Vitamin D is essential for absorption
of calcium from the intestinal tract, and lactose also is effective in promoting this
absorption. This makes milk, especially milk fortified with vitamin D, a particularly
valuable source of calcium.

Magnesium

Magnesium is essential to the function of several enzyme systems, is important in
maintaining electrical potential in nerves and membranes, is involved with liberation
of energy for muscle contraction, and is required for normal metabolism of calcium
and phosphorus. Deficiency symptoms are more common in farm and experimental
animals, which may have a restricted diet, than in humans whose diets generally are
adequate in magnesium.

Iron and Copper

Iron is required as a component of blood hemoglobin, which carries oxygen, and
muscle myoglobin, which stores oxygen. Of all required nutrients, shortages of iron
may be the most common inadequacy in the diets of the industrialized world. Copper
aids in the utilization of iron and in hemoglobin synthesis. The need for iron and
copper is related to the rate of growth and to blood loss. Much of the iron in plant
foods is bound in poorly soluble iron phytate and iron phosphates and is not bioavailable.
Iron from animal sources generally is more readily absorbed in digestion, as is iron
from soluble salts used in food enrichment and fortification.
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Cobalt

As mentioned, cobalt is a part of vitamin B,,. However, cobalt will not replace the
need for vitamin B,, in humans.

Zinc

Zinc is an essential constituent of enzymes involved in carbohydrate and protein
metabolism and nucleic-acid synthesis. Its deficiency results in impaired growth and
development, skin lesions, and loss of appetite.

Sodium and Chloride

Sodium and chloride are the chief extracellular ions of the body. They are involved
primarily with maintaining osmotic equilibrium and body-fluid volume. Chloride ion
also is necessary for the production of hydrochloric acid of gastric juice. Great losses
occur in sodium and chloride during loss of body fluids, such as perspiration during
exercise, and these must be replaced to prevent weakness, nausea, and muscle cramps.
A human’s daily intake from food of about 10 g of salt more than meets their needs,
and indeed may be excessive since high sodium can contribute to elevating blood
pressure. Vegetables are relatively low in salt and so vegetarians and grass-eating
animals generally need salt supplementation to their diets.

Potassium

Potassium is the principal intracellular cation and with sodium helps regulate os-
motic pressure and pH equilibria. It also is involved with cellular enzyme function.
Potassium is essential for life but rarely is limiting even in the most meager diets.

Iodine

Iodine is part of the thyroid hormone and is essential for the prevention of goiter in
humans. There is never a shortage of iodine where saltwater fish are eaten. The central
United States and parts of South America, away from the ocean, are short of indigenous
iodine. Today, the common use of iodized salt prevents deficiency, and in the United
States there is concern that iodine levels not become excessive.

Fluorine

The fluoride ion is required for the development of sound teeth with resistance to tooth
decay. Diets of growing children appear to be low in fluorine since supplementation of
water with about 1 ppm reduces incidence of tooth decay. No other dietary requirement
for fluorine is well documented.

Other Elements

Several other trace minerals are required by humans in at least trace amounts, but
normal diets generally provide these. Thus, manganese is needed for normal bone
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structure, reproduction, and functioning of the central nervous system. Chromium is
required for normal glucose metabolism. Molybdenum is involved in protein metabo-
lism and oxidation reactions. Requirements also have been demonstrated in experimen-
tal animals for selenium, nickel, tin, vanadium, arsenic, and silicon, but their roles
in human nutrition remain to be determined.

FIBER

The role of indigestible components of plant materials in providing roughage and
bulk and in contributing to a healthy condition of the intestine has long been recognized.
Celluloses, hemicelluloses, pectins, lignins, and other plant substances that are not
readily digested perform this role and are collectively referred to as fiber or dietary
fiber. All of these substances hold water, tend to soften stools, and decrease stool transit
time through the large intestine.

In addition to these benefits of a diet adequate in fiber, research over the past decade
has revealed further physiological actions of fiber under specific conditions. These
include the lowering of plasma cholesterol levels, decreasing the incidence of colon
cancer, lowering insulin requirements of diabetics, and others. This has led to many
exaggerated health claims for fiber beyond experimental findings and the promotion
of many new high-fiber food products and supplements. Although the term fiber is
used inclusively, it is clear that the fiber from different food sources contains varying
proportions of the different indigestible components and these components are not
equal in terms of physiological effect. Further, grinding and other processing can affect
the physical properties (e.g., particle size) and, in turn, the water-holding capacity of
a fiber from a particular source. Fiber also may bind minerals, making them unavail-
able for absorption; if excessive fiber is ingested, this binding could produce essential
mineral imbalance and deficiency.

Diets that contain moderate quantities of cereal grains, fruits, and vegetables are
not likely to be low in fiber nor excessive in mineral binding. Persons in good health
consuming such diets would not be expected to benefit from high-fiber supplements.

WATER

About 60%, by weight, of a person’s body is water. A normal person experiences
symptoms of dehydration when 5-10% of the body weight is lost as water and not
soon replaced. Long before this occurs, thirst, weakness, and mental confusion are
experienced. If the state of dehydration progresses further, the skin and lips lose
elasticity, the cheeks become pale and the eyeballs sunken, the volume of urine de-
creases, and ultimately respiration ceases. Under certain conditions, a person may
survive without food for about 5 weeks but can seldom live without water for more
than a few days.

The need for water exists at the molecular level, the cellular level, and at the
metabolic and functional levels. Water is the major solvent for the organic and inorganic
chemicals involved in the biochemical reactions that are essential to life. Water is the
principal medium that transports nutrients via body fluids to cell walls and through
membranes. Water is the medium that carries nitrogenous waste products from the
cells for ultimate elimination. The evaporation of water from the skin is one important
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mechanism for controlling and maintaining normal body temperature, essential for
the controlled rate of metabolic reactions and physical comfort of the individual.

The quantitative requirement for water is directly related to the sum of water losses
from the body. These include losses from excretion and elimination of body wastes,
perspiration, and respiration. Any factors that increase the rates of these processes,
such as exercise, excitation, elevated temperature, or low relative humidity, also in-
crease the need for water replenishment.

An adult may consume 400 liters of water a year. About an equal amount is obtained
from food. Given sufficient water, or water in excess, the body closely regulates its
water content. Except in unusual cases of deprivation or illness, the body seldom
suffers from a deficiency of water in the sense that there may be a deficiency of other
essential nutrients. This is because, unlike many of the other nutrients, a decrease in
body water causes almost immediate discomfort, driving the individual to correct the
shortage.

STABILITY OF NUTRIENTS

One of the principal responsibilities of the food scientist is to preserve nutrients
through all phases of food acquisition, processing, storage, and preparation. The key
to doing this is a knowledge of the stability of nutrients under different conditions.
As shown in Table 4.3, vitamin A is highly sensitive (i.e., is unstable) to acid, air,
light, and heat; on the other hand, vitamin C is stable in acid but is sensitive to
alkalinity, air, light, and heat. Because of the instability of nutrients under various
conditions and their water solubility, cooking losses of some essential nutrients may
be greater than 75% (Table 4.3). In modern food processing operations, however, losses
seldom exceed 25%.

Where nutrient losses are unavoidably high, the law permits restoration or enrich-
ment by the addition of vital nutrients. A common example is the enrichment of flour
and white bread (Table 4.4). The standards for enrichment of food products are in a
state of periodic revision as knowledge of nutrition increases.

The final nutritive value of a food reflects losses incurred throughout its history—
from farmer to consumer. Nutrient value begins with the genetics of the plant and
animal. The farmland fertilization program affects tissue composition of plants, and
animals consuming these plants. The weather and degree of maturity at harvest also
affect tissue composition. Storage conditions before processing affect vitamins and
other nutrients. Washing, trimming, and heat treatments affect nutrient content.
Canning, evaporating, drying, and freezing alter nutritional values, and the choices
of times and temperatures in these operations must be balanced between good bacterial
destruction and minimum nutrient destruction. Packaging and subsequent storage
affect nutrients. One of the most important factors is the final preparation of the food
in the home and the restaurant—the steam table can destroy much of what has been
preserved through all prior manipulations.

DIET AND CHRONIC DISEASE

With a few specific subpopulation exceptions such as the very poor or people with
other medical problems, diseases resulting from insufficient nutrients in most of the



Table 4.3. Stability of Nutrients

Cooking
Neutral Acid  Alkaline  Air or Losses
Nutrient pH 7 <pH7 >pH7 Oxygen Light Heat (%)
Vitamins
Vitamin A S U S U U U 040
Ascorbic acid (C) U S [0} [0} [0} U 0-100
Biotin S S S S S U 0-60
Carotenes (pro-A) S U S U U U 0-30
Choline S S S U S S 0-5
Cobalamin (B,,) S S S U U S 0-10
Vitamin D S U U U U 0-40
Essential fatty acids S S U U U S 0-10
Folic acid U U S U U U 0-100
Inositol S S S S S U 0-95
Vitamin K S U U S U S 0-5
Niacin (PP) S S S S S S 0-75
Panthothenic acid S U U S S U 0-50
p-Amino benzoic acid S S S 8] S S 0-5
Vitamin B S S S S U U 0-40
Riboflavin (B,) S S U S U U 0-75
Thiamin (B,) U S U [0} S [0} 0-80
Tocopherols (E) S S S U U U 0-55
Essential amino acids
Isoleucine S S S S S S 0-10
Leucine S S S S S S 0-10
Lysine S S S S S U 0-40
Methionine S S S S S S 0-10
Phenylalanine S S S S S S 0-5
Threonine S U U S S [0} 0-20
Tryptophan S U S S U S 0-15
Valine S S S S S S 0-10
Mineral Salts S S S S S S 0-3

SouRrck: Harris, R.S. and Kamas, E. 1975. Nutritional Evaluation of Food Processing, 2nd ed.
AVI Publishing Westport, CT.

Table 4.4. Federal Standards for Flour and Bread Enrichment

White Flour White Bread
mg/100 g mg/lb mg/100 g mg/lb
Thiamin 0.64 2.9 0.40 1.8
Riboflavin 0.40 1.8 0.24 1.1
Niacin 5.3 24.0 3.3 15.0
Iron 2.9-3.6 20 1.8-2.8 12.5
Calcium*® 212 960 132 600

Sourck: Code of Federal Regulations. 1993. 21:137-115 and 21:137-165.
“Enrichment with calcium optional.
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developed world including the United States have nearly disappeared. This has led to
a major shift in nutrition emphasis in the affluent countries. There is now much
concern with the effects of consuming the wrong amounts or mix of nutrients and how
this may affect one’s risk from chronic diseases such as heart disease and cancer. The
problems of obesity from overconsumption and its relationship to major degenerative
diseases is also of concern. Increasingly, research, nutrition education, and food product
development are focused on the relationship between diet and chronic disease and the
problems associated with overconsumption.

Recent research indicates that diet is a significant factor in several diseases. A
comprehensive report titled “Diet and Health” by the National Research Council found
strong evidence that dietary patterns can influence several common diseases including
atherosclerotic cardiovascular (heart) diseases and hypertension, and highly suggestive
evidence that diet affects cancer. Certain dietary patterns seem to predispose for
diabetes mellitus and dental caries.

The evidence for an affect on osteoporosis and chronic renal disease is insufficient.
The U.S. Public Health Service has laid out a large number of health objectives for
the U.S. population in the year 2000 (“Healthy People 2000”). Prominent were a
number of recommendations for changing American’s eating habits.

Atherosclerosis and Cardiovascular Disease

Atherosclerosis is used to describe several pathological processes occurring in a
number of arteries and is responsible for coronary heart disease, stroke, and diseases
of the peripheral circulatory system. Presently in the United States atherosclerosis
and related cardiovascular diseases cause over one-half of all deaths, and the incidence
of heart disease is greater than in any other country of the world. Atherosclerosis is
a disease characterized by deposition of a fatty material on the walls of the arteries.
This material consists essentially of cholesterol, triglyceride fats, fibrous tissue, and
red blood cells. As the deposit continues to build, it restricts blood flow through the
artery. When the coronary artery is involved, heart attack and death may follow.
Coronary thrombosis refers to the presence of a blood clot in the coronary artery that
blocks the normal flow of blood to the heart. Thus, atherosclerosis can contribute to a
coronary thrombosis by narrowing the lumen of the coronary artery so that a clot is
more likely to exert blockage.

Both animal studies and human studies have indicated a link between atherosclerosis
and diet exists. The intake of saturated fats and cholesterol increases the likelihood
of having elevated serum cholesterol which is associated with atherosclerosis. Other
factors in addition to diet are associated with the occurrence of atherosclerosis. Among
them are obesity, hypertension, diabetes, sedentary living, cigarette smoking, and
high blood cholesterol levels. The latter may be caused by diet or be of hereditary
origin. Although diet does appear to be involved, it must be emphasized that its relative
importance in contributing to atherosclerosis is not entirely clear. Since cholesterol,
a sterol found in all animal tissues, eggs, milk, and other foods of animal origin, is a
component of the atherosclerotic deposit, it has been reasonable to hypothesize that
foods high in cholesterol can contribute to atherosclerosis. Such foods may increase
the level of cholesterol in the blood. But other components of diet—especially large
quantities of saturated fats and sugars—also can result in high levels of blood choles-
terol. Further, some investigators find that high levels of blood triglycerides correlate
even more closely with coronary disease than do high levels of blood cholesterol. High
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levels of blood triglycerides also result from the consumption of large quantities of
saturated fats and sugars. Whereas consumption of large quantities of saturated fats
can increase levels of both cholesterol and triglycerides in the blood, liberal quantities
of polyunsaturated vegetable oils tend to decrease blood cholesterol.

Such considerations have influenced the thinking of many doctors and nutritionists.
Until more is learned, many are advocating a diet less rich in fats and sugars, and
the substitution of polyunsaturated vegetable oils for at least part of the saturated
animal fats. A reduction in quantity of foods high in cholesterol also has been generally
recommended.

All of this has had an influence on manufacturers of foods. Research has made it
possible to lower the cholesterol content of egg and dairy products. Margarines and
other fatty foods are available that have been manufactured with a high concentration
of vegetable oils rich in polyunsaturated fatty acids. Such products are said to have a
high polyunsaturated to saturated fat ratio or high P/S ratio. Because the complex
interrelationships between heart disease and diet have not yet been fully explained,
the Food and Drug Administration has been most cautious in regulating promotional
claims for such products. In this regard, recognition also must be given to possible
adverse effects from excessive levels of polyunsaturated fatty acids; these have been
demonstrated under experimental conditions in test animals but remain uncertain in
humans. However, as is discussed in Chapter 24, certain health claims regarding heart
disease can now be made on food labels.

Hypertension

Hypertension, or high blood pressure, is a major contributor to death from cardiovas-
cular diseases as well as diseases of other organs such as the kidney. It has a genetic
component but is further augmented by obesity, lack of physical activity, emotional
stress, cigarette smoking, and diet. Of dietary components, sodium has been most
studied. Blood pressure is positively correlated with sodium intake in populations
which routinely consume larger amounts of sodium. In 1989, the Diet and Health
committee of the National Academy of Sciences recommended that daily salt intake
(as sodium chloride) be limited to 6 g or less. They also recommended that the use of
salt in cooking be limited and that consumption of high-salt foods be limited. This has
resulted in recommendations that foods be labeled with respect to their sodium content,
and food processors modify products to contain less sodium. A number of low-sodium-
content foods have been introduced by the food industry in response to this concern.

Cancer

Among the many causes and contributors to various kinds of cancers, diet-related
factors continue to be suggested and to promote controversy. A 1982 report titled
“Diet, Nutrition, and Cancer,” issued by the National Academy of Sciences—National
Research Council, summarized evidence leading to their conclusion that diet affects
the risk of getting cancer, especially specific kinds of cancer. The 1989 report of the
Committee on Diet and Health of the National Academy of Sciences found sufficient
epidemiological evidence that up to one-third of all cancers were related in some way
to diet. This led to recommendations that diet be modified to decrease the risk of certain
cancers.
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The strongest causal relationships cited were between diets high in fat and low in
fresh fruits and vegetables and the incidence of gastrointestinal-tract cancers (stomach
and colon). This has lead to the recommendations that fat intake should contribute
no more than 30% of dietary calories. Fresh fruit and vegetable intake should be
increased to at least five servings per day. Excessive consumption of cured and smoked
foods, which are associated with increased incidence of cancers of the stomach and
esophagus, and excessive consumption of alcohol should be avoided. Less definite were
positions relative to consumption of protein, sugar, and fiber. Beneficial effects from
increased consumption, but not overconsumption, of vitamins A and C and certain
other nutrients were noted also. However, it is not yet possible to say how effective
diet alteration might be in reducing the incidence of cancers.

Dietary Guidelines and Recommendations

In addition to the Diet and Health report cited above, several other groups have
issued dietary goals in order to arrive at a national nutrition policy which promotes
better health. Dietary goals and guidelines have been issued and discussed by a number
of health authorities including the Surgeon General’s Office, the U.S. Department of
Agriculture and the Department of Health and Human Services, the National Academy
of Sciences Board on Food and Nutrition, The National Cancer Institute, and others.
Although there have been areas of disagreement, most reports recommend the follow-
ing: avoidance of overweight; consumption of a variety of foods; reduction of total fat
to less than 30% of calories and reduction in the amount of saturated fat and cholesterol
consumed; moderation in the consumption of salt and alcohol; and increased consump-
tion of fresh fruits and vegetable and other fiber-containing foods.

The general population in the United States has begun to alter their diet in response
to some of these recommendations. The food industry has developed many new products
in an attempt to respond to these needs. For example, a large number of reduced-fat
products have been introduced in recent years.
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Unit Operations in
Food Processing

The number of different food products and the operations and steps involved in their
production are indeed very great. Further, each manufacturer introduces departures
in methods and equipment from the traditional technology for that product, and pro-
cesses are in a continual state of evolution. The food scientist would soon experience
great frustration if there were not unifying principles and a systematic approach to
the study of these operations.

The processes used by the food industry can be divided into common operations,
called unit operations. Examples of unit operations common to many food products
include cleaning, coating, concentrating, controlling, disintegrating, drying, evaporat-
ing, fermentation, forming, heating/cooling (heat exchange), materials handling, mix-
ing, packaging, pumping, separating, and others. These operations are listed alphabeti-
cally, not in the order of their natural sequence or importance.

Most unit operations are utilized in the making of a variety of food products. Heat
exchanging, or heating, for example, is used in the manufacture of liquid and dry food
products, in such diverse operations as pasteurizing milk, sterilizing foods in cans,
roasting peanuts, and baking bread.

Unit operations may include numerous different activities. The unit operation of
mixing, for example, includes agitating, beating, blending, diffusing, dispersing, emul-
sifying, homogenizing, kneading, stirring, whipping, and working. We may want to
mix to beat in air, as in making an egg white foam, or to blend dry ingredients, as in
preparing a ton of dry cake mix; or we may wish to mix to emulsify, as in the case of
mayonnaise, or to homogenize to prevent fat separation in milk. We may wish to mix
and develop a bread dough, which requires stretching and folding, referred to as
kneading.

One of the key elements to food processing is the proper selection and combination
of unit operations into more complex integrated processing systems. These operations
and processes consume great quantities of energy.

COMMON UNIT OPERATIONS
Materials Handling

Materials handling includes such varied operations as hand and mechanical harvest-
ing on the farm, refrigerated trucking of perishable produce, box car transportation
of live cattle, and pneumatic conveying of flour from rail car to bakery storage bins.

Throughout such operations emphasis must be given to maintaining sanitary condi-
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tions, minimizing product losses (including weight loss of livestock), maintaining raw
material quality (e.g., vitamin content and physical appearance), minimizing bacterial
growth, and timing all transfers and deliveries so as to minimize holdup time, which
can be costly as well as detrimental to product quality.

The movement of produce from farm to processing plant and of raw materials through
the plant may take many forms. Oranges, for example, are moved by truck trailers to
juice plants, where they are graded and washed. There is a limit to the size the trucks
may be and the length of time the fruit may be held since fruits and vegetables are
alive, respire, and can cause the temperature of a batch to rise to the point where
complete spoilage may occur.

Bulk dry sugar delivered to confectionery and other types of food plants is conveyed
from the truck to storage bins by a pneumatic lift system. Storage must not be for a
period of time nor at a temperature and humidity that will allow the sugar to cake.
Transfer of sugar in the plant must avoid dusting and the buildup of static electricity
to prevent possible explosion of the highly combustible sugar particles. This is also
true in handling finely divided flour. The pneumatic conveying of spices is shown in
Fig.5.1. This method of materials handling has the additional advantages of preventing
loss of desirable volatiles from the spices, irritation to personnel, and flavor exchange
between different spices.

The use of a wide variety of screw conveyors, bucket conveyors, belt conveyors,
and vibratory conveyors in food plants needs no elaboration here beyond the obvious
recognition that conveying and handling equipment for eggs in the shell must be
different than for less fragile products.

Cleaning

Foods by the nature of the way they are grown or produced on farms in open environ-
ments often require cleaning before use. Cleaning ranges from simple removal of dirt

Figure 5.1. Air conveying systems for handling ground pepper. Courtesy of R. T. French
Co.
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from egg shells with an abrasive brush to the complex removal of bacteria from a
liquid food by passing it through a microporous membrane. Grains must be cleaned
of stones before use. Cleaning can be accomplished with brushes, high-velocity air,
steam, water, vacuum, magnetic attraction of metal contaminants, mechanical separa-
tion, and so on, depending on the product and the nature of the dirt.

The cleanliness of water used in the soft drink bottling industry must exceed many
of the standards found adequate for drinking water. If a high degree of carbonation
is to be achieved, then the water used in making the drink must be remarkably free
of dust particles, colloidal particles, and certain inorganic salts, since these minimize
carbon dioxide solubility and promote excessive escape of gas bubbles. To adequately
clean this water may require that city water receive such additional treatments as
controlled chemical flocculation of suspended matter, sand filtration, carbon purifica-
tion, microfiltration, and deaeration. This is no longer the unit operation of cleaning
but a total cleaning process.

Some cleaning methods are dictated by surface characteristics of the product. Because
pineapples have an irregular surface, the scrubbing action of high-pressure water jets
is used.

Just as different food materials require special cleaning, the surfaces of food pro-
cessing equipment need thorough and frequent attention. The cleaning of equipment,
as well as a facility’s walls and floors, must take into consideration the chemical and
physical properties of both the surface to be cleaned and the type of soil. Many types
of soil can be removed with mildly alkaline detergents, but strong alkali may be
required for more tenacious deposits and heavy deposits of fats and oils or built-
up protein deposits. Alkaline films and hard-water scales may require mildly acid
detergents. Strong acids are highly corrosive to several metals, fabrics, wood, rubber,
and concrete floors. Strong alkalis also are corrosive to various metals and to glass.
For these reasons, moderately alkaline and neutral detergents find wide application
in the food industry. Several are listed in Fig. 5.2, along with the properties that affect
their cleaning efficiency. Food plant operators generally call on detergent manufactur-
ers for expertise in establishing highly effective cleaning procedures since these further
depend on detergent concentrations, temperatures of application, order of application
where more than one cleaning aid is used, and other variables.

Separating

The unit operation of separating can involve separating a solid from a solid, as in
the peeling of potatoes or the shelling of nuts; separating a solid from a liquid, as in
the many types of filtration; or a liquid from a solid, as in pressing juice from a fruit.
It might involve the separation of a liquid from a liquid, as in centrifuging oil from
water, or removing a gas from a solid or a liquid, as in vacuum removal of air from
canned food in vacuum canning.

One of the commonest forms of separating in the food industry is the hand sorting
and grading of individual units as in the case of vegetables and fruit. However, because
of the high cost of labor, mechanical and electronic sorting devices have been developed.
Difference in color can be detected with a photocell and off-color products rejected.
This can be done at enormous speeds with automatic rejection of discolored or moldy
nuts or kernels of grain that flow past the photocell. In the case of peanuts to be made
into peanut butter, each peanut individually passes through a light beam that activates
a jet of air to blow the discolored peanuts from the main stream when an off-color
changes the amount of reflected light. Light shining through eggs can detect blood
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Figure 5.2. Properties of various detergent cleaning materials. Source: Quality Control in the
Food Industry, 3rd ed., Vol. 2. AVI Publishing Co., Westport, CT, 1973.
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spots and automatically reject such eggs. Automatic separation according to size is
easily accomplished by passing fruits or vegetables over different size screens, holes,
or slits.

The skins of fruits and vegetables may be separated using a lye peeler (Fig. 5.3).
Peaches, apricots, and the like are passed through a heated lye solution. The lye or
caustic softens the skin to where it can be easily slipped from the fruit by gentle action
of mechanical fingers or by jets of water. Differences in the density of the fruit and
skin can then be used to float away the removed skin.

To separate corn oil from corn kernels, the germ portion of the corn first is separated
from the rest of the kernel by milling; then the oil is separated from the germ by
applying high pressure to the germ in an oil press. Similarly, pressure is used to
squeeze oil out of peanuts, soybeans, and cottonseeds. The last traces of oil can be
removed from the pressed cake by the use of fat solvents. There then remains the
separation of the oil from the solvent.

Crystallization is used to separate salt from sea water, or sugar from sugar cane
juice. Here, evaporation of some of the water causes supersaturation, and crystals
form. Since crystals are quite pure, this is also considered a purification process. The
crystals are then separated from the suspending liquid by centrifugation.

Newer methods of separation include several techniques involving manufactured
membranes with porosities or permeabilities capable of separations and fractionations
at the colloidal and macromolecular size level. Ultrafiltration uses membranes of
such porosity that water and low-molecular-weight salts, acids, and bases pass
through the membrane but larger protein and sugar molecules are retained. This
selective separation process, carried out at ambient temperatures, avoids the heat
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damage to sensitive food constituents that is often associated with water evaporation
at high temperatures. Further, removal of acids and salts with the water prevents
their concentration, which would otherwise be detrimental to sensitive retained
solids.

Disintegrating

Operations which subdivide large pieces of food into smaller units or particles are
classified as disintegrating. It may involve cutting, grinding, pulping, homogenizing,
and so on. Although the dicing of vegetables is done on automatic machines, the cutting
of meat still largely represents a time-consuming, hand-labor operation. This is because
skill is required to separate specific cuts of meat, and the value of the cuts can be
sharply reduced by a sloppy job. However, automatic knives with a “brain” are being
researched and developed. In another application, cutting of bakery products can be
done cleanly and precisely with fine jets of high-pressure, high-velocity water. Laser
beams also can replace knives in some cutting applications.

Disintegrating by grinding, as in the preparation of hamburger or hash, always is
associated with heating of the product due to friction created in the grinding process.
This can be damaging to the food product. It can partially denature proteins or it can
give burned flavors to ground coffee. Some kind of cooling is therefore required. In the
case of meat, this sometimes is done by grinding the meat in frozen form. Dry ice can
be added to the meat or other food to chill it. Dry ice is used rather than regular ice
since regular ice would melt and water the food, but dry ice goes off as carbon dioxide
and so does not change the composition of the food.

Homogenizing produces disintegration of fat globules in milk or cream from large
globules and clusters into minute globules. The smaller fat globules then remain evenly
distributed throughout the milk or cream with less tendency to coalesce and separate
from the water phase of the milk. Disintegrating the fat globule is done by forcing the
milk or cream under high pressure through a hole with very small openings. There
are many ways to homogenize, including the use of ultrasonic energy to disintegrate
fat globules or break up particles.

Pumping

One of the most common operations in the food industry is the moving of liquids
and solids from one location or processing step to another by pumping. There are many
kinds of pumps and the choice depends on the character of the food to be moved. One
common type is a rotary gear pump (see external gear pump in Fig. 5.4). The inner
gears rotate, sucking food into the pump housing and subsequently squeezing food out
of the pump housing. For reasons of mechanical efficiency, with this type of pump,
close clearances between the gears and housing are essential. Although such a pump
would be effective for moving liquids and pastes, it would chew up chunk-type foods,
reducing them to purees. Actually, pumps sometimes are used to do just this, but,
generally, disintegration is a change that can best be controlled with specialized equip-
ment other than pumps, and pumps should be chosen primarily for their pumping
efficiency. A single screw pump is best for moving food with large pieces without
disintegration. Such pumps are also called progressing cavity pumps and can be selected
for large clearances of the cavities between the turning center rotor and the housing.
The food is gently propelled from large clearance to large clearance by the screwlike
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SWINGING VANE PUMP SLIDING VANE PUMP SHUTTLE BLOCK PUMP
Figure 5.4. Various types of rotary positive displacement pumps. Courtesy of Hydraulic Institute.

action of the turning rotor. Food pieces such as corn kernels, grapes, and even small
shrimp can be pumped without physical damage. In the gear-type pump these would
be ground up.

An essential feature for all food pumps is ease of disassembly for thorough cleaning.
Today’s sanitary stainless steel pumps in many cases can be disassembled in minutes
with a single tool.

Mixing
Like pumps, there are scores of kinds of mixers, depending on the materials to be

mixed. One may wish to mix solids with solids, liquids with liquids, liquids with solids,
gases with liquids, and so on.
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For simple mixing of dry ingredients such as the components that make up a baking
power, a conical blender is suitable. The bowl has a tumbling action and this may be
continued for 10—20 min until the mixture is made homogenous.

If we are preparing a dry cake mix, we must cut the shortening into the flour, sugar,
and other dry ingredients in order to produce a fluffy homogeneous dry mix. We may
use a ribbon blender, which is a horizontal trough with one of several types of mixing
elements rotating within it. The efficiency of mixing depends on the choice of the
mixing element. Three types of ribbonlike elements suitable for cutting in shortening
are illustrated in Fig. 5.5.

For mixing solids into liquids to dissolve them, a propeller-type agitator mounted
within a stainless steel vat is best. There are a great number of propeller, turbine,
and paddle types available for this kind of mixing.

All types of mixers do some work on the material being mixed and produce some
increase in temperature. It is often desirable to minimize this temperature rise. How-
ever, mixers are also chosen to do special kinds of work on heavy viscous materials
while they are being mixed. These mixers may have arms that knead dough, or paddles
and arms that work butter. These working mixers are designed with precise geometries
to maximize efficiency and minimize energy requirements to achieve the mixing—
working operation.

Still other mixers are designed to beat air into a product while it is being mixed.
The mixer—beater found in ice cream freezers is an example (Fig. 5.6). As the ice cream
mix is being frozen within the freezer bowl, the beating element, or dasher, turns
within the bowl. It not only keeps the freezing mass moving to speed freezing and
make freezing more uniform, but it also beats air into the product to give the desired
volume increase, or overrun, necessary for proper texture.

Figure 5.5. The shape of precisely designed mixing elements determine the mixing effi-
ciency of ribbon blender. Courtesy of J. H. Day Co.
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Figure 5.6. Mixer-beater element of continuous ice cream freezer. Courtesy of D. K. Bandler.

Heat Exchanging
Heating

We heat foods for many different reasons. Many foods are heated to destroy microor-
ganisms and preserve the food, for example, during pasteurization of milk and canning
of vegetables. Others are heated to drive off moisture and develop flavors, as during
the roasting of coffee and toasting of cereals. Still others are heated during normal
cooking to make them more tender and more palatable. Some food ingredients, such
as soybean meal, are heated to inactivate natural toxic substances. Foods are heated
by conduction, convection, radiation, or a combination of these.

Most foods are sensitive to heat, and prolonged heating causes burned flavors, dark
colors, and loss of nutritional value. Microorganisms are more sensitive to rapid heating
than are chemical reactions. Rapid heating can, therfore, destroy microorganisms
faster than it causes undesirable chemical reactions. Hence, it is desirable to heat and
cool foods rapidly to maintain optimal quality. Rapid heating is facilitated if the food
is given maximum contact with the heating source. This may be accomplished by
dividing the food into thin layers in contact with heated plates as in the plate-type
heat exchanger used to pasteurize milk (Fig. 5.7). The milk flows across one side of
the plates while hot water or steam heats the other side. The same equipment can be
used for quick cooling with cold water or brine instead of hot water. This type of heater
can be used only with liquid foods.

A jacketed tank or kettle with steam circulated in the jacket is another means of
heating liquid foods. It will also heat foods with suspended solids like vegetable soup.
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Figure 5.7. Plate-type heat exchanger used to heat and cool liquid foods. Courtesy of De Laval Separator
Co.

The soup is kept in motion with a mixer propeller for uniform heating and to minimize
burning onto the kettle wall.

For sterilizing foods in cans and other containers, entirely different heaters are used.
The containers must be heated to temperatures higher than the boiling point of water
to achieve sterility in nonacid foods, and so large pressure cookers or retorts are used
(Fig. 5.8). Steam under pressure is used to obtain the high temperature needed, and
the retort is of heavy construction to withstand this pressure. Another type of retort
employs mechanical agitation for better convection of heat within individual cans.
The outside of the cans are heated by conduction from the steam.

For roasting coffee beans or nuts, many kinds of heaters have been used. In one
type, the beans or nuts move from overhead hoppers into cylindrical vessels that turn
and keep the beans in constant motion for even heating. The vessels may be heated
within by circulating heated air, or with radiant heat from the vessel walls, the exterior
of which can be heated by contact with hot air, gas flame, or steam. In some instances
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Figure 5.8. A large steam retort for heat processing packaged foods at temperatures above the boiling point
of water. Courtesy of FMC Corporation.

this type of roaster is replaced with tunnel ovens in which the coffee beans or nuts
pass on moving belts or are vibrated beneath radiating infrared rods or bulbs. Whatever
the method, precise control of temperature is essential for proper roasting.

Foods may be heated or cooked using toasters, direct injection of steam, direct contact
with flame, electronic energy as in microwave cookers, and so on; all of these methods
are currently used in the food industry. Such processes as baking, frying, most food
concentration, food dehydration, and various kinds of package closure all employ the
unit operation of heating.

Cooling

While heating is the addition of heat energy to foods, cooling is the removal of heat
energy. This may be done to the degree where food is chilled to refrigerator temperature,
or beyond this range to where the food is frozen. Primarily, we refrigerate and freeze
foods to prolong their keeping quality. But there are some foods that owe their entire
character to the frozen state. A prime example is ice cream.

A great deal of milk and cream are cooled by passing them in thin layers through
heat exchangers of the type shown in Fig. 5.7, or by allowing the liquids to run down
over the surface of a hinged leaf cooler. Within the leaves are pipes through which
cold water or refrigerant is pumped.

Liquid egg, apple slices, and other fruits in 13.6-kg cans are commonly frozen solid
in an air-blast freezer or sharp freezer room maintained at about —26°C. The cans are
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spaced to allow the cold air, which is circulated by fans and blowers, to get between
them and speed the freezing operation. Products in this form go mainly to bakeries
for use after thawing.

There are many kinds of commercial air-blast freezers designed to freeze peas, beans,
and other vegetables as individual pieces. In one type the peas are loaded on trays
that are automatically moved upward through a cold air blast. After freezing, the peas
are dislodged from the trays and conveyed under cold air to packaging equipment.
The trays return to a position under the pea hopper to receive additional product and
the cycle is repeated. Freezing of canned or packaged foods may be done by direct
immersion in a refrigerant. Here the cans may be agitated as they pass through the
refrigerant within a cylindrical shell, or tube. Agitation increases the efficiency of
heat transfer.

The value of quick freezing to food quality, which is discussed more fully in Chapter
9, has led to the use of liquid nitrogen with its extremely low temperature of —196°C.
Many food plants have installed large liquid nitrogen tanks and pump liquid-nitrogen
to freezers where it is sprayed directly onto foods to be frozen. Delicate products such
as mushrooms are frozen this way.

Evaporation

Evaporation in the food industry is used principally to concentrate foods by the
removal of water. It is also used to recover desirable food volatiles and to remove
undesirable volatiles.

The simplest kind of evaporation occurs when the sun evaporates water from sea
water and leaves behind salt; this process is used commercially. Grapes and other
fruits can be dried using the energy from the sun. Another simple form of evaporation
occurs when a heated kettle is used to boil water from a sugar syrup, as is common
in some kinds of candy-making. However, this requires considerable energy in the
form of heat for a long period of time, which would cause heat damage to such products
as milk or orange juice if an attempt were made to concentrate them this way.

All liquids boil at lower temperatures under reduced pressure and this is the key
to modern evaporation. If a heated kettle is enclosed and connected to a vacuum pump,
one has a simple vacuum evaporator. Such evaporators are used to remove water from
sugar cane press juice in the early stages of crystalline sugar production.

Evaporators differ widely in their design and can be connected in series as in the
triple-stage system diagrammed in Fig. 5.9. In this device, progressively higher degrees
of vacuum are maintained in the subsequent stages through which the liquid food
passes. Regardless of design, however, a principal objective of vacuum evaporators is
to remove water at temperatures low enough to avoid heat damage to the food. Multiple-
stage evaporators can easily remove water at 50°C and some are designed to boil off
water at temperatures as low as 21°C.

Drying

In drying, the object also is to remove water with minimum damage to the food.
Whereas evaporators will concentrate foods twofold or threefold, driers will take foods
very close to total dryness—in many cases less than 2% or 3% water. Driers are used
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Figure 5.9. Schematic for forward-feed triple effect evaporator. Courtesy of Hall and
Hedrick.

to prepare such well-known products as dried milk powder and instant coffee. Although
food traditionally has been dried to preserve it from spoilage and to reduce its weight
and bulk, some foods are dried as convenience items and for their novelty appeal; an
example has been freeze-dried fruits for cereals. Drying, as well as several of the other
unit operations, is treated in detail in later chapters, and so only a few brief comments
are needed here.

Liquid foods such as milk and foods in chunk form like shrimp or steak may be
dried. It is generally much easier to dry liquid foods because these are easier to
subdivide, either as a spray or a film, and in a subdivided form, the moisture can be
removed more quickly.

Subdivision of a liquid is the principle behind the widely used spray drier (Fig. 5.10).
Liquid food such as milk, coffee, or eggs is pumped into the top of the large tower, at
which point the liquid is atomized by a spray nozzle or equivalent device. At the same
time, heated air is introduced to the tower. The heated air in contact with the fine
droplets of food dries the droplets, and dehydrated particles fall to the bottom of the
tower and are drawn off into collectors. The moisture removed during drying is ex-
hausted separately. Most commercially dried liquid foods are made this way.

Drying by subdividing food as a thin film is commonly done on a drum or roller
drier of the kind illustrated in Fig. 5.11. The drum is heated by steam from within,
and the applied layer of food flashes off its moisture on contact with the heated drum.
The dried food is then mechanically scraped from the drum with long knives. Mashed
potatoes, tomato puree, and several milk products are frequently dried this way.

Small food pieces such as peas and diced onions can be dried by moving them through
a long tunnel-oven, and many types are in use. However, overheating and shrinkage
in the course of water removal may give poor quality products in the case of particularly
sensitive foods. For chunk foods a milder method is vacuum freeze-drying. There are
many kinds of vacuum freeze-driers. In all types the food pieces first are frozen and
then dehydrated under vacuum from the frozen state. The ice does not melt but under
the conditions of high vacuum goes off directly as gaseous water vapor, a process known
as sublimation. This very gentle kind of drying protects all food quality attributes such
as texture, color, flavor, and nutrients. Freeze-drying is by no means restricted in its
use to solid and particulate foods. Brewed coffee and quality juice products are dehy-
drated by freeze-drying.



Figure 5.10. Spray drying tower and associated equipment. Courtesy of De Laval Separator Co.

82



Unit Operations in Food Processing 83

Figure 5.11. Sheets of dehydrated potato coming off commercial drum drier. Courtesy of Burr and Reeve.

Forming

Foods must often be formed into specific shapes. For example, hamburger patties
are formed by gently compacting ground beef into a disk shape in various types of
patty-making machines, which apply controlled pressure to the beef within an appro-
priate form. Excessive pressure is avoided or the hamburger will be overly tough after
cooking. Uniform pressure is essential or patties will vary in weight. Pressure extrusion
through dies of various shapes forms doughs into spaghetti and other pasta shapes for
subsequent oven drying.

In the confectionery industry, besides pressure extrusion, candies are formed by
depositing fondants, chocolate, and jellies into appropriate molds where they cool and
harden. Here edible release agents may be sprayed on the mold to help separate the
hardened confection. Other confections and food tablets may be formed from powdered
ingredients by the application of intense pressure in specially designed tableting ma-
chines. Sometimes, as in the case of malted milk tablets, an edible binding agent is
required to hold the malted milk powder together. When the powders are high in
certain sugars or other thermoplastic food constituents, an additional binding agent
is not required. Here high pressure during tablet forming produces heat, melting some
of the sugar or other thermoplastic material, which on cooling helps fuse the powdered
mass together. This is one way to form fruit juice tablets from dehydrated fruit juice
crystals. Some tablet-forming machines also may employ additional heat beyond that
generated by pressure.
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Forming is an important unit operation in the breakfast cereal and snack food
industries. The characteristic shapes of several popular breakfast cereals are the result
of pressure extrusion through meticulously designed dies, together with adherence to
precisely controlled operating conditions of temperature, pressure, dough consistency,
cutoff, and other variables. One special kind of forming is known as extrusion cooking.
In this case a formulated dough or mash is extruded under high pressure with or
without supplemental heat. The heat, largely from pressure, causes gelatinization of
starch and other cooking effects while the material is forced through the extruder. In
some cases pressure and temperature are so regulated that the food rises in temperature
above that required to boil water. Then when the shaped food emerges from the
extrusion cooker, the heated water rapidly boils as pressure is relieved at the exit
nozzle. This causes puffing of the formed piece. Such formed and puffed items may
then receive additional oven drying. A versatile cooker extruder is diagrammed in
Fig. 5.12.

Further examples of forming include the shaping of butter and margarine bars, the
pressing of cheese curd into various shapes, the many manipulations given to bread
dough to produce variety breads, and the shaping of sausage products in natural and
artificial flexible casings.

Packaging

Food is packaged for several purposes, including containment for shipping, dispens-
ing, and unitizing into appropriate sizes, and improving the usefulness of the product.
A primary reason is to protect it from microbial contamination, physical dirt, insect
invasion, light, moisture pickup, flavor pickup, moisture loss, flavor loss, and physical
abuse.

Foods are packaged in metal cans, glass and plastic bottles, paper and paperboard,
a wide variety of plastic and metallic films, and combinations of these. Packaging is
done by continuous automatic machines sometimes at speeds of more than 1000 units
per minute. Many items formerly filled into rigid containers of metal and glass are
being increasingly packaged in flexible and formable materials, and filling and capping
machines are being joined by more sophisticated systems. Much of the consumer milk
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Figure 5.12. Continuous cooker—extruder: (1) Steam conditioning section; (2) mixing zone;
(3) kneeding zone; (4) heating zone; (5) die for shaping; (6) cutoff knife. Courtesy of Wenger
Mixer Manufacturing Co.
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supply is packaged in paper cartons. Containers are automatically formed from stacked
paper flats, volumetrically filled, and sealed by passing the upper flaps through heated
jaws, which melt the plastic coating and thus provide adhesion. In recent years, paper-
board cartons which have been coated with special plastics which inhibit oxygen from
entering the carton have become widely used for orange juice and similar products.

Other machines form pouches from rolls of plastic film, fill them, and seal them.
This is the way many popular snack food items are packaged. Still more complete
systems (Fig. 5.13) form the container from roll stock film, fill the container to exact
weight, draw a vacuum on the package to remove oxygen, back flush the package with
inert nitrogen gas, seal the package, and finally stack the packages into cardboard
cartons. This is the way some dessert powders and dehydrated soups are commonly
packaged.

The container-forming step is not limited to the use of paper flats or films of various
materials. Some food-packaging machines start with plastic resins in granular form,
melt these, and blow-mold or otherwise form rigid or semirigid containers for immediate
filling and sealing. Two advantages of such a system are the savings of space in food
plants that otherwise would have to store great numbers of empty containers, and the
in-line production of virtually sterile containers, since the heat to melt the plastic
resins also kills microorganisms.

Figure 5.13. Corn chips being fed into a 12-bucket filling system. Bags are formed below the buckets from
continuous rolls of material and filled after the correct amount is weighed in each bucket. Source: Anon
Packaging World. 1(11): 46. 1994.
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Controlling

With all of these and several additional unit operations combined into complex
processing operations there have to be ways of measuring and controlling them to
obtain the desired food product quality. Controlling may be considered a unit operation
in itself. Its tools are valves, thermometers, scales, thermostats, and a wide variety of
other components and instruments to measure and adjust such essential factors as
temperature, pressure, fluid flow, acidity, specific gravity, weight, viscosity, humidity,
time, liquid level, and so on.

Figure 5.14 shows a retort commonly used in the canning industry for processing
food in metal cans. It is equipped to heat cans of food to the proper sterilization
temperature, hold them for the required time, and then cool them. It has controls for
steam flow, steam pressure, air pressure, water temperature, water level, and holding
time. These controls can be manually operated or can be designed for automatic opera-
tion. In modern food plants most instrumentation and controls are automatic, and the
plant operator or supervisor directs the process from a remote panelboard or integrates
several processes under microprocessor-based computer control from a programmable
console.

Overlapping Unit Operations

The division or grouping of food processing steps into unit operations is not perfect
and there can be overlapping. For example, filtering bacteria out of beer might logically

Figure5.14. Vertical retort with sev-
eral elements for control of pro-
cessing. (1) Steam; (2) regulating
valve; (3) controller; (4) reducing
valve, air; (5) air filter; (6) steam dis-
tributor; (7) drain; (8) vent; (9) bleed-
ers; (10) indicating thermometer;
(11) pressure gauge; (12) pop safety
valve; (13) basket supports; (14) air
for controller; (15) water; (16) over-
flow; ® manual valves. Courtesy of
Continental Can Co.
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be considered cleaning or it might be considered separating. Moving milk to a cheese
vat might be viewed as pumping or it might be considered materials handling. Milling
grain to yield flour might be considered disintegrating or separating, although actually
it is both of these unit operations—disintegrating followed by separating.

Overlapping does not detract from the value of the unit operations concept. This
concept permits one to think in an orderly fashion. What is more, some food texts and
most food equipment catalogs are divided by unit operations. One may have the problem
of blending fragile stuffed olives into sausage meat emulsion with minimum breakage
as in the manufacture of certain table-ready meats, or of incorporating a whip improver
into commercial liquid egg white without foaming the white. Applicable available
equipment generally will not be found in reference sources under food commodity
headings but will be grouped in the mixing sections of equipment and engineering
references.

If one considers any total food process, such as the manufacture of bread or frozen
orange juice concentrate, it is seen that the process is always a series of unit operations
performed in a logical sequence. In modern food processing these operations are so
connected as to commonly permit smooth, continuous, automatically controlled pro-
duction.

Energy Conservation

Many food processing unit operations require considerable amounts of energy. Thus,
the cost of energy is a significant part of the cost of producing foods. This has focused
attention on unit operations, equipment design, and overall processes from the stand-
point of optimizing energy use. There is now much interest in the analysis of heating
and cooling processes and the recovery and reuse of heat units that formerly were
sewered or vented to the atmosphere. Dehydration, concentration, freezing, steriliza-
tion, and other operations are being reevaluated in terms of times and temperatures,
which affect energy expenditures but also product properties and safety. The energy
requirements for materials handling and cleaning often are influenced by varietal
types of fruits and vegetables and by agricultural practices before commodities reach
processing plants. This also is true for the energy required in peeling, cutting, and
disintegrating. The energy requirements for producing the papers, tinplate, aluminum,
glass, and plastics of modern packaging, as well as the various package forms, differ,
but so do their protective properties, contributions to litter and waste, and recycle
values. Preservation by methods that remove water affect product weight and volume
and therefore the energy requirements of subsequent transportation and climate-
controlled storage. Often the energy required to produce processed foods industrially
is far less than that needed to prepare similar foods at home, but careful analyses in
this area have been few and the variables that can influence results are many.

There are countless simple measures to conserve energy throughout the food produc-
tion chain that often are overlooked. These include common everyday practices such as
increasing boiler and steam efficiency, optimizing refrigeration and space conditioning
through improved temperature control and insulation, closing unnecessary building
openings and reducing excessive ventilation rates, reducing lighting excessive to the
task performed, using optimum-sized equipment, scheduling regular maintenance in-
cluding periodic checks on sensors and controlling devices, and so on. Today it is
common practice to employ energy conservation specialists and involve plant engineers
in general energy management.
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New Processes

New processing technologies are constantly being developed which increase the
range of options within each unit operation. Major goals of food scientists and processing
engineers are to develop new methods which improve quality or increase efficiency.
Not surprisingly, there has been considerable research in this area. Newer processing
methods that hold promise for improved products over the coming years include super-
critical fluid extraction, ohmic heating, and high hydrostatic pressure.

Supercritical fluid extraction uses gases such as carbon dioxide at high pressures to
extract or separate food components. At high pressures carbon dioxide behaves as a
liquid and can selectively dissolve portions of a food product. For example, supercritical
fluid extraction is already commercially used to extract caffeine from coffee to produce
a decaffeinated product. The advantage is that the extraction can be made highly
selective and occurs under mild conditions which result in a high quality product. This
process also has the advantage that the solvent (i.e., carbon dioxide) is not toxic and
can be disposed of easily. Supercritical fluid processing can also be used to extract and
concentrate delicate flavor compounds from biological materials such as spices and
herbs. Research has further shown that supercritical extraction can be used to fraction-
ate the fats from dairy products, lower their cholesterol content, and produce lipids
with desirable functional characteristics. Large continuous systems are being devel-
oped which may lower the cost of such applications and increase efficiency.

Heat to destroy microorganisms can cause undesirable effects in food texture, flavor,
and color. The more quickly heat can be applied and removed, the less detrimental
are the changes that occur, and so it is not surprising that considerable effort has been
directed at developing high-temperature—short time thermal processes.

When foods containing particulates such as beefin a stew are heated by conventional
heat exchange systems, the liquid portion becomes overprocessed by the time the inner
portion of the beef is sufficiently heated. One proposed solution to this problem is
termed ohmic heating. In ohmic heating, the temperature of particulates in a conduct-
ing medium such as a salt brine is raised quickly. The food is pumped between two
electrodes which are charged with an alternating current similar to common household
electricity. The temperature of both particles and liquid increases rapidly. Although
this process was first applied to fruit juices, it is particularly useful for foods which
consist of particles suspended in liquids like soups or stews.

A third new technology utilizes high hydrostatic pressure. Liquid foods such as fruit
juices and beverages or particulate foods suspended in liquid are subjected to pressures
as high as several thousand atmospheres. These high pressures can inactivate microor-
ganisms and in some cases enzymic activity. In a suggested application, foods are
packaged in flexible pouches which are loaded into vessels capable of withstanding
the high pressures. Water is then pumped into the vessel and all air removed. The
water transmits the pressure to the package. A system for increasing the pressure
inside the vessel is activated after the vessel is closed. The major advantage of such
a system is that foods may be preserved without the input of large amounts of heat,
thus improving their quality. The commercial feasibility of such a system, however,
remains to be determined.
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Quality Factors
in Foods

In countries where food is abundant, people choose foods based on a number of factors
which can in sum be thought of as “quality.” Quality has been defined as degree of
excellence and includes such things as taste, appearance, and nutritional content. We
might also say that quality is the composite of characteristics that have significance
and make for acceptability. Acceptability, however, can be highly subjective. Quality
and price need not go together, but food manufacturers know that they generally can
get a higher price for or can sell a larger quantity of products with superior quality.
Often “value” is thought of as a composite of cost and quality. More expensive foods
can be a good value if their quality is very high. The nutrient value of the different
grades of canned fruits and vegetables is similar for all practical purposes, yet the
price can vary as much as threefold depending on other attributes of quality. This is
why processors will go to extremes to control quality.

When we select foods and when we eat, we use all of our physical senses, including
sight, touch, smell, taste, and even hearing. The snap of a potato chip, the crackle of
a breakfast cereal, and crunch of celery are textural characteristics, but we also hear
them. Food quality detectable by our senses can be divided into three main categories:
appearance factors, textural factors, and flavor factors.

Appearance factors include such things as size, shape, wholeness, different forms of
damage, gloss, transparency, color, and consistency. For example, apple juice is sold
both as cloudy and clear juice. Each has a different appearance and is often thought
of as a somewhat different product.

Textural factors include handfeel and mouthfeel of firmness, softness, juiciness,
chewiness, grittiness. The texture of a food is often a major determinant of how little
or well we like a food. For example, many people do not like cooked liver because of
its texture. Texture of foods can be measured with sophisticated mechanical testing
machines such as the one shown in Fig. 6.1.

Flavor factors include both sensations perceived by the tongue which include sweet,
salty, sour, and bitter, and aromas perceived by the nose. The former are often referred
to as “flavors” and the latter “aromas,” although these terms are often used interchange-
ably. Flavor and aroma are often subjective, difficult to measure accurately, and diffi-
cult to get a group of people to agree. A part of food science called sensory science is
dedicated to finding ways to use humans to accurately describe the flavors and other
sensory properties of foods. There are hundreds of descriptive terms that have been
invented to describe flavor, depending on the type of food. Expert tea tasters have a
language all of their own, which has been passed down to members of their guild from
generation to generation. This is true of wine tasters as well.

90
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Figure 6.1. Instron Universal Testing Machine being used to test the mechanical/physi-
cal properties of an apple. Courtesy of Cornell University Photo Services.

Since we generally experience the properties of food in the order of (1) appearance,
(2) texture, and (3) flavor, it is logical to discuss quality factors in this order now.

APPEARANCE FACTORS

In addition to size, shape, and wholeness, pattern (e.g., the way olives are laid out
in a jar or sardines in a can) can be an important appearance factor. Wholeness refers
to degree of whole and broken pieces; the price of canned pineapple goes down from
the whole rings, to chunks, to bits. Appearance also encompasses the positive and
negative aspects of properly molded blue-veined cheeses, and the defect of moldy bread,
as well as the quality attribute of ground vanilla bean specks in vanilla ice cream,
and the defect of specks and sediment from extraneous matter. Although some ice
cream manufacturers have added ground vanilla bean as a mark of highest quality,
others have concluded that as often as not a less-sophisticated consumer misinterprets
these specks and rejects the product.

Size and Shape

Size and shape are easily measured and are important factors in federal and state
grade standards. Fruits and vegetables can be graded for size by the openings they
will pass through. The simple devices shown in Fig. 6.2 were the forerunners of current
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Figure 6.2. Device for size grading round fruits or vegetables. Courtesy of A. Kramer.

high-speed automatic separating and grading machines, although they are still used
to some extent in field grading and in laboratory work. Size also can be approximated
by weight after rough grading, for example, determining the weight of a dozen eggs.

Shape may have more than visual importance, and the grades of certain types of
pickles include the degree of curvature (Fig. 6.3). Such curiosities can become quite
important, especially in the design of machines to replace hand operations. When an
engineer attempts to design a machine for automatically filling pickles into jars at
high speeds, it must be recognized that all pickles are not shaped the same, and a
machine that will dispense round objects like olives or cherries can be totally inade-
quate. Mechanized kitchen, restaurant, and vending systems for rapid mass feeding

Figure 6.3. Measurement of curvature in pickles as an indi-
cator of quality. Courtesy of U.S. Department of Agriculture.
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have become commonplace. Some of the most difficult engineering problems encoun-
tered in such facilities were in designing equipment that would dispense odd-shaped
food pieces into moving dishes.

Color and Gloss

Food color not only helps to determine quality, it can tell us many things. Color is
commonly an index of ripeness or spoilage. Potatoes darken in color as they are fried—
and we judge the endpoint of frying by color. The bleaching of dried tomato powder
on storage can be indicative of too high an oxygen level in the headspace of the package,
whereas the darkening of dried tomato can reflect too high a final moisture level in
the powder. The color of a food foam or batter varies with its density and can indicate
a change in mixing efficiency. The surface color of chocolate is a clue to its storage
history. These and many other types of color changes can be accurately measured in
the laboratory and in the plant—all influence or reflect food quality.

If the food is a transparent liquid such as wine, beer, or grape juice, or if a colored
extract can be obtained from the food, then various types of colorimeters or spectropho-
tometers can be used for color measurement. With these instruments, a tube of the
liquid is placed in a slot and light of selected wavelength is passed through the tube.
This light will be differentially absorbed depending on the color of the liquid and the
intensity of this color. Two liquids of exactly the same color and intensity will transmit
equal fractions of the light directed through them. If one of the liquids is a juice and
the other is the same juice somewhat diluted with water, the latter sample will transmit
a greater fraction of the incoming light and this will cause a proportionately greater
response on the instrument. Such an instrument can also measure the clarity or
cloudiness of a liquid depending on the amount of light the liquid lets pass. There are
several other methods for measuring the color of liquids.

Ifthe food is liquid or a solid, we can measure its color by comparing the reflected color
to defined colored tiles or chips. The quality control inspector changes tiles until the
closest color match is made and then defines the color of the food as being identical to the
matching tile or falling between the two nearest tiles. Working with tomato products,
one would need to have only a few green and red disks to cover the usual range of tomato
color. The grade standards for tomatoes have been based on such a method.

Color measurement can be further quantified. Light reflected from a colored object
can be divided into three components, which have been termed value, hue, and chroma.
Value refers to the lightness or darkness of the color or the amount of white versus
black; hue to the predominant wavelength reflected, which determines what the per-
ceived color is (red, green, yellow, blue, etc); and chroma refers to the intensity strength
of the color. The color of an object can be precisely defined in terms of numerical values
of these three components. Another three-dimensional coordinate scale for describing
color utilizes the attributes of lightness—darkness, yellowness—blueness, and redness—
greenness. These dimensions of color, used in tri-stimulus colorimetry, can be quanti-
fied by instruments such as the Hunterlab Color and Color Difference Meter (Fig. 6.4).
Food samples having the same three numbers have the same color. These numbers,
as well as numbers representing value, hue, and chroma, vary with color in a systematic
fashion that can be graphed to produce a chromaticity diagram (Fig. 6.5). The color
chemist and quality controller can relate these numbers to color, and through changes
in the numbers can follow gross or minute changes in products that may occur during
ripening, processing, or storage. In similar fashion a quality controller can define the
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Figure 6.4. Hunterlab color and color-difference meter used to objectively measure the color of food products.
Courtesy of Hunterlab, Inc.

color of a product and relate this information to distant plants to be matched at any
future date. This is particularly useful where the food color is so unstable as to make
the forwarding of a standard sample unfeasible.

As with color, there are light-measuring instruments that quantitatively define the
shine, or gloss, of a food surface. Gloss is important to the attractiveness of gelatin
desserts, buttered vegetables, and the like.

Consistency

Although consistency may be considered a textural quality attribute, in many in-
stances we can see consistency and so it also is another factor in food appearance. A
chocolate syrup may be thin-bodied or thick and viscous; a tomato sauce can be thick
or thin. Consistency of such foods is measured by their viscosity, higher viscosity
products being of higher consistency and lower viscosity being lower consistency.

The simplest method to determine consistency is to measure the time it takes for



Quality Factors in Food 95

] 5
Hue ond Chromao
with
Value 6-——f

50

45
s B N o
1
IS . I47/"0/
Z MQ_ — — //7'5.. 35
V4 Z ? 5R
A 5= 30
& 4
] 7:4 ‘25
5
=<2 2C
=

15

(5]

40 45 50 55 60

Figure 6.5. One type of chromaticity diagram for objectively describing exact colors.
Source: Kramer and Twiss Quality Control in the Food Industry, 3rd ed., Vol. 2. AVI
Publishing Co., Westport, CT, 1973.

the food to run through a small hole of a known diameter; or one can measure the
time it takes for more viscous foods to flow down an inclined plane using the Bostwick
Consistometer (Fig. 6.6). This device might be used for ketchup, honey, or sugar syrup.
These devices are called viscometers. There are several other types of viscometers
using such principles as the resistance of the food to a falling weight such as a ball,
and the time it takes the ball to travel a defined distance; and resistance to the rotation
of a spindle, which can be measured by the power requirements of the motor or the
amount of twist on a wire suspending the spindle. Viscometers range from the quite
simple as shown above to highly sophisticated electronic instruments.

TEXTURAL FACTORS

Texture refers to those qualities of food that we can feel either with the fingers, the
tongue, the palate, or the teeth. The range of textures in foods is very great, and a
departure from an expected texture is a quality defect.

We expect chewing gum to be chewy, crackers and potato chips to be crisp, and steak
to be compressible and shearable between the teeth. The consumer squeezes melons and
bread as a measure of texture which indicates the degree of ripeness and freshness. In
the laboratory, more precise methods are available. However, the squeezing device in
Fig. 6.7 gives only an approximation of freshness, since the reading also depends on the
stiffness of the wrapping and the looseness with which the bread slices are packed.
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Figure 6.6. The Bostwick Consistometer for measuring viscosity of certain products by the speed with which
they flow down an incline. Courtesy of Central Scientific Co.

Measuring Texture

Food texture can be reduced to measurements of resistance to force. If food is squeezed
so that it remains as one piece, this is compression—as with the squeezing of bread.
If a force is applied so that one part of the food slides past another, it is shearing—as
in the chewing of gum. A force that goes through the food so as to divide it causes
cutting—as in cutting an apple. A force applied away from the material results in
tearing or pulling apart, which is a measure of the food’s tensile strength—as in pulling
apart a muffin. When we chew a steak, what we call toughness or tenderness is really
the yielding of the meat to a composite of all of these different kinds of forces. There
are instruments to measure each kind of force, many with appropriate descriptive
names but none exactly duplicate what occurs in the mouth.

Many specialized test instruments have been devised to measure some attribute of
texture. For example, a succulometer (Fig. 6.8) uses compression to squeeze juice out
of food as a measure of succulence. A tenderometer applies compression and shear to
measure the tenderness of peas. A universal testing machine fitted with the appropriate
devices can measure firmness and crispness and other textural parameters (Fig. 6.9).
This and similar instruments frequently are connected to a moving recording chart. The
time—force curve traced on the chart gives a graphic representation of the rheological
properties of the food item. When an apple half is tested, the tracing would show an
initial high degree of force required to break the skin, and then a change in force as
the compressing—shearing element enters and passes through the apple pulp.

Various forms of penetrometers are in use. These generally measure the force re-
quired to move a plunger a fixed distance through a food material. A particular pene-
trometer used to measure gel strength is the Bloom Gelometer. In this device, lead
shot is automatically dropped into a cup attached to the plunger. The plunger positioned
above the gel surface moves a fixed distance through the gel until it makes contact
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Figure 6.7. Dalby—Hill squeeze-tester for measuring bread stiffness. Courtesy of G.
Dalby.

with a switch that cuts off the flow of lead shot. The weight of shot in grams, which
is proportional to the firmness of the gel, is reported as degrees Bloom. This is one
way of measuring the “strength” of gelatin and the consistency of gelatin desserts.
Another kind of penetrometer, also referred to as a tenderometer, utilizes a multiple-
needle probe that is pressed into the rib eye muscle of raw beef (Fig. 6.10). The force
needed is sensed by a transducer and displayed on a meter. The carefully engineered
needle probe was designed to give readings that correlate with the tenderness of the
meat after cooking, while at the same time not altering the raw meat for further use.

Several of the above methods for measuring texture alter the food sample being
tested, so that it cannot be returned to a production batch. Since there are correlations
between color and texture in some instances, there are applications where color may
be used as an indication of acceptable texture. Under controlled conditions automatic
color measurement may then be used as a nondestructive measure of texture; this is
done in the evaluation of the ripeness of certain fruits and vegetables moving along
conveyor belts. Another nondestructive indication of texture is obtained by the experi-



Figure 6.8. The succulometer places a fruit under a constant pressure and allows the juice, which is measured
as an indicator of succulence, to run out. Courtesy of the United Co.

Figure 6.9. Testing the rheological properties of foods using a sophisticated mechanical spectrometer.
Courtesy of Cornell University Photo Services.
98
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Figure 6.10. Evaluating the
tenderness of beef with the
Armour meat tenderometer.
Source: Anon. Food Technol-
ogy 27:1. 1973.

enced cheesemaker who thumps the outside of a cheese and listens to the sound. This
gives a rough indication of the degree of eye formation during ripening of Swiss cheese.
One of the newer methods of nondestructive texture measurement makes use of sonic
energy, which is absorbed to different extents depending on the firmness of an object.

Texture Changes

The texture of foods, like shape and color, does not remain constant. Water changes
play a major role. Foods also can change texture on ageing. Texture of fresh fruit and
vegetables becomes soggy as the cell walls break down and the cells lose water. This
is referred to as loss of turgor. As more water is lost from the fruit, it becomes dried
out, tough, and chewy. This is desirable in the case of dried apricots, prunes, and
raisins. Bread and cake in the course of becoming stale lose some water and this is a
quality defect. Steaming the bread refreshes it somewhat by softening the texture.
Crackers, cookies, and pretzels must be protected against moisture pickup that would
soften texture.

Quite apart from changes in the texture of unprocessed foods, there are the textural
aspects of processed foods. For example, lipids are softeners and lubricants that the
baker blends into a cake formula to tenderize cake. Starch and numerous gums are
thickeners; they increase viscosity. Protein in solution can be a thickener, but if the
solution is heated and the protein coagulates, it can form a rigid structure as in the
case of cooked egg white or coagulated gluten in baked bread. Sugar affects texture
differently depending on its concentration. In dilute solution it adds body and mouthfeel
to soft drinks. In concentrated solution it adds thickening and chewiness. In still higher
concentrations it crystallizes and adds brittleness as in hard candies.

The food manufacturer not only can blend food constituents into an endless number
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of mixtures but may use countless approved ingredients and chemicals to help modify
texture.

FLAVOR FACTORS

As noted already, flavor is a combination of both taste and smell and is largely
subjective and therefore hard to measure. This frequently leads to differences of opinion
between judges of quality. This difference of opinion is to be expected since people
differ in their sensitivity to detect different tastes and odors, and even where they can
detect them, people differ in their preference. In some cultures, strong smelling fish
is desirable, whereas in others such fish would be unacceptable.

The flavor of a given food is determined by both the mixture of salt, sour, bitter, and
sweet tastes and by the endless number of compounds which give foods characteristic
aromas. Thus, the flavor of a food is quite complex and has not been completely described
for most foods. Adding to this complexity is the fact that the same food is often perceived
differently by different individuals. This difference is due to cultural and biological
differences between people.

Influence of Color and Texture on Flavor

Judgments about flavor often are influenced by color and texture. For example, we
associate such flavors as cherry, raspberry, and strawberry with the color red. Actually,
the natural flavor essences and the chemicals they contain are colorless. But in nature
they occur in foods of typical color and so we associate orange flavor with the orange
color, cherry with red, lime with green, chicken flavor with yellow, and beef flavor
with brown.

If gelatin-type desserts are prepared without color, inexperienced tasters will find
it hard to distinguish lime from cherry. If we color the lime-flavored item red and
the cherry-flavored item green, then the challenge becomes still greater. Butter and
margarine may be colored by the addition of a dye. Many consumers will agree that
of two samples, the yellow one has the stronger butter flavor, but this may not actually
be the case. This is the reason “blind” testing is often employed in flavor evaluation,
colored lighting being the means of masking out an influencing color.

Texture can be equally misleading. When one of two identical samples of gravy is
thickened with a tasteless starch or gum, many will judge the thicker sample to
have the richer flavor. This can be entirely psychological. However, the line between
psychological and physiological reactions is not always easy to draw. Our taste buds
respond in a complex fashion not yet fully understood. Many chemicals can affect
taste response to other compounds. It is entirely possible for texturizing substances to
influence taste and flavor in a fashion that is not imaginary. If a thickener affects the
solubility or volatility of a flavor compound, its indirect influence on the nose or tongue
could be very real.

Taste Panels

We can measure flavor in various ways depending on our purpose. The use of gas chro-
matography to measure specific volatile compounds has already been mentioned. Some
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flavor-contributing substances can be measured chemically or physically with other in-
struments. Examples are salt, sugar, and acid. Salt concentration can be measured elec-
trically by its effect on the conductivity of a food solution. Sugar in solution can be mea-
sured by its effect on refractive index. Acid can be measured by titration with alkali, or
by potentiometric determination of hydrogen ion concentration as in determining pH
(negative logarithm of the hydrogen ion concentration). All of these are largely research
or quality control tools. When it comes to consumer quality acceptance, there is still no
substitute for measurements made by having people taste products.

We may use individuals, but groups are better because differences of opinion tend
to average out. We may use trained individuals as is common in federal and state
grading of agricultural products such as butter and cheese. We may employ consumer
preference groups—panels that are not specifically trained but can provide a good
insight into what customers generally will prefer. We can use panels of highly trained
people who are selected on the basis of their flavor sensitivity and trained to recognize
attributes and defects of a particular product such as coffee or wine.

A typical taste panel room is provided with separate booths to isolate tasters so that
they do not influence one another with conversation or by facial expressions. The
booths may be equipped with colored lights when appropriate. The food sample is given
to the taster through a closed window so the taster will not see how it was prepared
and thus, be influenced. The samples are coded with letters or numbers to avoid terms
or brand names that might be influential.

The tasters are given an evaluation form, of which there are many kinds. One kind
has columns for samples with descriptive terms such as like definitely, like mildly,
neither like nor dislike, dislike mildly, and dislike definitely. The taster checks an
opinion for each sample and may make additional comments. The terms are given
number rankings by the taste panel leader, such as 5 for like definitely down to 1 for
dislike definitely. When all evaluation forms are complete, the taste panel leader
tabulates and averages the results. A number ranking scale for flavor or for other
quality factors is known as a hedonic scale.

Often taste panelists are asked to choose between two samples in a preference test.
Given just two samples, tasters may choose one even though they are really unable
to distinguish between them. Given the same two samples again, they might choose
in reverse order quite by chance. To avoid this and gain more meaningful data on
samples that are quite close in the attribute being studied, preference tests often
involve three samples. In this case, tasters are given two samples that are identical
and one that is different, all at the same time and appropriately coded. Tasters are
asked which two samples are similar, which sample is different, and which is preferred.
If a taster cannot correctly pick the odd sample, then his or her preference loses
significance. This is known as a triangle test. There are various ways of interpreting
triangle tests and different kinds of preference tests; statistical analysis of results is
commonly employed.

The number of samples tasters can reliably judge at one sitting without their taste
perception becoming dulled is quite limited and depends on the product; generally, no
more than about four or five samples can be reliably tested at one time. Taste panel
booths often are provided with facilities for rinsing the mouth between samples, or
unsalted crackers may be eaten to accomplish a similar effect.

Taste panels used in research, product development, and for purposes of evaluating
new and competitive products are not restricted to evaluating flavor. Texture, color,
and many other quality factors can be meaningfully measured with this technique.
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Further, evaluation forms can be devised to measure the reactions of the very young
(Fig. 6.11), or any other special group.

ADDITIONAL QUALITY FACTORS

Three very important quality factors that may not always be apparent by sensory
observation are nutritional quality, sanitary quality, and keeping quality.

Nutritional quality frequently can be assessed by chemical or instrumental analyses
for specific nutrients. In many cases this is not entirely adequate and animal feeding
tests or equivalent biological tests must be used. Animal feeding tests are particularly
common in evaluating the quality of protein sources. In this case, the interacting
variables of protein level, amino acid composition, digestibility, and absorption of the
amino acids all contribute to determine biological value. Whereas the commercial
feeding of livestock is done very largely on a nutritional quality basis, unfortunately
people do not choose their food on this basis.

Sanitary quality usually is measured by counts of bacteria, yeast, mold, and insect
fragments, as well as by sediment levels. X-rays can be used to reveal inclusions like
glass chips, stones, and metal fragments in raw materials and finished products moving
at high speeds through a plant.

Keeping quality or storage stability is measured under storage and handling condi-
tions that are set up to simulate or somewhat exceed the conditions the product is
expected to encounter in normal distribution and use. As normal storage tests may
require a year or longer to be meaningful, it is common to design accelerated storage
tests. These usually involve extremes of temperature, humidity, or other variables to
show up developing quality defects in a shorter time. Accelerated storage tests must
be chosen with considerable care because an extreme temperature or other variable
frequently will alter the pattern of quality deterioration.

The major quality factors of appearance, texture, and flavor are referred to as organo-
leptic, or sensory, properties since they are perceived by the senses. There are hundreds

Grade Girl Boy Age

School Entree

Directions: Put an x in ] to show how much you like this food.

&< > S 'Y
o o (o]
(] ] 0 O

Figure 6.11. Facial hedonic scale used to determine likes and dislikes of children.
Courtesy of E. F. Eckstein.
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of specific quality attributes unique to particular foods and sometimes they do not
seem to make much sense, unless we accept the fact that they are traditional and
people have become used to them and expect them.

The foam or head on a glass of beer is a quality factor, and its size, bubble structure,
and stability are all important quality attributes. But the slightest head foam at the
top of a glass of wine or a cup of tea is a quality defect. A slight cloudiness or turbidity
is desirable in orange juice and is a quality attribute, but cloudiness in apple juice
may be considered a defect by some but desirable by others. The quality of Swiss cheese
is judged by the size, shape, gloss, and distribution of its eyes or holes, but eyes in
Cheddar cheese is a defect.

These and many other quality attributes make our foods different and interesting,
and in many cases the quality attribute that seems arbitrary really is associated with
a more fundamental quality factor. The eyes in Swiss cheese, for example, are an
indication of flavor through proper bacterial fermentation and of a proper cheese
texture capable of holding the carbon dioxide formed during fermentation.

QUALITY STANDARDS

To help ensure food quality, many types of quality standards have come into exis-
tence. These include research standards, trade standards, and various kinds of govern-
ment standards.

Research standards are internal standards set up by a company to help ensure the
excellence of its products in a highly competitive market. Trade standards generally
are set up by members of an industry on a voluntary basis to assure at least minimum
acceptable quality and to prevent the lowering of standards of quality for the products
of that industry. Governments set many types of standards. Some are mandatory;
these are the standards developed to protect health and prevent deception of the
consumer. More will be said about them in later chapters. Other government standards
known as Federal Grade Standards are largely optional and have been set up mainly
to help producers, dealers, wholesalers, retailers, and consumers in marketing food
products. The Federal Grade Standards provide a common language among producers,
dealers, and consumers for trading purposes.

Federal Grade Standards

The Federal Grade Standards are standards of quality administered by the USDA
Agricultural Marketing Service and the Food Safety and Inspection Service. To give
meaning and uniformity to the standards, the USDA established an official system of
food inspection and grading. The difference between inspection and grading must be
understood. Inspection is often mandatory and assures the wholesomeness of products,
particularly meats. Grading is voluntary and determines the quality of products such
as meats. Inspectors and graders are trained in the accepted quality factors, and there
are inspectors and graders for each major food category. Uniform grades of quality have
been established for over 100 foods, including meat, dairy, poultry, fruit, vegetable, and
seafood products.

Taking meat products as an example, a federal meat grader evaluates the overall qual-
ity of beef, taking into account such factors as shape of the animal carcass, quality and
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distribution of the fat, age of the animal, firmness and texture of the flesh, and color of
thelean meat. The grader stamps the meat in such a repetitive way that the grade stamp
will be present on all cuts even after the carcass is butchered for retail sale.

The federal grade marks for beef (Fig. 6.12), in order of decreasing quality, are Prime,
Choice, Select, Standard, Commercial, Utility, Cutter, and Canner. The first three are
generally found on meat cuts in retail stores or used in restaurants; the other grades are
more commonly used in processed meat products. These grade standards are quality
standards that do not reflect differences in wholesomeness, cleanliness, or freedom from
disease. All meat must pass such inspection regardless of Federal Grade Standards. The
quality level indicated by a standard sometimes is changed for reasons of limited avail-
ability or economics. The Federal Grade Standards for beef were first instituted in the
1920s and the most recent changes in the beef grading system occurred in 1980.

In similar fashion, other foods for which grade standards have been established are
graded. Detailed brochures are published on each food, and quality control tests for
the different quality factors are precisely defined. Liberal use of pictures is made where
the quality factor is difficult to describe in words.

In the grading of eggs, for example, the freshness quality is fairly accurately mea-
sured by the visual condition of the egg white and the egg yolk (Fig. 6.13). A fresh
egg has a high percentage of thick white next to the yolk and a small amount of thin
white beyond the thick white. As the egg ages, the thick white breaks down and the
proportion of the thick white to thin white decreases. Ultimately all of the white is

Maturity Group
A B Cc D E

Abundant

Moderately .
Abundant Prime

Slightly
Abundant Commercial

Moderate

Modest Choice

Small

Traces

Standard
" Cuttr

Figure 6.12. The relationship between fat marbling, animal maturity (i.e., age) and the
USDA federal grade standard for beef. “A” maturity animals are 9-30 months of age,
whereas “E” are more than 96 months. Source: Muscle Foods: Meat, Poultry and Seafood
Technology. D. M. Kinsman, A. N. Kotula, and B. C. Breidenstein (editors), 1994. Chapman
& Hall, New York.



Figure 6.13. Changes in interior quality of eggs on ageing. The white becomes thinner with increasing age.
Courtesy of U.S. Department of Agriculture.
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thin watery white and no thick white will be seen. There is also flattening of the yolk
with ageing and loss of freshness.

Quality defects of fruits and vegetables are of many kinds. The grade standards for
asparagus recognize slight differences in development in the head and bracts. The
standards for sweet potatoes consider the shape that yields “usable pieces” for pro-
cessing. A usable piece means a segment of such size and shape that it will be recogniz-
able as a sweet potato after canning or freezing. The quality attributes for fresh whole
tomatoes (ripeness, color, freedom from cracks and blemishes, size, etc.) also include
limited “puffiness.” This is the amount of air void or open space between the tomato
wall and the central pulp (Fig. 6.14).

Federal Grade Standards for shelled pecans include degree of shriveling, color of
nut kernels, degree of chipping of nut halves, moldiness, decay, rancidity, broken
shells, and so on.

Typically, the final grade of a product is given after weighing each of the quality
factors and giving each a numerical value. The values are then added up to give a
total score. The Federal Grade Standard for canned concentrated orange juice allows
40 points for color, 40 points for flavor, and 20 points for absence of defects; the latter
includes freedom from seeds, excessive orange oil, proper reconstitution with water,
absence of settling out, and so on. The relative importance given in Federal Grade
Standards to different quality factors for a wide range of processed fruit and vegetable
products is listed in Table 6.1.

Many kinds of score sheets are devised for special quality control purposes. The
score sheets for quality control of military rations may include well over 100 quality
factors, ranging from specific requirements for packaging materials to storage stability
and performance of the packaged food under unique environmental conditions.

Planned Quality Control

Regardless of whether quality is to be maintained on agricultural raw materials or
on manufactured food products, a systematic quality control program is essential. This
program begins with customer specifications and market demand. What level of quality
is demanded and can be produced for the price the customer can afford to pay? Addition-
ally, what legal requirements must be met? With these specifications agreed upon,
appropriate testing methods and control stations can be set up. Nearly all food manufac-
turing facilities have a formal quality control or quality assurance department.

Figure 6.14. The defect of puffiness in tomatoes. Courtesy of U.S. Department of Agri-
culture.
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The functions of a quality control department are diverse and far ranging, as can
be seen in Fig. 6.15 for a department organized to control quality of tomato products.
Such a department not only is charged with quality control, which implies detection
and correction of defects, but also with the broader concept of quality assurance, which
encompasses anticipation and prevention of potential defects. In a food processing or
manufacturing plant, quality control testing must start with the raw materials. Sam-
pling and testing of the raw materials will provide a basis for accepting or rejecting
these raw materials and will give useful information on how to handle the material
in order to obtain a finished product of the desired quality and shelf life. Quality control
tests on the processed products through manufacturing, packaging, and warehousing
operations are then essential to ensure that customer demands and legal requirements
are satisfied.

The diversity of testing indicated in Fig. 6.15 is further complicated by the variations
that may be expected between units or batches of raw materials, as well as the fluctua-
tions that occur when any processing condition is repeatedly measured over time. Are
variations of a magnitude that is within an acceptable range and within the intrinsic
capability of the manufacturing process or is the variation indicative of a process
truly out of control? Such questions are answered by applying statistics to repeated
measurements of a given quality attribute or processing condition. Repeated measure-
ment will provide data for determination of the mean, range, and normal frequency
distribution of the variable under consideration. Such data then can be used to develop
quality control charts, one type of which is shown in Fig. 6.16. This chart graphs the
variation of a measured attribute from a mean value (%) with time. The attribute
might be weight of filled cans coming from the filling machine prior to can seaming.
The chart also provides a range bounded by an upper control limit (UCL) and a lower
control limit (LLCL) based on the measured attribute’s normal frequency distribution.
Filled cans with weights beyond this range would be unacceptable and could be removed
for adjustment prior to seaming. This type of chart also reveals trends during processing
that may call for filler machine adjustment depending on the direction of the drift.
Statistical quality control charts are of many kinds and can be devised to monitor
specific measurements of size, color, texture, flavor, ingredient composition, nutrients,
microbial counts, and numerous types of processing variables. These and other mea-
surements are increasingly being performed continuously by automated instrumenta-
tion systems, which can detect deviations from specification and, through computer
controls, initiate process adjustment. Thus, on-line measurement of carbon dioxide
levels in soft drinks, and of alcohol and carbohydrates as an index of calories in “light”
beer, is currently being performed by infrared analyzers as part of the quality control
programs for these products.

The influence of market demand on quality specifications cannot be overemphasized.
Whereas such factors as nutritional quality and sanitary quality ought not be permitted
to vary from well-established standards, organoleptic quality factors are by no means
rigid. White eggs are preferred in New York, but brown eggs have been very popular
in Boston. Quality bread means different formulas, textures, and shapes in many
markets of the United States and indeed all over the world.

Two newer concepts in product quality and safety have been developed and widely
adopted in recent years. Total Quality Management (TQM) and Hazard Analysis and
Critical Control Point (HACCP) are quality and management “systems” designed to
assure the highest quality and safest foods possible. TQM is a management system
which strives to continuously improve the quality of products by making small but
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incremental changes in a product’s ingredients, manufacture, handling, or storage
which result in overall improvement. All workers in plants which employ TQM tech-
niques have joint responsibility for product quality and routinely meet in “quality
circles” or similar groups to discuss potential improvements. This concept has been
widely applied with success in other industries such as automobile manufacturing.
HACCEP is a preventative food safety system in which a process for manufacturing,
storing, and distributing a food product is carefully analyzed step-by-step. Points at
which tight control of the process will result in elimination of a potential hazard are
identified and appropriate control measures taken before a problem occurs. The princi-
ples and practices of such a system will be presented in greater detail in Chapter 23.
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Food Deterioration
and its Control

All foods undergo varying degrees of deterioration during storage. Deterioration
may include losses in organoleptic desirability, nutritional value, safety, and aesthetic
appeal. Foods may change in color, texture, flavor, or another quality attribute as
discussed in Chapter 6.

Food is subject to physical, chemical, and biological deterioration. The highly sensi-
tive organic and inorganic compounds which make up food and the balance between
these compounds, and the uniquely organized structures and dispersions that contrib-
ute to texture and consistency of unprocessed and manufactured products are affected
by nearly every variable in the environment. Heat, cold, light and other radiation,
oxygen, moisture, dryness, natural food enzymes, microorganisms and macroorgan-
isms, industrial contaminants, some foods in the presence of others, and time—all can
adversely affect foods. This range of potentially destructive factors and the great
diversity of natural and processed foods is why so many variations of several basic
food preservation methods find application in modern food technology.

The rapidity with which foods spoil if proper measures are not taken is indicated in
Table 7.1, which lists the useful storage life of typical plant and animal tissues at 21°C .
Meat, fish, and poultry can become inedible in less than a day at room temperature. This
is also true for several fruits and leafy vegetables, raw milk, and many other products.
Room temperature or field temperature can be much higher than 21°C during much of
the year in many parts of the world. Typically, slower rates of deterioration occur with
foods that are low in moisture, high in sugar, salt, or acid, or modified in other ways.
Nevertheless, even in our modern and efficient warehouses and supermarkets, shelf-
stable, refrigerated, and frozen foods undergo continuous change, necessitating stock
rotation and product removal at definite intervals, which may be days, weeks, or months
for such products as baked goods, soft cheeses, and frozen specialties, respectively.

Rapid spoilage has significance in less developed areas as well as in the most highly
advanced and organized societies. In less developed areas starvation because of spoilage
has been know to occur in villages only 20-30 km from locations of a lush harvest. In
highly advanced societies food production generally is centralized in areas where food
can be most efficiently grown or processed. These areas in the United States can be
half a continent or more distant from a population center where the food will be
consumed. Unless the deteriorative factors are controlled, there would be no food for
these population centers and, indeed, there could be no highly advanced society.

History has been made and wars won or lost over food deterioration and its control.
Wars, and the need to provide food for armies in regions remote from areas of food
production, have always focused attention on the problems of food deterioration, and
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Table 7.1. Useful Storage Life of Plant and Animal Tissues

Generalized

Storage Life 21°C
Food Product (days)
Meat 1-2
Fish 1-2
Poultry 1-2
Dried, salted, smoked meat and fish 360 and more
Fruits 1-7
Dried fruits 360 and more
Leafy vegetables 1-2
Root crops 7-20
Dried seeds 360 and more

SOURCE: Desrosier and Desrosier (1977).

this is still very true today. It is interesting to note that some of the most important
advances in preventing food deterioration have been made in time of war.

At the close of the eighteenth century France was at war and Napoleon’s armies
were doing poorly on inadequate rations that frequently included spoiled meat and
other unwholesome or unpalatable items. Similar problems, including elimination of
scurvy, were facing the navy and merchant shipping. Prizes were offered as incentive
to encourage development of useful methods of preserving food. From this came the
discovery by Nicolas Appert that if food was sufficiently heated in a sealed container
and the container not opened, the food would be preserved. Appert was awarded 12,000
francs and honored in 1809, and the world gained the art of food canning. It was not
until the work of Pasteur some 50 years later, that growth of microorganisms was
shown to be a major cause of food spoilage; this provided an explanation for Appert’s
method of preservation.

One of the most important aspects of food science is an understanding of food deteriora-
tive factors and their control. Commonly, various forms of preservation were developed
long before an understanding of the principles involved were known; and many of the
foods we prize today developed out of attempts to prevent deterioration and prolong stor-
age life. One might not ordinarily think of butter as a means of preserving food, but long
ago it was discovered that while milk deteriorated in a day or two, clumps of butter fat
that formed when milk was agitated could be removed from the milk and would store for
weeks or months. Similarly, cheese, smoked fish, dried fruits, and many fermented foods
had their beginnings in attempts to slow down deteriorative processes.

SHELF LIFE AND DATING OF FOODS

The shelf life of a food is sometimes defined as the time it takes a product to decline
to an unacceptable level. Of course, what is “acceptable” varies from one person to
another. To some, the slightest odor in fish is unacceptable, whereas others may prefer
fish which has developed considerable odor. In many cases, shelf life is taken as the
time a product remains salable. In the final analysis, shelf life is a judgment that must
be made by the food manufacturer or retailer. In many cases, the manufacturer must
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define a minimum acceptable quality (MAQ) for the product. The MAQ will depend
on what degree of degradation will be allowed before the manufacturer no longer wants
to sell the product.

The actual length of the shelf life of any given product will depend on a number of
factors such as processing method, packaging, and storage conditions. For example,
one cannot accurately say what the shelf life of fresh milk is without indicating the
conditions. Milk held at room temperature will have a different shelf life than milk
held under good refrigeration. Of course, canned and processed milk stored at room
temperature will outlast pasteurized milk held at refrigeration temperature.

It has become a widespread practice to add some form of dating system to retail
packages of foods so that consumers may have some indication of the shelf life or
freshness of the products they buy. Several types of code dates have emerged including
the date of manufacture (“pack date”), the date the product was displayed (“display
date”), the date by which the product should be sold (“sell by date”), the last date of
maximal quality (“best used by date”), and the date beyond which the product is no
longer acceptable (“use by date” or “expiration date”).

Considerable effort has gone into predicting and monitoring shelflife in recent years.
Methods of predicting are particularly useful for new products which do not have a
history of distribution. Predictions are based on the mechanism of deterioration and
the rate at which these deteriorations occur. One recent system for monitoring shelf
life uses labels or tags on foods which respond to a combination of time and temperature
to which the product has been exposed. These indicators are, hence, called “time-—
temperature” indicators and are based on the principle that both time and temperature
are important in the spoilage of foods.

MAJOR CAUSES OF FOOD DETERIORATION

The major factors affecting food deterioration include the following: (1) growth and
activities of microorganisms, principally bacteria, yeasts, and molds; (2) activities of
food enzymes and other chemical reactions within food itself; (3) infestation by insects,
parasites, and rodents; (4) inappropriate temperatures for a given food; (5) either the
gain or loss of moisture; (6) reaction with oxygen; (7) light; (8) physical stress or abuse;
and (9) time. These factors can be divided into biological, chemical, and physieal factors.

Often these factors do not operate in isolation. Bacteria, insects, and light, for exam-
ple, can all be operating simultaneously to spoil food in the field or in a warehouse.
Similarly, heat, moisture, and air simultaneously affect the multiplication and activi-
ties of bacteria, as well as the chemical activities of food enzymes. At any one time,
many forms of deterioration may take place, depending on the food and environmental
conditions. Effective preservation must eliminate or minimize all of these factors in
a given food. For example, in the case of canned meats the meat is sealed in a metal
can, which protects it from insects and rodents as well as from light, which could affect
its color and possibly its nutritive value. The can also protects the meat from drying
out. Vacuum is applied or the can is flushed with nitrogen to remove oxygen before
sealing. The sealed can is then heated to kill microorganisms and to destroy meat
enzymes. The processed cans are stored in a cool room and the length of time the cans
are held in supermarkets and in our homes is limited. In this case the preservation
method takes into account all of the major factors in food deterioration. It is well to
consider these factors individually.
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Bacteria, Yeasts, and Molds

There are thousands of genera and species of microorganisms. Several hundred are
associated in one way or another with food products. Not all cause disease or food
spoilage, and the growth of several types is actually desirable because they are used
to make and preserve foods. The lactic acid-producing organisms used to make cheese,
sauerkraut, and certain types of sausage are examples. Others are used for alcohol
production in making wine or beer, or for flavor production in other foods. However,
except where these microorganisms are especially cultivated by selective inoculation
or by controlled conditions to favor their growth over the growth of less desirable types,
microorganism multiplication on or in foods frequently is the major cause of food
deterioration.

Microorganisms capable of spoiling food are found everywhere—in the soil, water,
and air; on the skins of cattle and the feathers of poultry; and in the intestines and
other cavities of the animal body. They are found on the skins and peels of fruits and
vegetables, and on the hulls of grain and the shells of nuts. They are found on food
processing equipment that has not been sanitized, as well as on the hands, skin, and
clothing of food-handling personnel.

A most important point, however, is that microorganisms generally are not found
within healthy living tissue—such as within the flesh of animals, or the flesh or juice
of plants. But they are always present to invade the flesh of plants or animals through
a break in the skin, or if the skin is weakened by disease or death. In this case they
may digest the skin and penetrate through it to the tissue below. In nearly all cases,
the presence of spoilage organisms in foods is a result of contamination. Therefore,
one of the major strategies in reducing food spoilage due to microorganisms is to reduce
contamination by ensuring good sanitation practices.

Milk from a healthy cow is sterile as secreted, but becomes contaminated as it passes
through the teat canals, which are body cavities. Milk becomes further contaminated
from dirt on the cow’s hide, from the air, from dirty utensils and containers, and so on.
Beef becomes contaminated when the animal is slaughtered and the protective skin is
broken, especially during cutting. Fruits, vegetables, grains, and nuts become contami-
nated when the skins or shells are broken or weakened. This is also true of healthy eggs.
The inside of a healthy egg is sterile, but the shell of the egg can be highly contaminated
from passage through the chicken’s body cavity at time of laying.

Bacteria are single-celled organisms, many of which can be classified into one of three
types based on the shape of individual cells (Fig. 7.1) These are the spherical shapes
represented by several forms of cocci, the rod shape of the bacilli, and spiral forms pos-
sessed by the spirilla and vibrios. Many bacteria can move by means of whiplike flagella.
Some bacteria, yeast, and all molds produce spores, which are seedlike packets and which
under proper conditions can germinate into full-sized cells called “vegetative cells.”
Spores are remarkably resistant to heat, chemicals, and other adverse conditions (Fig.
7.2). Bacterial spores are far more resistant than yeast or mold spores, and more resistant
to most processing conditions than vegetative cells. Sterilization processes are designed
specifically to inactivate these highly resistant bacterial spores.

All bacteria associated with foods are small. Most are of the order of one to a few
micrometers (nm) in length and somewhat smaller than this in diameter. All bacteria
can penetrate the smallest openings; many can pass through the natural pores of an
egg shell once the natural bloom of the shell is worn or washed away. Yeasts are
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Figure 7.1. Morphology of some common bacteria when viewed under a microscope.
Source: Weiser et al., Practical Food Microbiology and Technology, 2nd ed., AVI Publish-
ing Co., Westport, CT, 1971.

somewhat larger, of the order of 20 pm or so in individual cell length and about a
third this size in diameter. Most yeasts are spherical or ellipsoidal.

Molds are still larger and more complex in structure (Fig. 7.3). They grow by a
network of hairlike fibers called mycelia and send up fruiting bodies that produce mold
spores referred to as conidia. The blackness of bread mold and the blue-colored veins
of blue cheese are due to conidia; beneath the fruiting heads, the hairlike mycelia
anchor the mold to the food. Mycelia are 1 pm or so in thickness and, like bacteria,
can penetrate the smallest opening; in the case of a weakened fruit skin or egg shell,
they can digest the skin and make their own route of penetration.

Bacteria, yeasts, and molds can attack virtually all food constituents. Some ferment
sugars and hydrolyze starches and cellulose; others hydrolyze fats and produce rancid-
ity; some digest proteins and produce putrid and ammonia like odors. Other types form
acid and make food sour, produce gas and make food foamy, and form pigments and
discolor foods. A few produce toxins and give rise to food poisoning. When food is
contaminated under natural conditions, several types of organisms will be present

Jotd <520
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Figure 7.2. Common bacterial structures. Source: Weiser et al., Practical Food Microbiol-
ogy and Technology, 2nd ed. AVI Publishing Co, Westport, CT, 1971.
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together and contribute to a complex of simultaneous or sequential changes, which
may include production of acid and gas, putrefaction, and discoloration.

Bacteria, yeasts, and molds like warm, moist conditions. Most bacteria multiply best
at temperatures between 16°C and 38°C; these are termed mesophilic. Some will grow
at temperatures down to the freezing point of water and are called psychrotrophic or
psychrophilic. Others will grow at temperatures as high as 82°C, and we call these
thermophilic. The spores of many bacteria will survive prolonged exposure to boiling
water and then multiply when the temperature is lowered.

Some bacteria and all molds require oxygen for growth and are called aerobic. Other
bacteria will not grow unless all free oxygen is absent and are designated anaerobic.
Still others can grow under either aerobic or anaerobic conditions and are called
facultative.

Most important is the tremendous rate at which bacteria and other microorganisms
can multiply. Bacteria multiply by cell division. One cell becomes two, two become
four, and so on in exponential fashion. Under favorable conditions, bacteria can double
their numbers every 30 min. Under such conditions milk with an initial bacterial
count of 100,000 or so per milliliter, which is not uncommon before pasteurization, if
left standing at room temperature can reach a bacterial population of about 25 million
in 24 h, and over 5 billion per milliliter in 96 h.
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Food-Borne Disease

A special kind of food deterioration that may or may not alter a food’s organoleptic
properties has to do with food-borne disease. Food-borne diseases are commonly classi-
fied as food infections or food intoxications. Whereas the distinction is sometimes
imperfect, food infections involve microorganisms present in the food at time of con-
sumption which then grow in the host and cause illness and disease. Food intoxications
involve toxic substances produced in foods as by-products of microorganisms prior to
consumption and cause disease upon ingestion. Where the toxin producer is a microor-
ganism, it need not grow in the host to produce disease or even be present in the food.

Staphylococcus aureus and Clostridium botulinum produce bacterial food poisoning
by intoxication through the production of specific bacterial toxins. In fact, the toxin
produced by C. botulinum is one of the most toxic substances known. Certain molds
produce mycotoxins, the best known being the aflatoxins of Aspergillus flavus. Unlike
the toxins of S. aureus and C. botulinum, which are highly toxic to man, aflatoxins
may be more toxic to domestic animals than to man. However, their carcinogenic
properties are cause for much concern since aflatoxins can be produced in a wide range
of cereals, legumes, nuts, and other products allowed to become moldy. When such
products occur in feeds, aflatoxins may subsequently be detected in the milk of animals
consuming the feed and in cheese made from such milk.

Many bacteria can transmit food-borne infections capable of causing human disease.
These include Clostridium perfringens, numerous members of the genus Salmonella,
Shigella dysenteriae, Vibrio parahaemolyticus, Streptococcus pyogens, Bacillus cereus,
Campylobacter jejuni, and others. A number of viral infections also may be contracted
by man through contaminated food that has not been adequately processed or handled,
including infectious hepatitis, poliomyelitis, and various respiratory and intestinal
disorders. Microorganisms which cause disease in humans are known as pathogenic
or pathogens.

Scientists are still learning about food-borne diseases. Over the last decade or so,
several bacteria that had not been thought to be transmitted by food and cause human
disease have been found to do just that. Chief among these “newer” pathogens are
Aeromonas hydrophila, Yersinia enterocolitica, Listeria monocytogenes, Vibrio para-
haemolyticus and a particular type of Escherichia coli called 0157:H7. Of particular
importance is the recent discovery that some food-borne pathogenic bacteria can multi-
ply at temperatures as low as 3.3°C (38°F). This means that temperatures which have
been considered good for refrigerated storage may not always keep food from becoming
a hazard. Considerable research is ongoing into ways to further protect foods from
these psychrotrophic pathogens. Some of the causes of food intoxications and infections
are listed in Table 7.2, along with the types of foods usually involved and general
comments on corrective practices.

Insects, Parasites, and Rodents

Insects are particularly destructive to cereal grains and to fruits and vegetables.
Both in the field and in storage it has been estimated that insects destroy 5-10% of
the U.S. grain crop annually. In some parts of the world the figure may be in excess
of 50%. The insect problem is not just one of how much an insect can eat, but when
insects eat, they damage the food and open it to bacterial, yeast, and mold infection,
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causing further destruction. A small insect hole in a melon, not so bad in itself, can
result in the total decay of the melon from bacterial invasion. Insects have been
controlled in stored grain, fruit, and spices by the use of pesticides, inert atmospheres, or
cold temperatures. The use of chemical pesticides on foods continues to raise questions of
possible toxic effects and maximum safe levels, and there are currently active programs
to increase plant resistance and other biological-based methods of insect control. Ge-
netic engineering, for example, offers the possibility of producing food plants which
have the genes to make chemicals which are toxic to insects. When the pest eats the
plant, the toxicant kills the insect. Many of these toxicants are only effective on insects
and of little concern for humans or the environment.

Insect eggs may persist, or be laid, in food after processing, as for example in flour.
An interesting method of destroying insect eggs is to throw the flour with high impact
against a hard surface as in a centrifuge-type machine known as an Entoleter (Fig.
7.4). The impact destroys the eggs. They remain in the flour, but no further insect
multiplication results.

Inspection of foods for insect contamination, which the Federal Food, Drug, and
Cosmetic Act defines as a form of adulteration, requires some knowledge of insect life
cycles and insect morphology since fragments of insects from their various stages of
development also constitute adulteration. The life cycle of the common Drosophila
fruit fly progresses through the egg, larval, pupal, and adult fly stages. It is virtually
impossible to produce and transport grains and other food commodities completely
devoid of insects and insect parts and so the Food and Drug Administration recognizes
certain low levels of insect contamination as tolerable and takes action when these
levels are exceeded. For example, the acceptable levels for Drosophila eggs and larvae
in tomato products are indicated in Table 7.3.

Commodities containing highly destructive insects are prohibited from import, ex-

Figure 7.4. Entoleter machine capable of de-
stroying insect eggs by impact. Courtesy of Ento-
leter, Inc.
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Table 7.3. FDA Defect Action Level for Drosophila Eggs and Larvae

Sample Size

Product ® No. of Eggs No. of Larvae
Tomatoes 500 10 or
5 and 1lor
2
Tomato juice 100 10 or
5 and 1lor
2
Tomato purée 100 20 or
10 and lor
2
Tomato paste, pizza, and 100 30 or
other sauces 15 and 1lor
2

SouRce: Gould (1983).

port, and sometimes transport across state lines. In the United States, the Animal and
Plant Health Inspection Service of the USDA is responsible for such regulations. Some
states and many countries prohibit fresh fruits and vegetables from being imported
in order to try and prevent spread of the insects.

An important food-borne parasite is the trichinosis nematode, Trichinella spiralis,
which can enter hogs eating uncooked food wastes. The nematode penetrates the hog’s
intestines and finds its way into the pork. If the meat is not thoroughly cooked, the
live worm can infect man. It also is possible to destroy the nematode by frozen storage.
All pork and pork products are government inspected, but as a further safeguard they
should be thoroughly cooked before being consumed. Fish may also harbor parasitic
worms. One kind that invades saltwater types such as herring, cod, mackerel, and
salmon belongs to the genus Anisakis. The worm, which can infect man, survives
normal refrigeration but can be killed by heating or freezing. It has been a problem
in Japan and the Netherlands where eating raw fish is common. Another parasitic
contaminant of foods that causes much distress is Entamoeba histolytica, responsible
for amoebic dysentery. Cysts of this organism are transmitted in feces and may contami-
nate foods where raw human excrement is used as fertilizer for crops. Infected water
and poor hygiene also spread the parasite.

The problems with rodents involve not only the quantity of food they may consume
but also the filth with which they contaminate food. Rats live 2—-3 years, may have
three to five litters a year, and produce seven or eight young per litter. In parts of the
world where they are poorly controlled, they contribute substantially to food shortages.
Rodent urine and droppings harbor several kinds of disease-producing bacteria, and
rats spread such human diseases as salmonellosis, leptospirosis, typhus fever, and

plague.
Food Enzymes

Just as microorganisms possess enzymes that ferment, rancidify, and putrefy foods,
healthy uninfected food plants and animals have their own enzyme complement, the
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activity of which largely survives harvest and slaughter. Cereal grains and seeds
recovered after 60 years of storage still possessed the properties of respiration, germina-
tion, and growth—all enzyme-controlled functions. Not only can enzyme activity persist
throughout the entire useful life of many natural and manufactured foods, but this
activity often is intensified after harvest and slaughter. This is because enzymatic
reactions are delicately balanced in the normally functional living plant and animal;
but the balance is upset when the animal is killed or the plant removed from the field.
Thus, although pepsin helps digest protein in the animal intestine, it does not digest
the intestine itself in the healthy living animal. However, when the body defenses
cease on slaughter, pepsin does contribute to proteolysis of the organs containing it.
A great many similar “runaway” enzymatic reactions can be found in plants.

Unless these enzymes are inactivated by heat, chemicals, radiation, or some other
means, they continue to catalyze chemical reactions within foods after slaughter or
harvest. Some of these reactions are highly desirable if not allowed to go too far—like
continued ripening of tomatoes after they are picked, and natural tenderizing of beef
on ageing. But ripening and tenderizing beyond an optimum point becomes deteriora-
tion; the weakened tissues fall subject to microbial infections and the deterioration
reaches the point of rotting. This can happen in the field, supermarket, and home
refrigerator, given sufficient time.

Heat and Cold

Quite beyond their effects on microorganisms, heat and cold can cause deterioration
of food if not controlled. Within the moderate temperature range over which most food
is handled, such as 10-38°C, the rate of chemical reaction is approximately doubled
for every 10°C rise in temperature. This includes the rates of many enzymatic as
well as nonenzymatic reactions. Excessive heat, of course, denatures proteins, breaks
emulsions, dries out foods by removing moisture, and destroys vitamins.

Uncontrolled cold also will damage foods. If fruits and vegetables are allowed to
freeze, they suffer discoloration, changes in texture, or cracked skins, leaving the food
susceptible to attack by microorganisms. Freezing may also cause deterioration of
liquid foods. If a container of milk is allowed to freeze, the emulsion will be broken
and fat will separate. Freezing also will denature milk protein and cause it to curdle.
Carefully controlled freezing on the other hand need not cause these defects.

Cold damage to foods does not necessarily require the extreme of freezing. Fruits
and vegetables after harvest, like other living systems, have optimum temperature
requirements. When held at refrigeration temperatures of about 4°C, some are weak-
ened or killed and deteriorative processes follow. This is termed “chill injury.” Table
7.4 gives a partial listing of chill injury of some fruits and vegetables held cold but
above the freezing point. The deterioration includes off-color development, surface
pitting, and various forms of decay. Bananas, lemons, squash, and tomatoes are exam-
ples of products that should be held at temperatures no lower than about 10°C for
maximum quality retention.

Moisture and Dryness

As already pointed out, excessive moisture pickup or loss causes substantial deterio-
rative changes in foods. Moisture is required for chemical reactions and for microorgan-
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Table 7.4. Damage to Several Fruits and Vegetables by Cold Temperatures Above Freezing
Zone

Approximate
Lowest Safe
Temperature, Character of Injury When Stored Between 0°C and

Commodity °C Safe Temperature
Apples, certain varieties 1-2 Internal browning, soggy breakdown
Avocados 7 Internal browning
Bananas
green or ripe 13 Dull color when ripened
Beans (snap) 7-10 Pitting increasing on removal, russeting on removal
Cranberries 1 Low-temperature breakdown
Cucumbers 7 Pitting, water-soaked spots, decay
Eggplants 7 Pitting or bronzing, increasing on removal
Grapefruit 7 Scald, pitting, watery breakdown, internal browning
Lemons 13-14 Internal discoloration, pitting
Limes 7 Pitting
Mangoes 10 Internal discoloration
Melons
cantaloupes 7 Pitting, surface decay
Honey Dew 5-10 Pitting, surface decay
Casaba 5-10 Pitting, surface decay
Crenshaw and Persian 5-10 Pitting, surface decay
watermelons 2 Pitting, objectionable flavor
Okra 5 Discoloration, water-soaked areas, pitting, decay
Olives, fresh 7 Internal browning
Oranges, California 1.5-2.5 Rind disorders
Papayas 7 Breakdown
Peppers, sweet 7 Pitting, discoloration near calyx
Pineapples
mature-green 7 Dull green when ripened
Potatoes
Chippewa and Sebago 5 Mahogany browning
Squash, winter 10-13 Decay
Sweet potatoes 13 Decay, pitting, internal discoloration
Tomatoes
mature-green 13 Poor color when ripe; tendency to decay rapidly
ripe 10 Breakdown

Source: USDA (1954).

ism growth; excessive moisture can accelerate these types of deterioration. Excessive
loss of moisture can also have detrimental affects particularly on appearance and
texture. Moisture need not be present throughout the food to exert major effects.

Surface moisture resulting from slight changes in relative humidity can cause lump-
ing and caking, as well as such surface defects as mottling, crystallization, and sticki-
ness. The slightest amount of condensation on the surface of food can become a virtual
pool for the multiplication of bacteria or the growth of mold.

This condensation need not come from the outside. In a moisture-barrier package,
fruits or vegetables can give off moisture from respiration and transpiration. This
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moisture is then trapped within the package and can support the growth of destructive
microorganisms. Nonrespiring foods in a moisture-barrier package also can give up
moisture and change the relative humidity of the package headspace. This moisture
can then condense on the surface of the food, particularly when storage temperature
is permitted to decrease.

Oxygen

Whereas nitrogen, which makes up 79% of air, is inert from the perspective of foods,
the 20% oxygen in the air is quite reactive and causes substantial deteriorative effects
in many foods. Besides the destructive effects due to chemical oxidation of nutrients
(especially vitamins A and C), food colors, favors, and other food constituents, oxygen
is also essential for mold growth. All molds are aerobic and this is why they are found
growing on the surface of foods and other substances or within cracks in these materials.

Atmospheric oxygen is excluded from foods by vacuum deaeration or inert gas purg-
ing in the course of processing, by vacuum-packaging or by flushing containers with
nitrogen or carbon dioxide, and in some instances by adding to foods and containers
oxygen scavengers, which promote removal of residual trace oxygen through chemical
reaction.

In recent years, positive use has been made of the fact that certain gases influence
the rate of deterioration of foods. Several products which are often stored under refriger-
ation have been packaged in containers in which the air has been removed and replaced
with some other gas or gas mixture. Often this mixture is made up of all nitrogen or
a mixture of nitrogen and carbon dioxide. These mixtures can reduce the rate of
deterioration and substantially increase shelf life. This is known as modified atmo-
sphere packaging and will be discussed in more detail in the chapter on packaging.
The high-moisture-content pastas that are now sold are packaged in modified atmo-
spheres that are devoid of oxygen which inhibits the growth of mold.

Light

As mentioned in Chapter 4, light destroys some vitamins, notably riboflavin, vitamin
A, and vitamin C, and causes deterioration of many food colors. Milk in bottles exposed
to the sun develops “sunlight” flavor due to light-induced fat oxidation and changes
in the protein. Not all wavelengths making up natural or artificial light are equally
absorbed by food constituents or are equally destructive. Surface discolorations of
sausages and meat pigments are different under natural light and under fluorescent
light that may be encountered in display cases. Sensitive foods often can be protected
from light by opaque packaging or by incorporating compounds into glass and transpar-
ent films that screen out light of specific wavelengths.

Time

After slaughter, harvest, or food manufacture there is a time when the quality of
food is the highest. In many products this quality peak can be passed in the field in
a day or two, or after harvest in a matter of hours. Fresh corn and peas are notable
examples. The growth of microorganisms, destruction by insects, action of food enzymes,
nonenzymatic interaction of food constituents, loss of flavor volatiles, and the effects
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of heat, cold, moisture, oxygen, and light all progress with time. This is not to say
that certain cheeses, sausages, wines, and other fermented foods are not improved
with ageing up to a point. But for the vast majority of foods, quality decreases with
time and major goals of food-handling and preservation practices are to capture and
maintain freshness. Adequate processing, packaging, and storage may prolong the
shelf life of foods considerably but cannot extend it indefinitely. Eventually, the quality
of any food product decreases. This is the reason for considerable interest in shelf life
dating of processed foods, a subject that will be considered further in Chapter 24.

SOME PRINCIPLES
OF FOOD PRESERVATION

In subsequent chapters several of the more important food preservation methods
are treated individually. For now we will enlarge somewhat on some of the general
principles underlying control of food deterioration. These are the principles on which
food preservation methods are largely based.

If foods are to be kept only for short periods of time, then there are two very simple
rules:

1. Keep food alive as long as possible; kill the animal or plant just before it is to be
used. A good example of this is keeping lobsters alive in a tank in a supermarket
or restaurant—while alive and healthy, they do not seriously deteriorate. This is
also practiced with fish, poultry, fruits, and vegetables where possible. Unfortu-
nately, the possibilities are limited.

2. If the food must be Kkilled, clean it, cover it, and cool it as quickly as possible.
However, cleaning, covering, and cooling will only delay deterioration for a short
time, for hours or perhaps at most for a few days. Microorganisms and natural food
enzymes will not be destroyed or totally inactivated and so will take over very
quickly.

For longer-term and practical preservation, as required for most of our food supply,
further precautions are necessary. These are largely directed at inactivating or control-
ling microorganisms, enzymes, and reducing or eliminating chemical reactions which
cause food spoilage.

CONTROL OF MICROORGANISMS

The most important means of controlling bacteria, yeasts, and molds are heat, cold,
drying, acid, sugar, salt, smoke, air, chemicals, and radiation. Any one of these can
also cause deterioration of foods and so it is a matter of balance: an amount of heat
that will kill microorganisms but still leave the food acceptable; a level of a preservative
chemical additive that will inhibit microbial growth but have minimum adverse effects
on food components or human health. Indeed, the entire science of food preservation
is one of compromise with respect to dosage or treatment.

Heat

Most bacteria, yeasts, and molds grow best in the temperature range of about 16—
38°C. Thermophiles will grow in the range 66—-82°C. Most bacteria are killed in the
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range 82-93°C, but many bacterial spores are not destroyed even by boiling water at
100°C for 30 min. To ensure sterility, that is, total destruction of microorganisms
including spores, a temperature of 121°C (wet heat) must be maintained for 15 min
or longer. This is generally done with steam under pressure, as in a laboratory autoclave
or commercial retort. These and other temperature effects on microorganisms are listed
in Table 7.5. Commercial pressure retorts of the kind used in the canning industry
operate at temperatures and for time intervals adequate to destroy large numbers of
highly resistant bacterial spores within the canned food. Sterility or “commercial
sterility,” to be defined later, is essential because the food may be stored in the can
for a year or longer.

Not all foods require the same amount of heat for sterilization. When foods are high
in acid, such as tomatoes or orange juice, the killing power of heat is increased. A
temperature of 93°C for 15 min may be enough to gain sterility if sufficient acid is
present. Safe temperatures and times for different foods have been well established
and are published in handbooks used by the canning industry.

Another fundamental point on the use of heat and other means of preservation: it
is not always necessary to kill all microorganisms and produce a sterile product. It
may be necessary to employ only sufficient heat to destroy disease-producing organisms
in the food. This is done in the case of pasteurized milk. Most of the bacteria and all
of the disease-producing organisms that might be present in milk are destroyed by
pasteurization at 63°C for 30 min, but the milk is not sterile. Nor need it be, since it
will be held in a refrigerator and consumed generally within a few days. However,

Table 7.5. Effects of Temperature on Microorganisms

°C °F Temperature Effects

121 250 Steam temperature at 15 1b® pressure kills all forms including
spores in 15-20 min

116 240 Steam temperature at 10 1b pressure kills all forms including
spores in 30—40 min

110 230 Steam temperature at 6 1b pressure kills all forms including spores
in 60—80 min

104 220 Steam temperature at 2 lb pressure

100 212 Boiling temperature of pure water at sea level; kills in vegetative

stage quickly but not spores after long exposure
82-93 179-200 Growing cells of bacteria, yeasts, and molds usually killed
66-82 151-180 Thermophilic organisms grow
60-77 140-171 Pasturization of milk in 30 min kills all important bacteria
pathogenic to humans except spore-forming pathogens

16-38 61-100 Active growing range for most bacteria, yeasts, and molds
10-16 50-61 Growth retarded for most organisms
4-10 39-50 Optimum growth of psycrophilic organisms (10—4°C). Some food-
borne pathogens still grow
0 32 Freezing; usually the growth of all organisms stopped
-18 0 Bacteria preserved in latent state
-251 —420 Many species of bacteria not killed by the temperature of liquid
hydrogen

SoURCE: Adapted from Weiser (1971). Updated 1994.
® A pressure of 1 Ib/in.? = 0.07 kg/cm® = 6895 pascals.
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evaporated milk, which is intended to remain in a can at room temperature for months
or even years must receive a greater heat treatment to ensure sterility or commercial
sterility.

Cold

As stated earlier, most bacteria, yeasts, and molds grow best in the temperature
range 16—-38°C. Psychrotrophs will grow down to 0°C, the freezing point of water, and
below. At temperatures below 10°C, however, growth is slow and becomes slower the
colder it gets (see Table 7.5). When the water in food is completely frozen, there is no
multiplication of microorganisms. But in some foods all of the water is not frozen until
a temperature of —10°C or lower is reached. This is because of dissolved sugars, salts,
and other constituents, which depress the freezing point.

The slowing of microbial activity with decreased temperatures is the principal behind
refrigeration and freezing preservation. However, it is important to note that although
cold temperatures will slow microbial growth and activities and may kill a certain
fraction of the bacterial population, cold, including severe freezing, cannot be depended
on to kill all bacteria. This is illustrated by data in Table 7.6. An ice cream mix
inoculated with typhoid bacteria still retained over 600,000 live bacteria per milliliter
after 1 year in frozen storage. Not only do cold storage and freezing fail to sterilize
foods but when the food is taken from cold storage and thawed, the surviving organisms
often resume rapid growth since the food may have been damaged from the cold or
frozen storage. As indicated above, recent studies have shown that some disease-
causing bacteria can grow at refrigeration temperatures of 3.3°C.

Drying

Microorganisms in a healthy growing state may contain in excess of 80% water.
They get this water from the food in which they grow. If the water is removed from
the food, water will also be removed from the bacterial cells and multiplication will
stop. Partial drying will be less effective than total drying, although for some microor-
ganisms, partial drying as in concentration may be quite sufficient to arrest bacterial

Table 7.6. Effect of Freezing Ice Cream Mix on
Typhoid Bacilli

Typhoid Bacilli per

Samples Taken ml of Ice Cream Mix
5 days old 51,000,000
20 days old 10,000,000
70 days old 2,200,000
342 days old 660,000
430 days old 51,000
648 days old 30,000
2 years old 6,300
2 years, 4 months old Viable typhoid bacilli

SOURCE: Weiser (1971). Mountney, Gould
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growth and multiplication. Bacteria and yeasts generally require more moisture than
molds, and so molds often will be found growing on semidry foods where bacteria and
yeasts find conditions unfavorable. Examples are mold growing on stale bread and
partially dried fruits.

Slight differences in relative humidity within the room in which food is held, or
within a food package, can greatly affect the rate at which microorganisms multiply.
Figure 7.5 depicts the number of organisms present on meat stored cold for 20 days
at 75% and 95% relative humidity (RH). At each temperature, the higher humidity
produced the higher population of microorganisms.

Since microorganisms can live in one part of a food that may differ in moisture
and other physical and chemical conditions from the food just millimeters away, the
“microenvironment” of the microorganisms must be considered. Thus, it is common to
refer to water conditions in terms of specific activity. The term “water activity”
related to relative humidity. Relative humidity is defined as the ratio of the partial
pressure of water vapor in the air to the vapor pressure of pure water at the same
temperature. Relative humidity refers to the atmosphere surrounding a material or
solution. Water activity is a property of solutions and is the ratio of vapor pressure of
the solution to the vapor pressure of pure water at the same temperature. Under
equilibrium conditions, water activity equals RH/100. Moisture requirements of micro-
organisms really means water activity in the immediate environment, whether it be
in solution, in a particle of food, or at a surface in contact with the atmosphere. At
the usual temperatures permitting microbial growth, most bacteria require a water
activity in the range 0.90-1.00. Some yeasts and molds grow slowly at a water activity
as low as 0.65. More will be said about water activity in Chapter 10.

As stated previously, food is dried either partially or completely for several reasons.
One of the most important is to preserve it against microbial spoilage. However, partial
or complete drying of food does not kill all microorganisms. It may actually preserve
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microorganisms as it preserves the food, and dried food usually is far from sterile.
Although bacteria may not grow in the dried food, when the food is remoistened or
reconstituted, bacterial growth may resume.

Acid

In sufficient strength acid modifies bacterial proteins as it denatures food proteins
and so microorganisms are sensitive to acid. Some are much more sensitive than others,
and the acid produced by one organism during fermentation often will inhibit another
type of organism. This is one of the principles of controlled fermentation as a means
of preserving foods against growth of proteolytic and other types of spoilage organisms.

Acid may be produced in foods by adding acid-producing bacterial cultures, or acids
may be added directly to foods; examples are citric acid and phosphoric acid added to
soft drinks. Foods such as tomatoes, citrus juices, and apples contain natural acidity
with varying degrees of preservative power. Much of this is due directly to the hydrogen
10n concentration (expressed in terms of pH), but two acids producing the same pH
may not be equally preservative since the anions of certain acids also exert an effect.
The degree of acidity tolerable in foods from the standpoint of palatability is never
sufficient to ensure food sterility.

As mentioned earlier, acid combined with heat makes the heat more destructive to
microorganisms. This is seen in Table 7.7 with respect to requirements for destruction
of the spores of the anaerobic toxin-producing bacterium, C. botulinum.

Sugar and Salt

Fruits are preserved by placing them in a sugar syrup, and certain meat products
are preserved by placing them in a salt brine. How does this work? Bacteria, yeasts,
and molds are contained by cell membranes. These membranes allow water to pass in
and out of the cells. Active microorganisms may contain in excess of 80% water. When
bacteria, yeasts, or molds are placed in a heavy sugar syrup or salt brine, water in
the cells moves out through the membrane and into the concentrated syrup or brine.
This is the process of osmosis; in this case water moves from the cell containing 80%
water into the syrup or brine, which may contain only 30% or 40% water. The tendency

Table 7.7. Time (in minutes) Required to Destroy Viable Spores of Clostridium botulinum in
Different Foods and at Various pH Levels

pH of Temperature
Kind of Food Food 90°C 95°C 100°C 105°C 108°C
Hominy 6.95 600 495 345 34 10
Corn 6.45 555 465 255 30 15
Spinach 5.10 510 345 225 20 10
String beans 5.10 510 345 225 20 10
Pumpkin 4.21 195 120 45 15 10
Pears 3.75 135 75 30 10 5
Prunes 3.60 60 20 — — —

SoURCE: Weiser (1971). Moutney, Gould
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to equalize water concentration inside and outside the cell in this case causes a partial
dehydration of the cell, referred to as plasmolysis, which interferes with microorganism
multiplication. Quite the opposite can be accomplished by placing microorganisms in
distilled water. In this case water enters the cells and causes them to burst. This
process, known as plasmoptysis, rarely occurs in food products. All of this is closely
related to the water activity of solutions and foods. Solutions high in solute concentra-
tion have a high osmotic pressure and a low water activity. Dilute solutions are low
in osmotic pressure and have a high water activity. The quantitative contribution of
a specific solute to osmotic pressure and water activity depends on the solute’s molecular
weight and the number of ions it produces in solution. An equal weight of a low-
molecular-weight solute has a greater effect on increasing a solution’s osmotic pressure
and decreasing its water activity than the same weight of a high-molecular-weight
solute.

Different organisms have various degrees of tolerance to osmosis and to sugar and
salt. Yeasts and molds are more tolerant than most bacteria. This is why yeasts and
molds often are found growing on high sugar or salt products; for example, fruit jam
or bacon, where bacteria are inhibited.

Smoke

As with most preservative methods, smoke was used long before the reasons for its
effectiveness were understood. In preserving foods such as meats and fish with smoke,
the preservative action generally comes from a combination of factors. Smoke contains
preservative chemicals such as small amounts of formaldehyde and other materials
from the burning of wood. In addition, smoke generally is associated with heat which
helps kill microorganisms. This heat also tends to dry out the food, which further
contributes to preservation. Smoking over a fire may be quite effective in preserving
certain foods; on the other hand, today smoke may be added merely to flavor food, that
is, without heat from burning. In this case the smoke may be a very poor preservative.
In meat products such as those illustrated in Fig. 7.6, smoke combined with other
preservatives is used more for its flavor than for its preservative action.

Atmosphere Composition

The different requirements of microorganisms for oxygen and some of the means for
removing air and oxygen already have been cited. To control organisms that require
it, air is removed; for organisms that cannot tolerate it, air is provided. It is often
fairly easy to exclude air from aerobes such as molds. Wax coating of cheeses or oxygen-
impermeable skin-tight plastic films can be quite effective. Controlling strict anaerobes
by providing air can be more difficult and dangerous, especially with large food pieces.
This is because the center of the food piece may remain anaerobic even if air is left
in the headspace of a package. Further, some organisms consume oxygen and thus
convert a formerly aerobic microenvironment into an anaerobic one favorable to other
organisms. Thus, in preserving food against C. botulinum which is a strict anaerobe,
measures in addition to inclusion of air are essential.

Chemicals

Many chemicals will kill or inhibit the growth of microorganisms, but most of these
are not permitted in foods. A few that are permitted, in prescribed low levels in certain
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Figure 7.6. Smoking combined with other preservatives in preparation of various sausage products. Courtesy
of Vilter Corp.

foods, include sodium benzoate, sorbic acid, sodium and calcium propionate, ethyl
formate, and sulfur dioxide. The use of chemicals to control microorganisms, and for
any other purpose in foods, is part of the broader subject of food additives, which will
be dealt with in a subsequent chapter. At the present time the Food, Drug, and Cosmetic
Act, administered by the Food and Drug Administration, regulates what chemicals
may be used in foods, and the conditions of their use. New chemicals to be approved
must undergo rigorous toxicological testing, and the burden of proof of safety resides
with the producer or user of the chemical. The FDA also retains the right to reverse
former decisions and prohibit use of approved chemicals if new knowledge relative to
safety warrants such action.
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These chemicals can inhibit the growth of specific microorganisms. For example,
sorbic acid is effective at inhibiting the growth of many molds. Thus, the surface of
cheese may be treated with sorbic acid or cottage cheese may have sorbic acid mixed
directly in the product.

Radiation

Microorganisms are inactivated to various degrees by different kinds of radiation.
X-Rays, microwaves, ultraviolet light, and ionizing radiations are each a type of electro-
magnetic radiation, differing in wavelength and energy, that have been used to pre-
serve food. The effectiveness of each type differs and each imparts different changes
in foods. For all types of radiation, the doses required to effectively sterilize most foods,
and inactivate their natural enzymes, are generally excessive or borderline from the
standpoint of food quality; and all may cause flavor, color, texture, or nutritional
defects. Doses less than sterilizing appear more generally useful to extend storage life.
These substerilization doses can inactivate enzymes responsible for initiating vegetable
sprouting or can kill human disease-causing bacteria and insects.

Today, foods usually are irradiated with ionizing radiation, obtained from radioactive
isotopes or electron accelerators. There is no significant temperature rise from this
form of irradiation and so the term “cold sterilization” has been used. Several foods such
as spices, vegetables and fruits, pork, and poultry have been approved for irradiation
pasteurization at specific doses in the United States and other countries. Safety of
irradiated foods in the United States comes under the jurisdiction of the FDA. Food
irradiation, which is receiving renewed interest in the United States, will be considered
in more detail in Chapter 11.

CONTROL OF ENZYMES
AND OTHER FACTORS

Most of what has been said in this chapter regarding control of deteriorative factors
has dealt specifically with microorganisms. This emphasis is justified because by far
the greatest losses to the food supply are due to microorganisms. Further, preservation
of foods against deterioration from inherent food enzymes, probably the second greatest
cause of spoilage, follows many of the same principles and methods that apply to
preservation against microbial deterioration.

Just as microorganisms are controlled with heat, cold, drying, certain chemicals,
and radiation, these are the principal means used to control and inactivate damaging
inherent food enzymes. Indeed, when foods are sterilized or pasteurized to inactivate
microorganisms, natural food enzymes are simultaneously partially or completely
destroyed. Likewise, when cold is employed to slow down microbial activity, it can
also retard the activity of natural food enzymes.

It is important to recognize that some natural food enzymes may be more resistant
to the effects of heat, cold, drying, radiation, and other means of preservation than
microorganisms. Thus, a heat or a radiation treatment may effectively destroy bacteria
but leave damaging food enzymes intact to carry on food deterioration. Although a
few broad generalizations can be made, specific conditions for preservation must be
selected in accordance with the unique spoilage patterns of individual foods. Neverthe-
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Figure 7.7. Pathways by which atmospheric nuclear materials enter the food chain.
Courtesy of J. M. DeMan.

less, in two areas of preservation especially, irradiation and freezing, conditions that
destroy or retard microorganism activity frequently leave enzymes active.

As for preservation against such other factors as moisture, dryness, air, and light,
protective packaging is the major means employed to retard losses. Insects and rodents
are also largely controlled by protective packaging combined with a high degree of
sanitation.

Many harmful substances can enter the food supply for which the control measures
discussed here are of little value. Among these are industrial pollutants and pesticides.
For example, radioactive nucleotides were found in foods in Europe as a result of the
releases at the Russian nuclear powerplant at Chernoble. Many of these substances
are not readily degraded, and if permitted to contaminate the environment, they find
their way into foods by numerous routes (Fig. 7.7). These pose especially difficult
problems for the Environmental Protection Agency and the FDA. These agencies have
developed elaborate quarantine and other plans in the event of disasters, but greater
protection resides in strict preventative regulation and surveillance.
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Heat Preservation
and Processing

Of the various means of preserving foods, the use of heat finds very wide application.
The simple acts of cooking, frying, broiling, or otherwise heating foods prior to consump-
tion are forms of food preservation. In addition to making foods more tender and
palatable, cooking destroys a large proportion of the microorganisms and natural
enzymes in foods; thus, cooked foods generally can be held longer than uncooked foods.
However, cooking generally does not sterilize a product, so even if it is protected from
recontamination, food will spoil in a comparatively short period of time. This time is
prolonged if the cooked foods are refrigerated. These are common household practices.

Another feature of cooking is that it is usually the last treatment food receives prior
to being consumed. The toxin that can be formed by Clostridium botulinum is destroyed
by a 10-min exposure to moist heat at 100°C. Properly processed commercial foods will
be free of this toxin. Cooking provides a final measure of protection in those unfortunate
cases where a processing error does occur, or a faulty food container becomes contami-
nated. However, heat preservation of food generally refers to controlled processes that
are performed commercially, such as blanching, pasteurizing, and canning.

DEGREES OF PRESERVATION

It is important to recognize that there are various degrees of preservation by heating,
and that commercial heat-preserved foods are not truly sterile. A few terms must be
defined and understood.

Sterilization

Sterilization refers to the complete destruction of microorganisms. Because of the
resistance of certain bacterial spores to heat, this frequently requires a treatment of
at least 121°C of wet heat for 15 min or its equivalent. It also means that every particle
of the food must receive this heat treatment. If a can of food is to be sterilized, then
immersing it into a 121°C pressure cooker or retort for 15 min will not be sufficient
because of the relatively slow rate of heat transfer through the food into the can.
Depending on the size of the can, the effective time to achieve true sterility may be
several hours. During this time there can be many changes in the food which reduce
its quality. Fortunately, many foods need not be completely sterile to be safe and have
keeping quality.

138
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Commercially Sterile

The term commercially sterile or the word “sterile” (in quotes), sometimes seen in
the literature, means that degree of sterilization at which all pathogenic and toxin-
forming organisms have been destroyed, as well as all other types of organisms which
if present could grow in the product and produce spoilage under normal handling and
storage conditions. Commercially sterilized foods may contain a small number of heat-
resistant bacterial spores, but these will not normally multiply in the food supply.
However, if they were isolated from the food and given special environmental condi-
tions, they could be shown to be alive.

Most canned and bottled food products are commercially sterile and have a shelf life
of 2 years or more. Even after longer periods, so-called deterioration is generally due
to texture or flavor changes rather than to microorganism growth.

Pasteurization

Pasteurization involves a comparatively low order of heat treatment, generally at
temperature below the boiling point of water. Pasteurization treatments, depending
on the food, have two different primary objectives. In the case of some products, notably
milk and liquid eggs, pasteurization processes are specifically designed to destroy
pathogenic organisms that may be associated with the food and could have public
health significance. The second, more general, objective of pasteurization is to extend
product shelf life from a microbial and enzymatic point of view. This is the objective
when beer, wine, fruit juices, and certain other foods are pasteurized. In the latter
case, these foods would not be expected to be a source of pathogens, or would be
protected by some other means of control. Pasteurized products will still contain many
living organisms capable of growth—of the order of thousands per milliliter or per
gram—Ilimiting the storage life compared to commercially sterile products. Pasteuriza-
tion frequently is combined with another means of preservation, and many pasteurized
foods must be stored under refrigeration. Pasteurized milk may be kept stored in a
home refrigerator for a week or longer without developing significant off-flavors. Stored
at room temperature, however, pasteurized milk may spoil in a day or two. Pasteuriza-
tion is not limited to liquid foods. A newer application is the steaming of oysters in
the shell to reduce bacterial counts.

Blanching

Blanching is a kind of pasteurization generally applied to fruits and vegetables
primarily to inactivate natural food enzymes. This is common practice when such
products are to be frozen, since frozen storage in itself would not completely arrest
enzyme activity. Blanching, depending on its severity, also will destroy some microor-
ganisms, as pasteurization will inactivate some enzymes.

SELECTING HEAT TREATMENTS

Heat sufficient to destroy microorganisms and food enzymes also generally affects
other properties of foods adversely. The mildest heat treatments that guarantee free-
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dom from pathogens and toxins and produce the desired storage life will be the heat
treatments of choice. How then do processors choose the optimal heat treatment for a
particular food? To select a safe heat-preservation treatment, the following must be
known:

1. Time-temperature combination required to inactivate the most heat-resistant
pathogens and spoilage organisms in a particular food

2. heat-penetration characteristics in a particular food, including the can or container
of choice if it is packaged

Processors must provide the heat treatment which will ensure that the remotest
particle of food in a batch or within a container will receive sufficient heat, for a
sufficient time, to inactivate both the most resistant pathogen and the most resistant
spoilage organisms if they are to achieve sterility or commercial sterility, and to
inactivate the most heat-resistant pathogen if pasteurization for public health purposes
is the goal. Different foods will support growth of different pathogens and different
spoilage organisms, and so the targets will vary depending on the food to be heated.

HEAT RESISTANCE OF MICROORGANISMS

The most heat-resistant pathogen found in foods, especially those that are canned
and held under anaerobic conditions, is Clostridium botulinum. However, there are
nonpathogenic spore-forming spoilage bacteria, such as Putrefactive Anaerobe 3679
(PA 3679) and Bacillus stearothermophilus (FS 1518), which are even more heat resis-
tant than C. botulinum. If a heat treatment inactivates these spoilage organisms, C.
botulinum and all other pathogens in the food also will be destroyed.

Thermal Death Curves

Bacteria are killed by heat at a rate that is very nearly proportional to the number
present in the system being heated. This is referred to as a logarithmic order of death,
which means that under constant thermal conditions the same percentage of the
bacterial population will be destroyed in a given time interval, regardless of the size
of the surviving population. In other words, if a given temperature kills 90% of the
population in the first minute of heating, 90% of the remaining population will be
killed in the second minute, 90% of what is left will be killed in the third minute, and
so on. This principle is illustrated in Fig. 8.1. The logarithmic order of death also
applies to bacterial spores, but the slope of the death curve will differ from that of
vegetative cells, reflecting the greater heat resistance of spores.

Figure 8.1 also illustrates the concept of the “D value,” which is defined as the time
in minutes at a specified temperature required to destroy 90% of the organisms in a
population. Thus, the D value, or decimal reduction time, decreases the surviving
population by one log cycle. If a quantity of food in a can contained one million
organisms and it received heat for a time equal to four D values, then it would still
contain 100 surviving organisms. If there were 100 such cans in a retort initially and
the retort provided heat for a period equivalent to 7 D values, then it would be expected
that the 100 cans with a total initial bacterial population of 100 million organisms
would still contain 10 surviving organisms. Statistically, these 10 organisms should
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Figure 8.1. Bacterial destruction rate curve show-
ing logarithmic order of death. Source: Stumbo,
Thermobacteriology in Food Processing, 2nd ed., 109
Academic Press, New York, 1973. Time at a Constant Temperoture

be distributed among the cans. Obviously, no container can have a fraction of an
organism although the 100 cans will average 0.1 organism per can. In this case, 10 of
the cans probably will have one organism each and could possibly ultimately spoil,
while 90 of the cans would be sterile.

Figure 8.1 is one kind of thermal death rate curve. It provides data on the rate of
destruction of a specific organism in a specific medium or food at a specific temperature.
From thermal death rate curves determined at different temperatures, a thermal death
time curve (Fig. 8.2) can be constructed. A thermal death time curve for a specific
organism in a specific medium or food provides data on the destruction times for a
defined population of that organism at different temperatures.

Figure 8.2 illustrates two terms to characterize thermal death time curves. These
are the “z value” and the “F value.” The z value is the number of degrees required for
a specific thermal death time curve to pass through one log cycle (change by a factor
of 10). It is also the negative slope index of the thermal death time curve. Different
organisms in a given food will have different z values, which characterize resistance
of the populations to changing temperature. Similarly, a given organism will have
different z values in different foods. The F value is defined as the number of minutes
at a specific temperature required to destroy a specified number of organisms having
a specific z value. Thus, the F value is a measure of the capacity of a heat treatment
to sterilize.

Since F values represent the number of minutes to diminish a population with a
specific z value at a specific temperature, and z values as well as temperatures vary,
it is convenient to designate a reference F value. Such a reference is the F, value,
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Figure 8.2. Typical thermal death time curves for bacterial spores and vegeta-
tive cells. Source: Desrosier and Desrosier, Technology of Food Preservation,
4th ed. AVI Publishing Co., Westport, CT, 1977.

which equals the number of minutes at 121°C (250°F) required to destroy a specified
number of organisms whose z value is 10°C (18°F). If such a population is destroyed
in 6 min at 121°C, then the heat treatment was equal to an F,, of 6. Other temperatures
for different times can have the same lethality as this heat treatment. If they do, then
they also can be described as having an F, value of 6. If they have less lethality, they
have an F, value of less than 6 and vice versa. The F, value of a heat treatment is
thus a measure of its lethality, and the F, value is also known as the “sterilization
value” of the heat treatment. F, is a common term in the canning industry and other
areas utilizing heat processes. Not only do different amounts of heating provide differ-
ent F, values but the F, requirements of various foods differ and are a measure of the
ease or difficulty with which these foods can be heat-sterilized.

Thermal death time curves have been carefully determined for many important
pathogens and food spoilage organisms. Two such curves for Putrefactive Anaerobe
3679 and Bacillus stearothermophilus (FS 1518) are shown in Fig. 8.3. They tell us how
long it takes to kill these organisms (under defined conditions) at a chosen temperature.
Thus, for example, it would take about 60 min at 104°C (220°F) to kill a specified
number of spores of PA 3679. On the other hand, at a temperature of 121°C (250°F),
these spores are killed in little over 1 min.

The conditions that must be defined to make a thermal death curve meaningful and
applicable to food processing are many. The requirement for a greater heat treatment
the larger the initial microbial population is inherent in the logarithmic order by which
bacteria die. In addition, the sensitivities of microorganisms to heat (and therefore the
characteristics of the thermal death curve) are markedly affected by the composition of
the food in which the heating is done. It already has been pointed out that acid increases
the killing power of heat. As will be enlarged upon shortly, many food constituents have
an opposite effect on heat sensitivity of microorganisms and protect them against heat.
Thus, a thermal death curve established in a synthetic medium or in a given food gener-
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ally is not applicable to a different food, and thermal death curves, to be valid, should be
established in the specific food for which a heat process is being designed.

Margin of Safety

Data from thermal death curves can be plotted in various ways. In Fig. 8.4, data
are plotted to show the heat resistance of bacterial spore suspensions as a function of
initial spore concentration. Regardless of the temperature chosen, the greater the
number of microorganisms or spores, the greater the heat treatment that will be
required to destroy them.

We generally do not know how many organisms are present in food to be commercially
sterilized, or indeed which specific types of organism are present. To provide a substan-
tial margin of safety in low-acid foods, we may assume that a highly heat-resistant
spore-former such as C. botulinum is present and that its population is large. From
its thermal death rate curve established in the same food (or established in a medium
giving no greater protection against heat destruction), we may take its D value at the
temperature we choose to employ and heat for a time such that every particle of food
in the can is exposed to this temperature for a period equal to 12 D values. This is
sufficient to decrease any population of C. botulinum through 12 log cycles. Since
even highly spoiled food rarely supports a bacterial population greater than a billion
organisms per can, 12 D values will bring the microbial population of the can to a
condition of sterility. Had a great number of such cans originally contained 1 billion
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Figure 8.4. Thermal death curves for bacterial spore suspensions of different initial
concentrations. Source: Desrosier and Desrosier, Technology of Food Preservation, 4th
ed., AVI Publishing Co., Westport, CT, 1977.

C. botulinum organisms, then statistically, after a 12 D heat treatment, only 1 can in
1000 would be expected to still harbor 1 living organism or spore; the other 999 cans
would be sterile. Had the food contained 1 million organisms per can before heating
(which is still unusually high), then the same 12 D heat treatment would be expected
to render 999,999 cans out of 1 million sterile. Since the 12 D heat treatment was
based also on destroying C. botulinum, it would be still more effective against less
heat-resistant spore-formers and other far less heat-resistant non-spore-forming patho-
gens or spoilage organisms that might be present. When organisms still more heat-
resistant than C. botulinum are chosen as targets for destruction, then a heat treatment
of less than 12 D values against these may be adequate. Thus, against Putrefactive
Anaerobe 3679 (PA 3679) or Bacillus stearothermophilus (FS 1518) in low-acid foods,
a 5 D heat treatment is considered essentially equal to a 12 D value against C.
botulinum and quite sufficient to eliminate microbial spoilage and render the product
pathogen-free. However, at present there is no general agreement on what theoretical
number of survivors of different microorganisms is best for process calculations.

These heat treatments, which are commonly employed in the canning industry for
low-acid foods, would be excessive and unnecessary for acid foods. Acid foods are
currently defined as foods having a pH of 4.6 or less. Low-acid foods are those foods
with a pH greater than 4.6. Table 8.1 gives the pH values for a number of foods,
common spoilage agents associated with these foods, and an indication of the degree
of heat processing required for their treatment. With many acid foods, temperatures
at or below 100°C for a few minutes constitute adequate heat treatment.
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Certain spices and food chemicals also combine with heat in killing microorganisms
and so reduce the heat treatment that must be used. Still another factor in permitting
lesser heat treatments to be used with acid foods is the sensitivity of C. botulinum to
acid. Clostridium botulinum will not grow in foods at pH 4.6 or below. Therefore, such
foods even if unheated would not constitute a health hazard from the standpoint of
this heat-resistant organism.

HEAT TRANSFER

Even after the time and temperature required to destroy target organisms are known
from thermal death curves and a sufficient margin of safety has been calculated, a
problem remains: how to ensure that every particle of food (within the container if
the food is canned) receives the required heat treatment. This becomes a problem of
heat transfer, that is, heat penetration into and throughout the can or mass of food.

If cans are heated from the outside, as would be the case if they are submerged
within a retort, the larger the can, the longer it will take to heat the center portion
of the can to any desired temperature. However, there are several other factors besides
the size and shape of a can that affect heat penetration into the food within it. Principal
among these factors is the nature and consistency of the food itself. This will determine,
for example, whether heat will reach the center by straight conduction or will be
speeded by some convection within a can.

Conduction and Convection Heating

Heat energy is transferred by conduction, convection, and radiation. In retorts used
in canning, conduction and convection are important. Conduction is the method of
heating in which the heat moves from one particle to another by contact, in more or
less straight lines. In the case of conduction, the food does not move in the can and
there is no circulation to stir hot food with cold food. Convection, on the other hand,
involves movement in the mass being heated. In natural convection the heated portion
of the food becomes lighter in density and rises; this sets up circulation within the
can. This circulation speeds temperature rise of the entire contents of the can. Forced
convection occurs when circulation is promoted mechanically.

A liquid food such as canned tomato juice can be readily set into convection heating
motion in addition to the heating by conduction it receives through the can wall. On
the other hand, a solid food such as corned beef hash is too viscous to circulate, and
so it will be virtually completely heated by conduction through the can wall and
through itself. A product containing free liquid and solid, such as a can of pears within
a sugar syrup, will be intermediate and will rise in temperature from a combination
of conduction and convection; conduction through the fruit and convection from the
moving syrup. Convection heating is far more rapid than conduction heating and so,
other things being equal, if cans of these three products were placed in the same retort,
uniform complete heating would be expected to be reached first in the tomato juice,
second in the canned pears, and last in the corned beef hash.

Cold Point in Food Masses

When heat is applied from the outside, as in retorting, the food nearest the can
surfaces will reach sterilization temperature sooner than the food nearer the center
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of the can. The point in a can or mass of food which is last to reach the final heating
temperature is designated the “cold point” within the can or mass.

In a can of solid food heated by conduction the cold point is located in the very center
of the can. However, in foods that undergo convection heating, unless the cans are
agitated, the cold point is somewhat below the dead center of the can. To ensure that
commercial sterilization is achieved, sufficient time must be allowed for the cold point
of cans to reach the sterilization temperature and remain there for the required time
interval to destroy the most resistant bacterial spores. If 12 D values are indicated
and this corresponds, for example, to 121°C for 2.5 min in a particular system, and if
we ensure that the cold point of cans receives 121°C for 2.5 min, or an equivalent heat
treatment, we are assured that every other region within the can has been adequately
heated.

Determining Process Time and Process Lethality

The time required in a retort to produce lethal temperatures at the cold point can
be determined with a heat-sensing thermocouple. Figure 8.5 indicates proper placement
of the thermocouple to measure temperature at the cold points in canned foods that
heat by conduction and natural convection. The cans with thermocouples are filled
with the particular food under study, sealed, and placed in the retort. After steam is
admitted to the retort, the temperature rise is recorded with time. In a particular
retort filled with a given number of cans of specified size and contents, it may require
30—40 min for the cold point of cans to reach a lethal temperature close to 121°C. This
is due to the “come-up” time required for the retort to reach processing temperature
plus the time for heat penetration into the cans. The addition of the needed holding
time completes the sterilization requirement.

Although a lethal effect at the cold point equivalent, for example, to 121°C for 2.5
min, may be called for, this degree of lethality can be achieved by various equivalent
time—temperature exposures. Further, since the temperature rise during heat penetra-
tion of the can also accomplishes a degree of microbial destruction, this is commonly
accounted for by decreasing the required holding time accordingly. Once treated suffi-
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ciently, cans are quickly cooled to prevent additional heat damage to the food. Because
cooling is not instantaneous, some additional microbial destruction also occurs during
the cooling period. Thus, to calculate effective retort process treatments, accurate heat
penetration and cooling curves must be established. Total lethality of the process then
represents a summation of the lethal effects of changing temperatures with time during
the entire retort operation.

To perceive how total lethality of a process is calculated, one must first understand
what is meant by the term “unit of lethality.” For heat process calculations, a unit of
lethality has been defined as the heat kill equivalent to 1 min at 121°C against an
organism of a given z value. All equally destructive heat treatments provide a unit of
lethality. Further, fractions of a minute at 121°C, or their equivalents, represent
corresponding fractions of a unit of lethality. These fractions are referred to as “lethal
rates.” We can calculate the lethal rate of any temperature reached at the cold point
of a can being retorted, for any target organism, from the following relationship: lethal
rate = antilog [(T'—250)/z], where T is the temperature of the cold point in the container
in degrees Fahrenheit and z for the target organism also is in degrees Fahrenheit.
Similarly, lethal rate = antilog [(T—121)/z], where T and z are in degrees Celsius.
These lethal rates, corresponding to successive temperatures taken from the heat
penetration and cooling curves of a retort process are integrated to determine the total
lethality of the process, which is its sterilization value or F, value. This may be done
by plotting lethal rates against corresponding time from the heat penetration and
cooling curves, as in Fig. 8.6. The resulting total area under this lethal rate curve
divided by the area corresponding to one unit of lethality gives total lethality or F,,.
In Fig. 8.6, F, equals 9.74; thus, the retort process was equivalent to a heat treatment
of 121°C for 9.74 min against an organism with a z value of 10°C. In Fig. 8.6, lethal
rates increase and then begin to decrease after about 30 min, which is the time when
retort steam was turned off and cooling water turned on. The dotted line traced parallel
to the descending line encloses an area corresponding to the retort process had the
steam been turned off after 25.5 min (vertical dotted line). In this case, F,, the total
lethality or sterilization value of the process, would equal 6.3.
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Figure 8.6. Lethal rate curve. Source: Canned Food—Principles of Thermal Process
Control and Container Closure Evaluation. Source: National Canners Association,
Berkeley, CA, 1973.
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Since come-up time and penetration time will vary between different retorts, differ-
ent size and shape of cans or bottles, and different compositions of foods, it is obvious
that the required heat treatment will be different for each specific case. More advanced
mathematical methods than those discussed here have been devised for the calculation
of safe but not excessive process times and the effects of changes in processing on
lethality. These calculations may be performed by computers which further control
retort processes in highly instrumented canning plants. In all cases, however, bacterial
death curve data, heat penetration properties of the food, and certain characteristics
of the retort must be known if an optimum process is to be calculated. Of course, a
great deal of experience has been gained by the canning industry over the years and
simple tables of heat treatments for well-known foods in common can sizes can be
found in appropriate canning references (Table 8.2). However, when a new product is
developed or when new packaging shapes or materials are employed, then specific
determinations of effective heat treatments must be made.

PROTECTIVE EFFECTS
OF FOOD CONSTITUENTS

Several constituents of foods protect microorganisms to various degrees against heat.
For example, sugar in high concentration protects bacterial spores, and canned fruit
in a sugar syrup generally requires a higher temperature or longer time for sterilization
than the same fruit without sugar. Starch and protein in foods generally act somewhat
like sugar. Fats and oils have a great protective effect on microorganisms and their
spores by interfering with the penetration of wet heat. As has been noted, wet heat
at a given temperature is more lethal than dry heat, because moisture is an effective
conductor of heat and penetrates into microbial cells and spores. If microorganisms
are trapped within fat globules, then moisture can less readily penetrate into the cells
and heating becomes more like dry heat. In the same can or food mass, organisms in
the liquid phase may be quickly killed while more heating time is required for inactiva-

Table 8.2. Proceess Time for Vegetables in 307 X 409 Cans and No. 303 Glass Jars

Initial Temp 307 x 409 Cans No. 303 Jars

Min at Min at Min at Min at
116°C 121°C 116°C 121°C

Product (°C) CF 240°F 250°F 240°F 250°F
Green beans, whole or cut 21 70 21 12 25 —
Lima beans, succulent 21 70 40 20 45 —_
Beets, whole, cut, diced 21 70 35 23 35 —
Carrots, whole, cut 21 70 35 23 30 —
Corn, cream style 71 160 100 80 105 80
Corn, whole kernel in brine 38 100 55 30 50 30
Peas in brine 21 70 36 16 45 25
Peas and carrots 21 70 45 20 45 —
Potatoes, white, small whole 21 70 35 23 35 25
Pumpkin or squash 71 160 80 65 80 65

SOURCE: National Canners Assoc. (1966, 1971).
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tion of the oil-phase flora. This makes sterilization of meat products and fish packed
in oil very difficult; the severe heat treatments required often adversely affect other
food constituents. Likewise, because there is more fat and more sugar in ice cream
mix than there is in milk, ice cream mix must be pasteurized at a higher temperature
or for a longer time than milk to accomplish equivalent bacterial destruction.

In addition to any direct protective effects food constituents may have on microorgan-
isms, there are indirect effects related to differences in heat conductivity rates through
different food materials. Fat, for example, is a poorer conductor of heat than is water.
Further, and often more important, are the effects related to food consistency and its
influence on whether conduction or convection heating will take place. If sufficient
starch or other thickener is added to a food composition to convert it from a convection
heating system to a conduction heating system, then in addition to any direct microbial
protection, there will be a slowing down of the heat penetration rate to the cold point
within the container or food mass, and this will protect microorganisms. Because
common starches in solution thicken upon heating, foods supplemented with starch
have a reduced rate of convection within cans during retorting and require longer
retort times. Special starches have been developed which do not thicken on early
heating but instead thicken on later heating or on cooling. Foods supplemented with
these starches retain maximum convection rates in the retort, permitting shortened
retort times and less heat damage. Then upon cooling, the starch imparts the desired
thickening. In a typical application, a product like chow mein can be heated with less
softening of the vegetables from excessive heating yet possess the desired viscosity in
the liquid phase.

The size and type of container that holds the food during thermal processing can
also affect the sterilization process. Thin flexible pouches allow faster heat penetration
into the cold center when compared to a cylindrical shape of a can, for example. This
means that less heat is required for an equivalent lethality in pouches. Often higher
quality product can be achieved from pouches than cans but at a higher container cost.
The heat transfer properties of the container can also affect processing time. Thus,
metal cans transfer heat more readily than plastic cans, resulting in shorter processing
times.

INOCULATED PACK STUDIES

The many variables discussed so far make the determination of safe heat treatments
by calculation alone difficult and sometimes risky, especially when applied to new
products. In practice, therefore, formulas based on thermal death curves, heat penetra-
tion rates, and properties of specific retorts are used to gain an approximation of the
safe heat treatment, but results are checked by what are termed inoculated pack
studies.

In inoculated pack studies, a substantial population of a heat-resistant food spoilage
organism such as PA 3679 is inoculated into cans of food, which are then processed
in a retort. If formulas call for 60 min of heat, representative cans may be heated for
50, 55, 60, 65, and 70 min. The cans are then stored at a temperature that would be
favorable for growth of any surviving spores. The cans are periodically examined for
evidence of growth and spoilage, such as bulging from gas production (Fig. 8.7). Samples
of nonbulging cans alse are examined bacteriologically. The shortest heat treatment
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Figure 8.7. Cans being examined for bulging as evidence of spoilage. Cour-
tesy of American Can Co.

that consistently produces commercial sterility is then taken as the effective heat
treatment to be used for subsequent commercial packs.

DIFFERENT TEMPERATURE-TIME
COMBINATIONS

Different temperature—time combinations that are equally effective in microbial
destruction can differ greatly in their damaging effect on foods. This is of the greatest
practical importance in modern heat processing and is the basis for several of the more
advanced heat preservation methods. If the time—temperature combinations required
for destruction of C. botulinum in low-acid media are taken from thermal death curves,
the following will be found to be equally effective:

0.78 min at 127°C 10 min at 116°C
1.45 min at 124°C 36 min at 110°C
2.78 min at 121°C 150 min at 104°C
5.27 min at 118°C 330 min at 100°C

This illustrates the simple relationship that the higher the temperature the less
time is required for microbial destruction. This principle holds true for all types of
microorganisms and spores. On the other hand, foods are not equally resistant to these
combinations, and the more important factor in damaging the color, flavor, texture,
and nutritional value of foods is long time rather than high temperature. If we were
to inoculate milk with C. botulinum and then heat samples for 330 min at 100°C, 10
min at 116°C, and less than 1 min at 127°C, equal microbial destruction would occur
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in all three samples, but heat damage to the milk would be enormously different. The
sample heated for 330 min would be thoroughly cooked in flavor and brown in color.
The 10-min sample would be almost as bad. The 1-min sample, although still somewhat
overheated, would not be far different from unheated milk. This difference in sensitivity
to time and temperature between microorganisms and various foods is a general phe-
nomenon. It applies to milk, meat, juices, and generally all other heat-sensitive food
materials.

The greater relative sensitivity of microorganisms than food constituents to high
temperatures can be quantitatively defined in terms of different temperature coeffi-
cients for their destruction. Thus, whereas each increase of 10°C in temperature approx-
imately doubles the rate of chemical reactions contributing to food deterioration, each
10°C increase, above the maximum temperature for growth, produces approximately
a tenfold increase in the rate of microbial destruction. Since higher temperatures
permit use of shorter times for microbial destruction, and shorter times favor food
quality retention, high-temperature—short-time heating treatments rather than low-
temperature—long-time heating treatments are used for heat-sensitive foods whenever
possible.

In pasteurizing certain acid juices, for example, the industry formerly used treat-
ments of about 63°C for 30 min. Today, flash pasteurization at 88°C for 1 min, 100°C
for 12 sec, or 121°C for 2 sec is the common practice. Although bacterial destruction
is very nearly equivalent, the 121°C 2-sec treatment gives the best quality juice with
respect to flavor and vitamin retention. Such short holding times, however, require
special equipment which is more difficult to design and generally is more expensive
than that needed for processing at 63°C.

HEATING BEFORE OR AFTER PACKAGING

The foregoing principles very largely determine the design parameters for heat
preservation equipment and commercial practices. The food processor will employ no
less than that heat treatment which gives the necessary degree of microorganism
destruction. This is further ensured by periodic inspections from the FDA or equivalent
local authorities. However, the food processor also will want to use the mildest effective
heat treatment to ensure highest food quality, as well as to conserve energy.

It is convenient to separate heat preservation practices into two broad categories:
one involves heating of foods in their final containers, the other employs heat prior to
packaging. The latter category includes methods that are inherently less damaging
to food quality, especially when the food can be readily subdivided (such as liquids)
for rapid heat exchange. However, these methods then require packaging under aseptic
or nearly aseptic conditions to prevent or at least minimize recontamination. On the
other hand, heating within the package requires less technical sophistication and
produces quite acceptable quality with the majority of foods; most canned foods are
heated within the package.

Heating Food in Containers

Still Retort

One of the simplest applications of heating food in containers is sterilization of cans
in a still retort, that is, the cans remain still while they are being heated. In this type
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of retort, temperatures above 121°C generally may not be used or foods cook against
the can walls. This is especially true of solid foods that do not circulate within the
cans by convection, but it also can be a problem with liquid foods. Because 121°C is
the upper temperature, and there is relatively little movement in the cans, the heating
time to bring the cold point to sterilizing temperature is relatively long; for a small
can of peas it may be 40 min.

Agitating Retorts

Processing time can be markedly reduced by shaking the cans during heating,
especially with liquid or semiliquid foods. Not only is processing time shortened, but
food quality is improved. This is accomplished with various kinds of agitating retorts,
one type of which is shown in Fig. 8.8. Part of the wall has been cut away to show the
cans resting in reels which rotate and thereby shake the contents. Forced convection
within cans also depends on the degree of can filling, since some free headspace within
cans is necessary for optimum food turnover within the cans. In addition to faster
heating, there is less chance for food to cook onto the can walls since the can contents
are in motion. Different types of agitation are possible; for example, cans may be made
to turn end over end or to spin on their long axis. Depending on the physical properties
of the food, one method may be more effective.

The reduction in processing times possible with agitating retorts compared with still
retorts is seen in Table 8.3. These substantial reductions in time with associated quality
advantages would not be realized in foods that heat primarily by conduction; for such
foods the simpler and generally less costly still retorts may be quite satisfactory.

Pressure Considerations

Whether still or agitating retorts are used, the high temperatures required for
commercial sterilization commonly are obtained from steam under pressure. Steam

Figure 8.8. Cutaway view of a continuous agitating retort. Courtesy of FMC Corp.
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Table 8.3. Comparison of Process Times in Agitating and Conventional Retorts

Process-agitated Conventional
Time _ TeMP  Time __ Temp
Product Can Size (min) °C) C°F) (min) (&(0)] °F)
Peas 307x409 4.90 127 260 35 116 240
Carrots 307x409 3.40 127 260 30 116 240
Beets, sliced 307x409 4.10 127 260 30 116 240
Asparagus spears 307x409 4.50 132 270 16 120 248
Asparagus, cuts and tips 307x409 4.00 132 270 15 120 248
Cabbage 307x409 2.75 132 270 40 116 240
Asparagus, spears
brine packed 307x409 5.20 127 260 50 116 240
brine packed 603x700 10.00 127 260 80 116 240
vacuum packed 307x306 5.00 127 260 35 121 250
Mushroom soup 603x700 19.00 127 260 — — —
Evaporated milk 300x314 2.25 93 200 18 116 240

Courtesy of L. E. Clifcorm.

pressures of approximately 10, 15, and 20 psi (above atmospheric pressure) are required
for heating at 116°C, 121°C, and 127°C (1 psi = 0.07 kg/cm® = 6895 pascals).

Moist foods in cans have part of their moisture converted to steam at these tempera-
tures and produce equivalent pressures within the cans although there is little pressure
difference between the inside and outside of the can when temperatures are equal. A
special case is foods canned under vacuum. Then the initial pressure within a can will
be less than the pressure in the retort to an extent determined by the degree of vacuum
used at time of can closure. Control of pressure differences inside and outside of cans
and other containers during and following heat treatment are of obvious importance
to prevent mechanical damage to containers. Several techniques are employed to
prevent such damage.

If the vacuum within cans is such that retort pressures cause can collapse, a heavier
gauge of steel may be required. More commonly, pressure problems are due to greater
pressures within the container than on its outside. This occurs when steam pressure
is too rapidly released in closing down a batch-type retort or when heated containers
are too suddenly conveyed from a continuous pressure retort to atmospheric pressure.
The problem is greater in the case of glass jars than with cans; excessive internal
pressure can easily blow the lids from glass jars since these generally have a weaker
seal than the lids of cans. During retorting of glass jars, provisions are made for air
pressure over a layer of water to balance internal and external pressures. Partial
cooling of containers before releasing them from retorts is the common way to decrease
internal container pressure. Many continuous retorts, such as the agitating type in
Fig. 8.8, provide semipressurized cooling zones following the heating zone just prior
to release of cans to atmospheric pressure.

With the increasing use of flexible packaging materials has come the sterilization
of foods in flexible plastic pouches. Here, pressure problems can be still greater than
with glass jars. Overriding air pressure must be applied when the pouches are cooled
after retorting so that the steam pressure inside the pouch does not cause the pouch
to burst. In addition, a uniform heat treatment requires that the pouches be evenly
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exposed to the heating medium rather than be allowed to contact each other and pile
up. One means of better controlling pouches during retorting is to sandwich the pouches
between rigid supports (Fig. 8.9). Plastic pouches require shorter retort times since
heat penetration through the thin pouches is quite rapid. This, in turn, can produce
high quality products and save on energy costs.

All plastic rigid “cans” are also being used to retort foods. These cans have the
advantage that they can be reheated in a microwave oven. They require many of the
same types of handling requirements as flexible pouches.

Hydrostatic Cooker and Cooler

Continuous retorts (usually of the agitating type) are pressure-tight and built with
special valves and locks for admitting and removing cans from the sterilizing chamber.
Without these, pressure conditions would not be held constant and sterilizing tempera-
tures could not be closely controlled. Another type of continuous pressure retort, which
is open to the atmosphere at the inlet and outlet ends, is the hydrostatic pressure
cooker and cooler.

This type of heating equipment consists essentially of a “U” tube with an enlarged
lower section. Steam is admitted to the enlarged section and hot water fills one of the
legs of the “U” while cool water fills the other leg (Fig. 8.10). Cans are carried by a
chain conveyor down the hot water leg, through the steam zone, which may involve
an undulating path to increase residence time, and up the cool water leg. These legs
are sufficiently high to produce a hydrostatic head pressure to balance the steam
pressure in the sterilizing zone. If a temperature of 127°C is used in the sterilizing
zone, then this would be equal to a pressure of about 140,000 pascals (20 psi) above

Figure 8.9. Racks of flexible retortable pouches in retort ready for processing. Courtesy
of Magic Pantry Foods, Inc.
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Figure 8.10. Hydrostatic cooker and cooler illustrating how steam
pressure is balanced by water heads. Courtesy of Food Processing.

atmospheric pressure which would be balanced by water heights of about 14 m (46 ft)
in the hot and cold legs.

As cans descend the hot water leg and enter the steam zone, their internal pressure
increases as food moisture begins to boil. But this is balanced by the increasing external
hydrostatic pressure. Similarly, as high-pressure cans pass through the water seal and
ascend the cool water leg, their gradually reduced internal pressure is balanced by
the decreasing hydrostatic head in this cool leg. In this way cans are not subjected to
sudden changes in pressure. For this reason the system also is well suited to the
retorting of foods and beverages in jars and bottles.

Direct Flame Sterilization

Where sterilizing temperatures above 100°C are needed, steam under pressure gener-
ally is the heat exchange medium, and vessels capable of withstanding pressure add
to the cost of equipment. Another method, introduced from France, employs direct
flame to contact cans as the cans are rotated in the course of being conveyed past gas
jets. Excellent rates of heating are achieved with high product quality and reduced
costs, but commercial experience with this type of system is still somewhat limited.

In-package Pasteurization

In-package heating need not be to the point of sterilization or commercial steriliza-
tion. Tunnels of various designs are used to pasteurize food and beverages in cans,
bottles, and jars. Hot water sprays or steam jets are directed at the containers and
varying temperature zones progressing to cooling temperatures are commonly em-
ployed. Temperature changes must be gradual to prevent thermal shock to glass. Such
systems are operated at atmospheric pressure. This is one of the methods of pasteurizing
beer containers.

Heating Food Prior to Packaging

As already stated, there are advantages to heating heat-sensitive foods prior to
packaging. These are related to the ability to heat rapidly by exposing food in a
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subdivided state to a heat exchange surface or medium, rather than having to allow
appreciable time for heat penetration into a relatively large volume of food in a con-
tainer.

Batch Pasteurization

One of the earliest and simplest methods of effectively pasteurizing liquid foods,
such as milk, is to heat the food in a vat with mild agitation. Raw milk commonly is
pumped into a steam-heated jacketed vat, brought to temperature, held for the pre-
scribed time, and then pumped over a plate-type cooler prior to bottling or cartoning.
Milk must be quickly brought to 62.8°C (145°F), held at this temperature for 30 min,
and rapidly cooled. In addition to destroying common pathogens, this heat treatment
also inactivates the enzyme lipase, which otherwise would quickly cause the milk to
become rancid. Batch pasteurization, also known as the holding method of pasteuriza-
tion, is still widely practiced in some parts of the world, but it has largely given way
to high-temperature—short-time continuous pasteurization.

High-Temperature-Short-Time Pasteurization

High-temperature—short-time (HTST) pasteurization of raw milk employs a temper-
ature of at least 71.7°C (161°F) for at least 15 sec. This is equivalent in bacterial
destruction to the batch method. In HTST pasteurization (Fig. 8.11), raw milk held in
a cool storage tank is pumped through a plate-type heat exchanger and brought to
temperature. The key to the process rests in ensuring that every particle of the milk

Coid lce Whole
water
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Figure 8.11 Flow diagram of a high-temperature—short-time plate-type pasteurization system commonly
used for milk. Source: Anon Dairy Handbook, Alfa-Laval, Inc. Lund, Sweden.
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remains at not lower than 71.7°C for no less than 15 sec. This is accomplished by
pumping the heated milk through a holding tube of such length and diameter that it
takes every milk particle at least 15 sec to pass through the tube. At the end of the
tube is an accurate temperature-sensing device and valve. Should any milk reach the
end of the holding tube and be down in temperature even one degree, a flow diversion
valve checks this flow of milk and sends it back through the heat exchanger once again
to be reheated. In this way no milk escapes the required heat treatment. Frequent
checks of the equipment are made by authorized milk inspectors to help ensure its
proper operation. After emerging from the holding tube, the milk is cooled and may
be cartoned or bottled. Cooling not only prevents further heat damage to the milk but
also retards subsequent bacterial multiplication since the milk is not sterile.
Pasteurization by the HTST method is not limited to milk and is widely used in the
food industry. However, times and temperatures vary in accordance with the effects
of different foods on microorganism survival and the heat sensitivities of these foods.

Aseptic Packaging

Aseptic packaging is a method in which food is sterilized or commercially sterilized
outside of the can, usually in a continuous process, and then aseptically placed in
previously sterilized containers which are subsequently sealed in an aseptic envi-
ronment.

The most commercially successful form of aseptic packaging utilizes paper and plastic
materials which are sterilized, formed, filled, and sealed in continuous operation. The
package may be sterilized with heat or a combination of heat and chemicals. In some
cases, the disinfectant property of hydrogen peroxide (H,0,) is combined with heated
air or with ultraviolet light to make lower temperatures effective in sterilizing these
less heat-resistant packaging materials. Coffee cream and coffee whiteners, for exam-
ple, are packaged in small single-service paper packets this way, as are larger volume-
size milk and juice products.

Quick heating of liquid foods may be done in a plate-type heat exchanger (see Fig.
5.7) or in a tubular scraped-surface heat exchanger (Fig. 8.12). This latter type consists
essentially of a tube within a tube. Steam flows through the space between the tubes
while food flows through the inner tube. The inner tube also is provided with a rotating
shaft or mutator equipped with scraper blades to prevent food from burning onto the
heat exchange surface. In contact with the hot surface, the thin layer of food may be
brought to sterilization temperature in 1 sec or less. Food temperatures employed may
be as high as 150°C and sterilization takes place in 1 or 2 sec, yielding food products
of the highest quality, and often with significant energy savings. If it is desired to
prolong residence time beyond this, then a holding tube is added as in the case of HTST
pasteurization. Such rapid sterilization at extremely high temperatures is referred to
as ultrahigh-temperature (UHT) sterilization.

The sterile food must be quickly cooled to room temperature, because at these high
temperatures product quality can be impaired in seconds. Quick cooling can be accom-
plished with the same types of plate or tubular scraped-surface heat exchangers, used
with refrigerants instead of steam.

Aseptic packaging is also used with metal cans as well as large plastic and metal
drums or large flexible pouches (Fig. 8.13). Great quantities of food materials are used
as intermediates in the production of further processed foods. This frequently requires
packaging of such items as tomato paste or apricot puree in large containers such as
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Figure 8.12. Tubular-scraped surface-type heat exchanger. Courtesy of Chemetron Corp.

55-gal drums, as smaller units involve greater expense. The food manufacturer then
may use the tomato paste in the production of ketchup or the apricot puree in bakery
products. If such large volumes were to be sterilized in drums, by the time the cold
point reached sterilization temperature the product nearer the drum walls would be
excessively burned. Such items can be quickly sterilized in efficient heat exchangers
and aseptically packaged. In this case, large chambers have been developed in which
the drums and lids are sterilized under superheated steam and then filled with the
product and sealed aseptically within the chamber. This technology has advanced to
the point where sterile food can be aseptically filled into previously sterilized silo tanks
and tank cars. More will be said about aseptic packaging in Chapter 21.

Hot Pack or Hot Fill

The terms hot pack or hot fill refer to the packing of previously pasteurized or
sterilized foods, while still hot, into clean but not necessarily sterile containers, under
clean but not necessarily aseptic conditions. The heat of the food and some holding
period before cooling the closed container is utilized to render the container commer-
cially sterile.

Hot pack, as distinguished from aseptic packaging, is most effective with acid foods
since lower temperatures in the presence of acid are lethal; further, at a pH of 4.6
Clostridium botulinum will not grow or produce toxin, so this health hazard is not
present. Hot pack with low-acid foods (above pH 4.6) is not feasible unless the product
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Figure 8.13. Aseptically packaged liquid eggs can be packaged in 220- or 330-gal bag-in-box containers for
use in large-scale bakeries or food processing plants. Source: J. Giese Food Technology 48(9)95. 1994.

is recognized as being only pasteurized and will be stored under refrigeration or unless
the hot pack treatment is combined with some additional means of preservation such
as a very high sugar content. This is because the residual heat of the food in the
absence of appreciable acid is not sufficient to guarantee destruction of spores that
may be present on container surfaces or that may enter containers during filling and
sealing. Even with acid foods, very definite food temperatures and holding times in
the sealed containers before they are cooled for warehouse storage must be adhered
to for hot pack processing to be effective. These temperatures and times depend on the
specific product’s pH and other food characteristics.

In home canning, when fruit and sugar are boiled together to make jam and the hot
jam is poured into jars that have been previously boiled, the principle of hot pack is
being employed. Home canning instructions further call for inverting the filled jars
after a short time. This is to ensure that the hot acid product contacts all surfaces of
the jar lid for sterilization. However, for home canning of meats and other low-acid
foods, directions always call for pressure cooking of closed containers as is done in
conventional commercial retorting.

In commercial practice, acid juices such as orange, grapefruit, grape, tomato, and
various acid fruits and vegetables, such as sauerkraut, commonly are hot packed
following prior pasteurization or sterilization. Typically, acid fruits and juices are first
heated in the range of about 77-100°C for about 30—60 sec, hot filled at no lower than
77°C and often closer to 93°C, and held at this temperature for 1-3 min, including an
inversion before cooling. In the case of tomato juice, a common practice is HTST heating
of juice at 121°C for 0.7 min, cooling below the boiling point but not below 91°C for
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hot fill can sterilization, and can holding for 3 min, including an inversion before final
cooling. Precise times and temperatures depend on the pH of the particular tomato
juice batch and can be confirmed by inoculated pack studies.

Microwave Heating

Microwave energy produces heat in materials that absorb it. Microwave energy and
energies of closely related frequencies are finding ever-increasing applications in the
food industry. These include heat preservation. Microwave energy heats foods in a
unique fashion that largely eliminates temperature gradients between the surface and
center of food masses. Foods do not heat from the outside to the inside as with conven-
tional heating since microwave penetration can generate heat throughout the food
mass simultaneously. In this case the concept of cold point and the limitations of
conventional heat penetration rates are not directly applicable. The use of microwaves
can result in very rapid heating but requires special equipment, and often specific
packaging materials, since microwaves will not pass through metal cans or metal foils.
Microwave heating also can produce major differences in food appearance and other
properties compared with the more conventional methods of heating. More will be said
about microwave heating in Chapter 11.

GOVERNMENT REGULATIONS

In the United States, as elsewhere, the Food and Drug Administration requires
thermal processing to be carried out under what is known as Good Manufacturing
Practices (GMPs) to help assure food safety and wholesomeness. Among these GMPs
are specific regulations pertaining to low-acid canned foods (foods that are thermally
processed, have pH values greater than 4.6 and water activity greater than 0.85, are
packaged in hermetically sealed containers, and are not stored under refrigeration).
FDA has issued a number of regulations for low-acid foods. Additional regulations for
acidified foods have also been released. The primary purpose of these regulations is
to describe safe procedures for manufacturing, processing, and packing of foods that
could otherwise support the growth of and toxin production by Clostridium botulinum.
The safety of low-acid and acidified foods is further ensured through the Emergency
Permit Control regulations, which require manufacturers to register their processing
plants and file their processes with the FDA. These regulations also require firms to
adhere to their filed and approved processes, to maintain detailed records, and to make
these records available to authorized FDA personnel. Since differences in processing
equipment, operating conditions, container type or size, kind of food, and food form
constitute different processes, presently over 100,000 processes have been filed with
the FDA under these regulations.
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Cold Preservation
and Processing

Freezing and refrigeration (i.e., cold storage) are among the oldest methods of food
preservation, but it was not until 1875 that a mechanical ammonia refrigeration system
capable of supporting commercial refrigerated warehousing and freezing was invented.
This major advance was hampered by the lack of proper facilities, a prime requirement
for any refrigerated or frozen food industry. Thus, as late as the 1920s, food delivered
to a market in a frozen state commonly thawed before it could be brought home or
else thawed in household ice boxes and generally was of marginal to poor quality.
Starting in the 1920s, Clarence Birdseye pioneered research on quick-freezing pro-
cesses, equipment, frozen products, and frozen food packaging. As household refrigera-
tors and freezers became more common, the modern frozen food industry grew rapidly.

Refrigeration today markedly influences the practices of agriculture and marketing
and sets the economic climate of the food industry. Without mechanical refrigeration in
transit, much of world trade in perishable food commodities would be impossible. Large
cities that are distant from growing areas would cease to enjoy abundant fruits and vege-
tables. Refrigeration and cold storage equalize food prices throughout the year and make
products available year round. Without them, prices would be very low at time of harvest
and extremely high later on, if indeed the foods were available at all.

DISTINCTION BETWEEN REFRIGERATION
AND FREEZING

The difference between refrigeration and cool storage on the one hand and freezing
and frozen storage on the other should be noted. Cool storage generally refers to storage
at temperatures above freezing, from about 16°C down to —2°C. Commercial and
household refrigerators are usually operated at 4.5-7°C. Commercial refrigerators
sometimes are operated at a slightly lower temperature when a particular food is being
favored. Whereas pure water will freeze at 0°C, most foods will not begin to freeze
until about —2°C or lower. Frozen storage refers to storage at temperatures that
maintain food in frozen condition. Good frozen storage generally requires temperatures
of —18°C or below. Refrigerated or cool storage generally will preserve perishable foods
for days or weeks, depending on the food. Frozen storage will preserve foods for months
or even years if properly packaged.

Further distinctions between refrigeration and freezing temperatures are related to
microorganism activity (Fig. 9.1). Most food spoilage microorganisms grow rapidly at
temperatures above 10°C but some grow at temperatures below 0°C as long as there
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Figure 9.1. Some relationships between temperature and microbial growth in foods.
Source: Preventing Foodborne Illness: A Guide to Safe Food Handling. USDA Food
Safety and Inspection Service, Washington, DC, 1990.

is unfrozen water available. Food held under good refrigeration temperatures can
still spoil due to microorganism growth. However, until recently, it was thought that
although properly refrigerated food could spoil due to undesirable changes in odor,
flavor, and appearance, this did not cause a safety problem because disease-causing
organisms did not grow appreciably at these low temperatures. Indeed, this is true for
many such microorganisms, but in recent years, food scientists have found that some
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food-poisoning microorganisms grow, albeit slowly, at temperatures as low as 3.3°C.
These microorganisms are know as psychrotrophic pathogens (i.e., cold tolerant disease
causing). This is a serious concern because it means that even good refrigeration cannot
always be assumed to protect foods. Below —9.5°C there is no significant growth of
spoilage or pathogenic microorganisms in food; instead there is a gradual decrease
in the numbers of living organisms. But, as pointed out previously, destruction of
microorganisms by freezing is not complete; when the food is thawed, there can be
rapid multiplication and spoilage.

REFRIGERATION AND COOL STORAGE

Refrigeration and cool storage in general is the gentlest method of food preservation.
It has relatively few adverse effects on the taste, texture, nutritive value, and other
attributes of foods, provided simple rules are followed and storage periods are not
excessive. One cannot say this of heat, dehydration, irradiation, and other methods of
preservation, which often immediately result in changes in food, however small.

Although refrigeration and cool storage reduces the rate of food deterioration, with
most foods it will not prevent deterioration to anywhere the same degree as does
heat, dehydration, irradiation, fermentation, or true freezing. Table 9.1 indicates the
generally useful storage life of plant and animal tissues at various temperatures. At
0°C, which is lower than most commercial or household refrigerators, the life of such
perishables as animal flesh, fish, poultry, and many fruits and vegetables is generally
less than 2 weeks. At the more common refrigerator temperature of 5.5°C, storage life
is often less than 1 week. On the other hand, these products held at 22°C or above
may spoil in 1 day or less.

Ideally, refrigeration of perishables starts at time of harvest or slaughter and is
maintained throughout transportation, warehousing, merchandising, and storage prior
to ultimate use. This is not required from the standpoint of microbial spoilage alone
but also to maintain the flavor, texture, and other quality attributes of many foods.

A few hours delay between harvest or slaughter and refrigeration is sufficient to
permit marked food deterioration to occur. This is particularly true with certain meta-
bolically active fruits and vegetables. These not only will generate heat from respiration

Table 9.1. Useful Storage Life of Plant and Animal Tissues at Various Temperatures

Average Useful Storage Life (days)

Food 0°C (32°F) 22°C (72°F) 38°C (100°F)
Meat 6-10 1 less than 1
Fish 2-7 1 less than 1
Poultry 5-18 1 less than 1
Dry meats and fish 1000 and more 350 and more 100 and more
Fruits 2-180 1-20 1-7

Dry fruits 1000 and more 350 and more 100 and more
Leafy vegetables 3-20 1-7 1-3

Root crops 90-300 7-50 2-20

Dry seeds 1000 and more 350 and more 100 and more

Courtesy of N. W. Desrosier.
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but will convert metabolites from one form to another. The loss of sweetness from sweet
corn is an example of the latter. At 0°C, sweet corn can still metabolize its own sugar,
but generally less than 10% is lost in 1 day and 20% in 4 days. At 20°C, however, these
losses can amount to 25% in 1 day and can far exceed this on a hot summer afternoon.
To minimize such losses, cooling systems are brought into the harvest field. Figure 9.2
shows one type of portable cooler. As they are picked, fruits or vegetables pass through
this hydro-cooler where they are sprayed with jets of cold water. The water also may
contain a germicide to inactivate surface microorganisms. The cooled produce is then
loaded into refrigerated trucks or railroad cars in route to refrigerated warehouses.

Quick cooling does not simply mean immediate placement of bulk foods into a refriger-
ated railroad car or warehouse in all cases. Cooling is the taking of heat out of a body. If
the body is large, the time to remove sufficient heat can be so long as to permit consider-
able food spoilage before effective preservation temperatures are reached. The hydro-
cooler of Fig. 9.2 accomplishes rapid cooling aided by subdivision of the produce as it is fed
through the machine. Similarly, subdivision of bulk produce favors cold air circulation in
refrigerated storage rooms. Leafy vegetables may be quickly cooled by spraying them
with water and creating a vacuum to promote evaporative cooling. Current use of cold
nitrogen gas from evaporating liquid nitrogen in refrigerated trucks, railcars, and ship-
holds also aids in providing intimate cold contact and quick cooling of produce. This has
the further advantage ofdisplacing air from the refrigerated area, which can be beneficial
for certain products. Bulk liquids are best cooled rapidly by passing them through an
efficient heat exchanger before putting them into refrigerated storage. Animal carcasses
at time of slaughter are at a temperature of about 38°C, which must be lowered to about
2°C in less than 24 h if quality is to be maintained.

Requirements of Refrigerated Storage

The principal requirements for effective refrigerated storage are controlled low tem-
perature, air circulation, humidity control, and modification of gas atmospheres.

Figure 9.2. Portable hydro-cooler used to cool produce in the field. Courtesy of FMC Corp.
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Controlled Low Temperature

Properly designed refrigerators, refrigerated storage rooms, and warehouses will
provide sufficient refrigeration capacity and insulation to maintain the room within
about + 1°C of the selected refrigeration temperature. In order to design a refrigerated
space capable of maintaining this temperature, it is necessary to know, in addition to
the insulation requirements, all factors that may generate heat within this space or
influence ease of removal of heat from the space. These factors include the number of
heat-generating electric lights and electric motors that may be operating, the number
of people that may be working in the refrigerated space, how often doors to the area
will be open to permit entrance of warm air, and the kinds and amounts of food products
that will be stored in the refrigerated area.

This latter item is of importance for two major reasons: First, the quantity of heat
that must be removed from any amount of food to lower it from one temperature to
another is determined by the specific heat of the particular food; and second, during
and after cooling, such foods as fruits and vegetables respire and produce their own
heat at varying rates. Both the specific heats and respiration rates of all important
foods are known or can be closely estimated. These values, in addition to the items
mentioned above, are necessary to calculate the “refrigeration load,” which is the
quantity of heat that must be removed from the product and the storage area in order
to go from an initial temperature to the selected final temperature and then maintain
this temperature for a specified time.

The heat evolved during respiration by representative fruits and vegetables is listed
in Table 9.2. The amount of heat produced varies with each product, and like all
metabolic activities decreases with storage temperature. Products with particularly
high respiration rates, such as snap beans, sweet corn, green peas, spinach, and straw-
berries, are particularly difficult to store. Such products, if closely packed in a bin,
can rot in the center even when the surrounding air is cool due to the heat generated
by the product. The relationships between specific heats of foods and calculation of
refrigeration load will be discussed in the section on freezing and frozen storage.

Air Circulation and Humidity

Proper air circulation helps move heat away from the vicinity of food surfaces toward
refrigerator cooling coils and plates. But the air that is circulated within a cold storage
room must not be too moist or too dry. Air of high humidity can condense moisture
on the surface of cold foods. If this is excessive, molds will grow on these surfaces at
common refrigeration temperatures. If the air is too dry, it will cause drying out of
foods. All foods are different with respect to supporting mold growth and tendency to
dry out, and so for each, an optimum balance must be reached. The optimum relative
humidity (RH) to be maintained in cool storage rooms for most foods is known. Table
9.3 summarizes the best storage temperatures and relative humidities for many food
items and their approximate storage life. (This table also includes data necessary for
calculation of refrigeration loads.) Most foods store best at refrigeration temperatures
when the relative humidity of air is between about 80% and 95%. The optimal relative
humidity for a particular food is generally related to its moisture content and the ease
with which it dries out. For example, celery and several other crisp vegetables require
a relative humidity of 90-95%, whereas nuts may do well at only 70%. On the other
hand, dry and granular products such as powdered milk and eggs, which have extended
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Table 9.2. Heat Evolved During Respiration of Fruits and Vegetables

Food Science

Btu® per Ton per 24 h

Commodity 0°C (32°F) 4.4°C (40°F) 16°C (60°F)
Apples 500-900 1,100-1,600 3,000-6,800
Beans, snap 4,400 7,700 20,500
Cabbage 3,000 4,700 12,600
Carrots — 4,300 8,700
Celery 1,600 2,400 8,200
Corn, sweet — 17,100 35,800
Onions, green 4,200 6,200 19,600
Oranges 400-1,100 800-1,600 2,800-5,200
Peaches 900-1,400 1,400-2,000 7,300-9,300
Pears, Bartlett 700-1,500 1,100-2,200 3,300-13,200
Peas, unshelled 8,500 — 25,700°
Potatoes, mature — 1,300 2,600
Spinach — 10,100 39,300
Strawberries 2,700-3,900 3,600-7,300 15,600-20,300
Tomatoes

mature green — 1,540 4,500

ripening — 3,100° 5,900

SoURCE: Adapted from Lutz and Hardenburg (1968), Ryall and Lipton (1979), Ryall and Pentzer
(1982).

“ Btu = 252 cal = 1055 joules.

® At 50°F (10°C).

storage lives at refrigeration temperatures, are favored by very dry atmospheres, and
relative humidities above about 50% can cause excessive lumping and caking if the
packaging is not moisture tight.

When refrigerated storage is to be for prolonged periods, various techniques are
used to maintain quality. Foods that tend to lose moisture can be protected by several
packaging methods. This is important since otherwise there would be a continual
migration of moisture from the food to the storage atmosphere and onto refrigerated
coils and plates since moisture vapor tends to condense on cold surfaces.

Large cuts of meat are often packaged in sealed plastic bags or they may be sprayed
with various moisture-resistant coatings. Cheeses that are ripened for many months
in cold warehouses are also packaged in plastic films. An older method is to coat the
cheese with wax. This not only minimizes moisture loss but affords protection against
contamination and growth of surface molds. Eggs in the shell tend to lose moisture
as well as carbon dioxide. This can be retarded by coating the eggs with a thin edible
oil, such as mineral oil, to seal the minute pores of the egg shell.

Beef that is tenderized by ageing in cool rooms often presents a problem. Convention-
ally, ageing is done at about 2°C for a period of several weeks. If the relative humidity
of the storage room is much below 90%, the beef dries out; if it is above 90%, the beef
will mold. Precise control of relative humidity is difficult to achieve. To retard mold
growth and the development of surface bacterial slime, ultraviolet light is sometimes
employed. In one type of particular accelerated ageing process beef is aged in 2 or 3
days by combining high humidity with a temperature of about 18°C. This also speeds
surface microbial growth, which is kept in check by ultraviolet light. In applications
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such as this, the dosage of ultraviolet irradiation must be controlled, as excessive
exposure to ultraviolet light can cause surface fat to become rancid.

Modification of Gas Atmospheres

Controlled-atmosphere (CA) storage is used for apples and other fruits in order to
inhibit overripening in cold storage. Stored fruits and vegetables consume oxygen and
give off carbon dioxide during storage. Three ways to slow down this respiration and
the physiological changes that accompany it are reducing temperature, reducing but
not eliminating oxygen, and increasing the carbon dioxide. The optimum temperatures,
relative humidities, and gas compositions of the atmosphere differ for different fruits
and even for varieties of the same fruit. In the case of McIntosh apples, optimal
conditions include a temperature of 3°C, 87% relative humidity (RH), and an atmo-
sphere containing 3% oxygen (normally, 21%), 3% carbon dioxide (normally 0.03%)
for about 1 month then 5% carbon dioxide, and nitrogen to make up the balance. In
practice, a cold storage warehouse is made gas-tight, brought to temperature, filled
with fruit, and sealed. Commercial gas generators then replace air with the chosen
gas atmosphere and may also introduce water vapor to maintain the desired relative
humidity. The warehouse is usually sealed for months until it is to be emptied. If
someone must enter the warehouse to make repairs, an oxygen mask is required.
Under these conditions, apples retain quality in storage for better than 6 months.

Controlled-atmosphere storage is not limited to storage in a warehouse. In a sense,
CA storage is practiced whenever food is sealed in a package under vacuum, nitrogen,
carbon dioxide, or any other departure from the composition of air. In recent years,
the concept of controlled atmosphere packaging has become widely used for individually
packaged foods. Perishable foods such as meats, high-moisture pasta, fish, and fresh
fruits and vegetables can be sealed in packages in which the air has been replaced
with some mixture which extends shelf life. High-moisture-content pasta products are
common examples of such technologies. These technologies require the use of strict
control of quality and storage temperatures in order to ensure the safety and quality
of such products.

Other examples of controlled- or modified-atmosphere storage include use of antimi-
crobial vapors or fumigants to control molds and use of ethylene gas to speed ripening
and color development of citrus fruits and bananas. The fact that liquid-nitrogen
cooling displaces air with nitrogen gas has already been mentioned, and considerable
research has been done to determine the full potential of this kind of modified-atmo-
sphere storage.

Since animal as well as plant tissues consume and give off gases, it would be expected
that gas equilibria would affect many food properties. This certainly is so with respect
to the pigment changes of red meat, the growth and metabolic patterns of surface
ripening as well as spoilage microorganisms, and the staling rate of cold storage eggs.
In the latter case, besides oil coating to minimize water and carbon dioxide losses,
eggs have been stored in warehouses enriched with carbon dioxide to minimize loss
of this gas which is associated with egg pH and freshness.

The term hypobaric storage has been used to describe another type of CA storage.
In this case the refrigerated storage area is maintained under reduced pressure and
high humidity. This decreases the amount of air, and with it the amount of oxygen in
the area, while the high humidity prevents product dehydration. Hypobaric storage
has been used in warehouses as well as enclosed truck bodies. Since altered gas equilib-
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ria can change the rates of microbial and enzymatic spoilage, the possibilities for
energy savings (less intense refrigeration) through use of modified atmospheres is of
increasing interest.

Changes in Food During Refrigerated Storage

The deterioration of foods during cool storage are influenced by the growing condi-
tions and varieties of plants, feeding practices of animals, conditions of harvest and
slaughter, sanitation and damage to tissues, temperature of cool storage, mixture of
foods in storage, and other variables.

For example, Florida grapefruits store well at 0°C, whereas Texas Marsh grapefruits
store better at 11°C. McIntosh apples store well at 2-5°C, but Delicious apples do better
at 0°C. Pigs fed on substances high in unsaturated fats such as peanuts and soybeans
produce softer pork and lard than the same animals fed on cereal grains; meat from
the latter keeps better in cold storage. Animals permitted to rest before slaughter
build up glycogen (animal starch) reserves in their muscles. Following slaughter, this
is converted to lactic acid, which is a mild preservative and enhances the keeping
quality of meat in cold storage. Animals that are exercised or excited before slaughter
use up their glycogen reserves, less is available for conversion to lactic acid, and
keeping quality is impaired.

Too low refrigeration temperature can cause damage called “chill injury” to fruits
and vegetables even when these are not physically damaged by freezing (see Table
7.4). This is not surprising since living plants would be expected to have optimum
temperature requirements just as animals do. Many of the defects listed in Table 7.4
are of microbial origin, reflecting a weakened physiological state and a decrease in
resistance to this kind of deterioration. In the case of bananas and tomatoes on the
other hand, storage temperatures below about 13°C slow down the activities of natural
ripening enzymes and result in poor colors. Nevertheless, for the majority of perishable
foods, no cooling at all generally would be far worse than refrigeration temperatures
that are somewhat too low.

Refrigerated storage permits exchange of flavors between many foods. Butter and
milk will absorb odors from fish and fruit, and eggs will absorb odors from onions. It
is best to store different foods, especially odorous ones, separately, but this is not
always economically feasible. In many instances, odor exchange can be prevented by
effective packaging.

The previously mentioned losses of sugar in sweet corn stored at refrigeration temper-
atures are due to synthesis of starch from the sugar and, thus, do not represent actual
nutrient losses. However, some changes that occur in foods during refrigerated storage
represent true nutrient losses. An important example is loss of vitamin C and other
vitamins which is common in many foods held for relatively short periods under
refrigeration (Table 9.4).

Still other common changes during refrigerated storage involve loss of firmness and
crispness in fruits and vegetables, changes in the colors of red meats, oxidation of fats,
softening of the tissues and drippage from fish, staling of bread and cake, lumping
and caking of granular foods, losses of flavor, and a host of microbial deteriorations
often unique to a specific food and caused by the dominance of a particular spoilage
organism. Some foods should not be refrigerated. Bread is an example. The rate of
staling of bread is greater at refrigeration temperatures than it is at room temperature.
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Table 9.4. Losses of Vitamin C in Selected Vegetables During

Cold Storage
Storage Conditions
Produce Days °C °F Losses, %
Asparagus 1 1.7 35 5
7 0 32 50
Broccoli 1 7.8 46 20
4 7.8 46 35
Green beans 1 7.8 46 10
4 7.8 46 20
Spinach 2 0 32 5
3 1.1 34 5

Courtesy of N. W. Desrosier.

Staling can be arrested by freezing. These and other differences between foods at
refrigerated temperatures cause the storage requirements indicated in Table 9.3.

Benefits Other Than Preservation

In the food industry, cooling generally is used for its preservation value. There are
many situations, however, where cooling provides other advantages and improves the
processing properties of foods. Cooling is employed to control the rates of certain
chemical and enzymatic reactions as well as the rates of growth and metabolism of
desirable food microorganisms. This is the case in the cool ripening of cheeses, cool
ageing of beef, and cool ageing of wines. Cooling also improves the ease of peeling and
pitting peaches for canning. Cooling citrus fruits reduces changes in flavor during
extraction and straining of juice. Cooling improves the ease and efficiency of meat
cutting and bread slicing. Cooling precipitates waxes from edible oils. Water for soft
drinks is cooled before carbonating to increase the solubility of carbon dioxide. More
will be said about these applications of cooling in later chapters.

Economic Considerations

Where cooling is used for preservation in a multiproduct warehouse, supermarket,
or household refrigerator, it is not always economical or practical to separate foods
and provide each with the optimum temperature and humidity. As a compromise, the
refrigerated area often is held somewhere within the range 2-7°C with no special
provisions made to control humidity. Even under these conditions, refrigeration sig-
nificantly improves the safety, appearance, flavor, and nutritional value of our food
supply. It further reduces losses from insects, parasites, and rodents.

FREEZING AND FROZEN STORAGE

As a preservation method, freezing takes over where refrigeration and cool storage
leave off. Freezing has been a major factor in bringing convenience foods to the home,
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restaurant, and institutional feeding establishments. Because freezing, properly done,
preserves foods without causing major changes in their size, shape, texture, color, and
flavor, freezing permits much of the work in preparing a food item or an entire meal
to be done prior to the freezing step. This transfers operations that formerly had to be
done in the home or restaurant to the food processor. Such diverse items as chicken
pot pie, breaded fish sticks, whole entrees, whipped topping, chiffon and fruit pies, and
complete dinners are, today, commonly frozen. The wide array of available frozen food
products, many sold in their final serving dishes, represents a major revolution in the
food industry and reflects gross changes in eating habits. There are more meals being
eaten outside the home than ever before. This includes meals in restaurants, colleges,
school lunch programs, hotels, airplanes, hospitals, and so on. Labor costs are steadily
rising, forcing maximum use of convenience foods in food-handling establishments.

At present, no form of food preservation is as well suited to provide maximum
convenience as freezing. Although dehydrated foods offer convenience, they require
reconstitution on an individual component basis to satisfy varying water needs, and
then also require heating. Not so with frozen foods. Many items can be completely
prepared and assembled together for a single thawing—heating operation. Quality, of
course, rests on well-developed scientific principles.

Initial Freezing Point

It is a basic property of aqueous solutions that increasing their concentrations of
dissolved solids will lower their freezing points. Thus, the more salt, sugar, minerals,
or proteins in a solution, the lower its freezing point and the longer it will take to
freeze when put into a freezing chamber. If water and fruit juice, for example, are
placed in a freezer, the water will freeze first. Further, unless the temperature is
considerably below the freezing point of pure water, the juice will never freeze com-
pletely but rather will become icy and slushy. What is happening is that the water
component of the juice freezes first and leaves the dissolved solids in a more concen-
trated solution which requires a still lower temperature to freeze it.

Since different foods have quite different water contents and kinds and amounts of
solids dissolved in the water, they have different initial freezing points (Table 9.3)
and, under a given freezing condition, require different times to reach a solidly frozen
state. This alone provides much of the explanation of why cultivars of the same fruit or
vegetable, which have somewhat different compositions, behave differently on freezing.
Even the same cultivar grown under different irrigation and fertilization practices
will exhibit variations in composition, including differences in mineral content ab-
sorbed from the fertilizers. For this reason, frozen food producers who want to have
strict control over the freezing processes specify the cultivar to be grown and may even
supply seed and fertilizer to help guarantee controlled composition and other properties
of raw materials.

Freezing Curve

A given unit of food will not freeze uniformly; that is, it will not suddenly change
from liquid to solid. In the case of milk placed in a freezer, the liquid nearest the
container wall will freeze first, and the first ice crystals will be pure water. As water
continues to be frozen out, the milk will become more concentrated in minerals, pro-
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teins, lactose, and fat. This concentrate, which gradually freezes, also becomes more
concentrated as freezing proceeds. Finally, a central core of highly concentrated un-
frozen liquid remains; if the temperature is sufficiently low, this central core also will
ultimately freeze.

The freezing point of pure water is 0°C, but, actually, water does not begin to freeze
at 0°C. Instead, it generally becomes supercooled to a temperature several degrees
below 0°C before some stimulus such as crystal nucleation or agitation initiates the
freezing process. When this occurs, there is an abrupt rise from the supercooled temper-
ature to 0°C due to the evolution of the latent heat of crystallization. Even if the water
is in an environment far below 0°C, as long as free water is freezing and giving up
latent heat of crystallization or fusion the temperature of a pure water—ice mixture
will not drop below 0°C. Only after all of the water has frozen will the system drop
below the equilibrium temperature of 0°C, and then rapidly approach the temperature
of the freezing environment.

Much of this is true also for food systems containing water, but since foods contain
dissolved solids, progressive freezing is somewhat more complex. The freezing curve
for a thin section of beef shown in Fig. 9.3 was obtained by placing the beef in a
freezing chamber which was below —18°C and recording the temperature of the beef
with time as it froze. At the same time, the percentage of water that was converted
to ice was determined as a function of temperature or time. As the beef is chilled, it
first drops from its initial temperature to a supercooled temperature below its freezing
point. Nucleation or agitation initiates formation of the first ice crystal, and latent
heat of fusion causes the temperature to rise to the freezing point, which is just below
0°C because of the dissolved solids in the water phase.

If this were the freezing curve of pure water, it would not drop below the freezing
point as long as liquid water remained. In the case of beef and other foods, however,
the temperature continues to drop as more and more water is frozen. This is largely
because as more water is frozen out, the concentration of solutes in the remaining
water progressively increases and exerts a greater and greater freezing point depression
on the remaining solution.

It also should be noted from Fig. 9.3 that at about —4°C some 70% of the water is
frozen, and the beef would appear solidly frozen; however, at —9.4°C, about 3% of the
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water still remains unfrozen, and even at —18°C, not all of the water is completely
frozen. These small quantities of unfrozen water are highly significant, particularly
since within them are dissolved food solutes which are concentrated and are therefore
more prone to reaction with one another and with other food constituents.

Since the compositions of foods differ, they have characteristic freezing curves dif-
fering somewhat in shape. Generally, one can identify the zone of supercooling, the
inflection up to the freezing point, and the subsequent drop in temperature if there is
a sufficient temperature differential between the freezing food and the freezer environ-
ment. This differential provides the driving force for continued heat transfer out of
the food.

Changes During Freezing

Water when frozen can burst iron pipes, so it should not be surprising that unless
properly controlled, freezing can disrupt food texture, break emulsions, denature pro-
teins, and cause other changes of both physical and chemical nature. Many of these
changes are related to food composition, which, in turn, is influenced by agricultural
practices long before the freezing process.

Concentration Effects

For quality to be maintained in frozen storage, most foods must be solidly or very
nearly solidly frozen. An unfrozen core or a partially frozen zone will deteriorate
in texture, color, flavor, and other properties. In addition to the possible growth of
psychrotrophic microorganisms and to the greater activity of enzymes when water
remains unfrozen, a major reason for deterioration in partially frozen food is due to
the high concentration of solutes in the remaining water. Thus, when milk is slowly
frozen, as can occur outdoors in winter, the concentration of minerals and salts can
denature proteins and break fat emulsions, to cause curdling and butter granules.
Flavor changes also occur.

Damage from the concentration effect can be of various kinds:

« If solutes precipitate out of solution, as do excessive levels of lactose in freezing ice
cream, a gritty, sandy texture to the food can occur.

* Solutes that do not precipitate but remain in concentrated solution can cause proteins
to denature because of a “salting out” effect.

« Acidic solutes on concentration can cause the pH to drop below the isoelectric point
(point of minimum solubility), causing proteins to coagulate.

« Colloidal suspensions are in delicate balance with respect to the concentration of
anions and cations. Some of these ions are essential to maintain colloids, and concen-
tration or precipitation of these ions can disturb this balance.

* Gases in solution also are concentrated when water freezes. This can cause supersatu-
ration of the gases and ultimately force them out of solution. Frozen beer or soda pop
may have such a defect.

* The concentration effect can also cause a dehydration of adjacent tissues at the
microenvironmental level. Thus, when ice crystals form in extracellular liquid and
solutes are concentrated in the vicinity of the ice crystals, water will diffuse from
within the cells through the membranes into the region of high solute concentration
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to restore osmotic equilibrium. This shift of moisture is rarely completely reversed
on thawing and can result in loss of tissue turgor.

Ice Crystal Damage

Solid foods from living tissues such as meats, fish, fruits, and vegetables are of
cellular structure with delicate cell walls and cell membranes. Within and between
the cells is water. When water freezes rapidly, it forms minute ice crystals; when it
freezes slowly, it forms large ice crystals and clusters of crystals. Large ice crystals
forming within or between cells cause much more physical rupture and separation of
cells than do small crystals. The changes in the texture of strawberries resulting from
freezing is an example. Large ice crystal damage is detrimental not only to cellular
foods, but it also can disrupt emulsions such as butter, frozen foams like ice cream,
and gels such as puddings and pie fillings. In the case of butter, ice crystals that grow
within individual water droplets dispersed in the continuous fat phase can penetrate
through the fat and merge. When such butter is later thawed, water pockets and water
drippage result. In the case of ice cream, large ice crystals can puncture frozen foam
bubbles. Such a condition leads to loss of volume on storage and during partial melting.
Gels behave somewhat like butter, often exhibiting syneresis or water separation.

Rate of Freezing

Whether the concentration effect or physical damage from large ice crystals is the
more detrimental during freezing and frozen storage depends on the particular food
system under consideration. However, in either case, fast freezing is necessary for
high quality.

Fast freezing produces minute ice crystals. It also minimizes concentration effects
by decreasing the time concentrated solutes are in contact with food tissues, colloids,
and individual constituents during the transition from the unfrozen to the fully frozen
state. For these reasons, modern methods of freezing and freezing devices are designed
for very rapid freezing where high food quality can justify the cost. Generally, the
faster the freezing rate, the better the product quality. However, from a practical
standpoint, progressive freezing equivalent to about 1.3 ¢cm (0.5 in.) per hour are
satisfactory for most products. This would mean that a flat package of food 5 cm in
thickness and frozen from both major surfaces should be frozen (to —18°C or below)
at its center in about 2 h. Plate freezers easily do this, and liquid-nitrogen freezers
may cut down the time to a few minutes. Unfortunately, home freezers can have one
of the slowest rates of freezing.

Choice of Final Temperature

A consideration of all the factors—textural changes, enzymatic and nonenzymatic
chemical reactions, microbiological changes, and costs—leads to the general conclusion
that foods should be frozen to an internal temperature of —18°C (0°F) or lower and
kept at —18°C or lower throughout transport and storage. Economic considerations
generally preclude temperatures below about —30°C during transport and storage,
although many foods commonly are frozen to temperatures below this in an effort to
achieve the advantages of rapid freezing.
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The choice of —18°C or below as the recommended temperature for freezing and
storage is based on substantial data and represents a compromise between quality and
cost. Microbiologically, —18°C storage would not be strictly required since pathogens
do not grow below about 3.3°C and normal food spoilage organisms do not grow below
—9.5°C. On the other hand, transportation and frozen storage facilities are expected
to vary somewhat at any chosen temperature setting. Therefore, the use of —18°C
provides a reasonable measure of safety against food spoilage organisms and a still
greater margin of safety against pathogens; and, indeed, frozen foods have enjoyed an
excellent public health record over the years.

For control of enzymatic reactions, —18°C is not exceptionally low since some enzymes
retain activity even at —73°C, although reaction rates are extremely slow. Enzyme
reaction rates are faster in supercooled water than in frozen water at the same tempera-
ture. In most foods there remains considerable unfrozen water at —9.5°C, and long-
term storage at this temperature results in severe enzymatic deterioration of food
quality, especially of an oxidative nature. Storage at —18°C sufficiently retards the
activity of many food enzymes to prevent significant deterioration. In the case of fruits
and vegetables, the enzymes are inactivated prior to freezing by heat blanching or
chemical treatment.

Nonenzymatic chemical reactions are not entirely stopped at —18°C, but proceed
very slowly. In the freezing zone, the generalization that reaction rates are approxi-
mately halved for every 10°C drop in temperature does not hold well, since many
reactions proceed in solution, and in this zone, solution concentration is changing
rapidly with the freezing of water. Nevertheless, the lower the temperature, the slower
the reaction rates and the less unfrozen water present to serve as solvent for chemical
reactants.

The overall effects of low temperature on long-term storage of various foods are
indicated in Table 9.5. Many vegetables, fruits, and nonfatty meats, if properly pack-
aged and frozen, retain good quality during storage at —18°C for 12 months or longer.

Table 9.5. Approximate Number of Months of High-Quality Storage Life

Storage Temperature

Product —18°C (0°F) -12°C (10°F) —6.7°C (20°F)
Orange juice (heated) 27 20 4
Peaches 12 <2 6 days
Strawberries 12 2.4 10days
Cauliflower 12 2.4 10 days
Green beans 11-12 3 1
Green peas 11-12 3 1
Spinach 6-7 <3 Yy
Raw chicken (adequately packaged) 27 152 <8
Fried chicken <3 <30 days <18 days
Turkey pies or dinners >30 92 2V
Beef (raw) 13-14 5 <2
Pork (raw) 10 <4 <1.5
Lean fish (raw) 3 <2V, <1.5
Fat fish (raw) 2 12 0.8

Source: U.S. Dept. of Agriculture.
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Most fish are less stable. At higher temperatures of —9 to —7°C, quality may be
retained for periods of only days or a few weeks, depending on product.

Quality and subsequent storage life would be still better for many foods if they were
frozen and stored well below —18°C. It is relatively easy to freeze foods to —30°C and
even lower by several methods, and the costs are not excessive. What is more difficult
and very expensive, however, is maintaining food at or below —30°C during transport
and warehouse or supermarket cabinet storage. Many refrigerated trucks on the road
today are not capable of holding a temperature of even —18°C, and supermarket display
cases often are above —18°C near the top, although they may be colder below.

Damage from Intermittent Thawing

The kinds of damage that can occur to foods during slow freezing also occur during
slowthawing. Repeated freezing and thawing cycles are very detrimental to stored foods.
Repeated thawing need not be complete for damage. Complete thawing in storage is
rare and generally occurs only when there is complete breakdown of the cold storage
equipment. This is easily recognized and quickly corrected. However, all commercial
frozen food distribution or storage systems have a measurable temperature cycle. Such
cycles are part of the temperature control systems, and it is not uncommon for a frozen
storage chamber to go from its maximum to its minimum temperature and back again
on roughly a 2-h cycle. This could mean 360 cycles a month and over 4000 cycles a year.

As little as a 3°C fluctuation in freezer storage temperature above and below the
—18°C mark can be damaging to many foods. Above —12°C, thawing intensifies the
concentration effect. Upon refreezing, water melted from small ice crystals tends to
bathe unmelted crystals, causing them to grow in size. Whatever the temperature
fluctuation in the storage area, because heat transfer has a finite rate there will be a
lag effect in the food itself and the food generally will experience less of a temperature
range than the room or cabinet. Nevertheless, room or cabinet temperature variations
of greater than a few degrees from the —18°C mark over a period of weeks or months
will noticeably damage the quality of most frozen foods, and such freezer storage
facilities should be repaired.

Frozen foods being thawed for ultimate use also are subject to quality loss, especially
if thawing is slow. Once again, concentration effects can occur. Brought to the same
temperature, the most concentrated solutions that freeze last are the first to thaw. These
commonly are eutectic mixtures. A eutectic mixture is a solution of such composition
that it freezes (or thaws) as such rather than becoming more concentrated due to further
separation of pure ice. In other words, the eutectic mixture freezes (and thaws) as a mix-
ture, and the frozen eutectic will have a constant proportion of ice crystals intermingled
with solute crystals. The temperature at which a eutectic mixture is formed is called the
eutectic temperature or eutectic point. A dilute solution of NaCl in water under freezing
conditions will first freeze out pure water and become more concentrated in NaCl. At
—21°C, the remaining water and salt would consist of a mixture of 23% NaCl and 77%
water. This would freeze into eutectic ice of the same composition. Where ice from pure
water has a melting point of 0°C, eutectic ice could be removed from the system and would
have a melting point of —21°C, and, therefore, such ice would be a better refrigerant than
pure water ice and has been used as such commercially.

Food materials are complex mixtures and pass through several eutectic compositions
in the course of becoming solidly frozen and on thawing. If thawing is slow, there is
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more time for food constituents to be in contact with concentrated eutectic mixtures
and damaging concentration effects are intensified.

Another reason why quick final thawing is superior to slow thawing is illustrated
in Table 9.6. Large volumes of frozen food, such as a 30-1b can of frozen whole egg,
can take 20-60 h to thaw in air, depending on the air temperature. Cool running water
and other techniques can markedly reduce this time. Since bacteria survive the freezing
process, when thawing times are long and temperatures of the product rise, there is
an opportunity for bacterial multiplication.

Refrigeration Requirements

A product’s refrigeration load is the quantity of heat that must be removed to
reduce the temperature of the product from its initial temperature to the temperature
consistent with good frozen food storage. If the food is cooled from above its freezing
point to a storage temperature below its freezing point, then quantitatively this re-
frigeration load is made up of three parts: the number of heat units that must be
removed to (1) cool the food from its initial temperature to its freezing point, (2) cause
a change of state at the freezing point, and (3) lower the temperature of the frozen
product to the specified storage temperature. These heat units may be calculated in
terms of British Thermal Units (Btu), calories (cal), or joules (J). Much of the original
work in refrigeration and freezing was done using the British system of units, which
has dominated the literature. This will gradually be replaced by the International
System of Units (SI), which employs joules and grams as the units of heat and weight.

Definitions and Heat Constants

A Btu is the quantity of heat that will raise or lower the temperature of 1 1b of
water 1°F through the range 32—-212°F at normal atmospheric pressure. A calorie is
the amount of heat that will raise or lower the temperature of 1 g of water 1°C (from
14.5 to 15.5°C) at normal atmospheric pressure. (1 Btu = 252 calories = 1055 joules
or 1.055 kJ.)

Different substances can absorb different amounts of heat and are said to have
different heat capacities. The heat capacity of water is 1 Btu/(Ib °F) or 1 cal/(g °C).

Table 9.6. Effect of Thawing on the Microbiology of Frozen Whole Eggs After
Removal from the Shell

% Increase in
Microbial Count

Method Hours Required During Thawing
In air at 27°C (80°F) 23 1000

In air at 21°C (70°F) 36 750

In air at 7.2°C (45°F) 63 225

In running water, 16°C (60°F) 15 250

In running water, 21°C (70°F) 12 300
Agitated water, 16°C (60°F) 9 40
Dielectric heat 0.25 Negligible

Sourck: Weiser (1971). Mountney, and Gould
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The specific heat of any substance is the ratio of its heat capacity to that of water.
Specific heat is a ratio like specific gravity and is independent of whether measurements
are made in Btu or calories. In either case the specific heat of water is taken as the
standard and is given a value of 1. Thus, in the British system the specific heat of a
substance is the ratio of the heat required to raise or lower the temperature of a unit
mass of the substance 1°F compared to the heat required to raise or lower the tempera-
ture of a unit mass of water 1°F. Since the specific heat of water is 1, it follows that
the specific heat of any substance is the amount of heat in Btu required to raise or
lower the temperature of 1 1b of the substance 1°F. In like fashion, the specific heat
of any substance is the amount of heat in calories required to raise or lower the
temperature of 1 g of the substance 1°C.

There are two types of heat: sensible heat and latent heat. Sensible heat is readily
perceived by the sense of touch and produces a temperature rise or fall as heat is added
or removed from a substance. Latent heat is the quantity of heat required to change
the state or condition under which a substance exists, without changing its tempera-
ture. Thus, a definite quantity of heat must be removed from water at 0°C to change
it to ice at 0°C; the same amount of heat must be added to ice at 0°C to change it to
water at 0°C. This is known as the latent heat of fusion or crystallization. Similarly,
in going from water at 100°C to steam at 100°C, the latent heat of evaporation must
be added to the system. The latent heat of fusion, which must be removed during
freezing, is 144 Btuw/lb for water. The specific heat of a material is different in the
liquid state and in the frozen state; that is, a different number of Btw]lb is required
to raise or lower the temperature of a material 1°F depending on whether the material
is above or below its freezing point.

The specific and latent heats of foods are used to determine refrigeration require-
ments for cooling, freezing, and storage. Typical values for a few foods are given in
Table 9.7. Additional values can be found in several handbooks and in Table 9.3.

Calculation of Refrigeration Load

As indicated in Table 9.7, water has a specific heat before freezing of 1.00, a latent
heat of fusion of 144, and a specific heat after freezing of 0.48. Therefore, if we wanted
to freeze a pound of water from 60°F to 0°F, we would have to remove 1 Btw°F from
60°F down to 32°F, plus 144 Btu to go from water to ice at 32°F, plus 0.48 Btu/°F from
32°F down to 0°F. This would be equal to 28+144+15 or 187 Btu.

Using the same method, the following general equations can be used to calculate
the heat to be removed to cool and freeze any quantity of food material from any
starting temperature to any frozen storage temperature, provided the freezing point
of the material is known:

Hl = SLW(TL_Tf)’ H3 = SSW(Tf_Ts)
H, = H,W, H, = H+H,+H,

Thus, H, is the number of Btu required to cool the food from its initial temperature
to its freezing point and is equal to S; (the specific heat of the food above its freezing
point) X W (its weight in pounds) X T,—T}(the difference between the initial tempera-
ture and the freezing point in °F).

H, is the number of Btu required to change the food from the “liquid” state to the
frozen state at its freezing point and is equal to H (the latent heat of fusion of the
food) x W (its weight).
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Table 9.7. Specific and Latent Heats of Selected Foods

Specific Heat (Btwlb)®

Above Below Latent Heat of
Food Product Freezing Freezing Fusion (Btu/lb)
Asparagus 0.94 0.48 134
Bacon 0.50 0.30 29
Beef
lean 0.77 0.40 100
fat 0.60 0.35 79
dried 0.34 0.26 22
Cabbage 0.94 0.47 132
Eggs 0.76 0.40 100
Fish 0.76 041 101
Lamb 0.67 0.30 83
Milk 0.93 0.49 124
Opysters, shelled 0.90 0.46 125
Poultry, fresh 0.79 0.37 106
Pork, fresh 0.68 0.38 86
Veal 0.71 0.39 91
Water 1.00 0.48 144

* 1 Btwlb = 0.556 cal/g = 2.326 joules/g.

H, is the number of Btu required to lower the frozen food from its freezing point to
the desired storage temperature and is equal to Sg (the specific heat of the food below
its freezing point) X W (the weight of the food) X T,—T, (the difference between the
freezing point and the desired storage temperature).

H,, the total Btu requirement, is equal to H,+H,+H,.

These same relationships will hold for calculations in SI units if temperatures are
converted to degrees Celsius, weights to grams, and latent heats of fusion from British
thermal units per pound to calories per gram. Then the total amount of heat to be
removed, or the refrigeration load, would be in calories or joules (1 cal = 4.187 J)
rather than British thermal units.

Table 9.7 also indicates some important differences between foods. Foods that are
high in water, such as asparagus, cabbage, and milk, have heat constants very close
to those of water, and foods low in water have lower heat constants. This says that
foods low in water require removal of less heat per unit weight to cool and freeze them
than do foods higher in water. Comparison of the constants for lean beef, fatty beef,
and dried beef clearly shows that as the water content of food decreases, the specific
heats before and after freezing, as well as latent heats of fusion, go down.

To calculate refrigeration loads using specific heat data, the initial freezing points
of foods must be known. These are usually given in handbooks, along with moisture
contents of foods and the specific and latent heat constants (Table 9.3). The satisfactory
use of such data depends on the purpose for which calculations are being made and
the degree of accuracy that is needed.

Specific and latent heat values given in handbooks strictly apply only at the moisture
content of the food for which they were established. Thus, the value listed in Table
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9.3 for the latent heat of fusion of sweet corn with 74% moisture is 106 Btu/lb. But
sweet corn can vary by more than 10% in water content. If sweet corn has only 64%
moisture, the latent heat of fusion would be found on careful calorimetric measurement
to be not 106 Btw/lb but 91.7 Btu/lb.

For research purposes it sometimes is necessary to know refrigeration requirements
with a high degree of accuracy; then heat constants based on calorimetric measure-
ments at specific moisture contents are required. But, generally, in commercial practice,
refrigeration requirements may be estimated quite well from average handbook values.
Further, for practical purposes, where the actual freezing point of a food is not known,
the value of —2.2°C (28°F) is assumed to be the freezing point of most foods.

Where handbook values are not available, as would be the case for a new product
of a proprietary nature, or a natural product of altered moisture content, three simple
formulas are commonly used to estimate heat constants.

Specific heat of a food before freezing = 0.008(% water) + 0.20
Specific heat after freezing = 0.003(% water) + 0.20
Latent heat of fusion in Btw/lb = 144(% water in food)/100

When a product refrigeration load is calculated in Btu by the methods described here,
it often is expressed in terms of the standard refrigeration unit, tons of refrigeration. A
ton of refrigeration is the number of Btu required to convert 1 ton of water at 32°F to
1 ton of ice at 32°F in 24 h. Since the latent heat of fusion for water is 144 Btw/lb, a
ton of refrigeration is 144 times 2000 lb, or 288,000 Btu. Therefore, the product refriger-
ation load in Btu divided by 288,000 equals the tons of refrigeration required to bring
the food batch to its storage temperature. The refrigeration engineer then adds to this
the additional refrigeration required to cool down the cold storage room or cabinet
and to maintain it at proper storage temperature against heat pickup through poor
insulation, food respiration, opening of doors, electric motors, and so on.

Factors Determining Freezing Rate

Apart from the absolute refrigeration requirements to freeze foods, there are other
factors that affect freezing rates and thereby help determine quality.

The rate of cooling and freezing food may be expressed generally as a function of
two variables; the driving force divided by the sum of resistances to heat transfer. The
driving force is the temperature difference between the product and the cooling me-
dium. The resistances depend on such factors as air velocity, thickness of product,
geometry of the system, composition of the product, and the resistance to heat transfer
of the food package. Geometry of the system could include such factors as degree of
contact of the refrigerant with the food to be cooled, extent of agitation, in a continuous
cooling and freezing system whether the refrigerant is circulated in the same direction
or counter current to the food, and so on. Composition of the product not only involves
the chemical composition and the thermal conductivities of various constituents but
also the physical arrangement of constituents—for example, the way the fat is distrib-
uted within a cut of meat and the direction of orientation of muscle fibers in relation
to a refrigerating surface. Different packaging materials have different degrees of
resistance to heat transfer.
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Food Composition

Like metals and other materials, food constituents have different thermal conductiv-
ity properties which change with temperature. The greater the conductivity, the greater
the cooling and freezing rates—all other things being equal. In the cooling and freezing
temperature range, heat conductivities of water change little until the phase change
from water to ice occurs. Since the thermal conductivity of ice is far greater than that of
water, the thermal conductivity of a food increases rapidly as it passes from the unfrozen
to the frozen state. It should also be noted that fat has a much lower thermal conductivity
than water, and air has a thermal conductivity far less than that of water or fat.

Several generalizations can be made about the effect of the composition of a food
product on freezing rate under controlled freezing conditions. First, high levels of fat
or entrapped air tend to reduce the rate of freezing. Second, rates of cooling and freezing
are not constant during these processes since thermal conductivities change as water
changes to ice. In addition, the physical structure of foods influences freezing rates.
For example, if two food systems both contained 50% fat and 50% moisture, but one
was an oil-in-water emulsion and the other was a water-in-oil emulsion, the two foods
would be expected to have different thermal conductivity properties. The oil-in-water
emulsion, with water being the continuous phase, should have greater thermal conduc-
tivity values at different temperatures than the corresponding water-in-oil emulsion
of the same chemical composition. Other things being equal, the oil-in-water emulsion
should freeze at a faster rate than the water-in-oil emulsion. Similarly, cuts of meat
should conduct heat at different rates depending on whether the meat is in contact
with a refrigerated surface in a direction parallel or perpendicular to the layers of fat
and to the direction of orientation of the muscle fibers. We can make educated guesses
as to how heat transfer will be affected by these variations, but unfortunately there
is little published work on these food systems.

Noncompositional Influences

The effects of various other factors (e.g., air velocity, product thickness, agitation,
degree of contact between food and cooling medium, and packaging) on freezing rate
are well known, follow the simpler rules of heat transfer, and largely determine the
design of freezer systems. It is easy to cite the directional effects of such variables on
freezing rate, and these will apply in virtually any system design. However, a quantita-
tive measure of the effects of these variables generally must be established experimen-
tally for each different food and system geometry to have validity.

The following principles apply in any system: (1) The greater the temperature differ-
ence between the food and the refrigerant, the faster the freezing rate; (2) the thinner
the food piece or greater the heat transfer rate of the food package, the faster the
freezing rate; (3) the greater the velocity of refrigerated air or circulating refrigerant,
the faster the freezing rate; (4) the more intimate the contact between the food and
the cooling medium, the faster the freezing rate; and (5) the greater the refrigerating
effect or heat capacity of the refrigerant, the faster the freezing rate.

In this latter case, if the refrigerant is a liquid that expands to a gas, then the
refrigerating effect is determined largely by its particular latent heat of vaporization.
Ifthe refrigerant does not undergo phase change, such as a salt brine, then its refrigerat-
ing effect is determined by its heat capacity or specific heat. More will be said about
the refrigerating effect under liquid-nitrogen freezing.
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The magnitude of the influence of these major variables on freezing rate can be
substantial. Thus, lowering air temperature in a tunnel-type freezer from —18° to
—30°C can shorten freezing time of small cakes from 40 min to about 20 min. Spraying
with liquid nitrogen at —196°C would cut freezing time to under 2 min. Lowering of
freezer temperatures to very low levels, however, does not give a straight-line freezing
rate response; thus, the increase in freezing rate as temperatures decrease tends to
drop off, especially at freezer temperatures below about —45°C.

In still air at —18°C, small items such as individual fruits or small fish fillets may
freeze in about 3 h. Increasing the air velocity at this temperature to 1.25 m/sec (250
ft/min) will decrease freezing time of these items to about 1 h, whereas an air velocity
of 5 m/sec will further decrease freezing time to about 40 min. Whether in cold air or
in any other flowing refrigerant, increased velocity speeds freezing by carrying heat
away from the surface of food and rapidly replacing warmed refrigerant with cold
refrigerant to maintain the maximum temperature difference between the food and
the refrigerant. However, freezing rate does not increase linearly with air velocity.

The effect of food or package thickness on freezing rate is such that when common
packages are doubled from about 5 to 10 cm (2—4 in.) in thickness, freezing time
increases about 2.5-fold. The slope of the thickness curve is such that as product
thickness is increased further, the rate of increase in freezing time goes up faster than
the rate of change in thickness. Thus, 13.6—kg (30-1b) cans of eggs or fruit may require
48-72 h to become thoroughly frozen. Commercial 0.21-m® (55-gal) drums of fruit juices
may require more than a week to freeze unless the juice is first slush-frozen by being
passed through a heat exchanger prior to being filled into the large drums.

Freezing Methods

There are three basic freezing methods in commercial use: freezing in air, freezing by
indirect contact with the refrigerant, and freezing by direct immersion in a refrigerating
medium. Each method can be subdivided in various ways, as indicated in Table 9.8.

Cold air may be used with various degrees of velocity, progressing from still-air
“sharp” freezing to the high-velocity blast freezer tunnel. The velocity of air also may
be used to subdivide and move particles of materials to be frozen, as in the case of
fluidized-bed freezing.

Indirect contact freezing includes those methods in which the food or the food package
is in contact with a surface that, in turn, is cooled by a refrigerant, but the food or
food package does not contact the refrigerant directly. In the case of solid foods or
foods in containers, this most commonly involves providing a flat surface in contact
with refrigerated plates, which may contact one or two surfaces of the food or package.

Table 9.8. Commercial Freezing Methods

Indirect Contact

Air Freezing Freezing Immersion Freezing
Still-air “sharp” freezer Single plate Heat exchange fluid
Blast freezer Double plate Compressed gas
Fluidized-bed freezer Pressure plate Refrigerant spray

Slush freezer
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In the case of liquid foods and purees, the food is pumped through a cold wall heat
exchanger and frozen to the slush condition.

Immersion freezing involves direct contact of the food or package with the refrigerant
either by submerging the food or spraying the cold liquid onto the food or package
surface.

With the exception of still-air “sharp” freezing, all of these methods are referred to as
fast freezing methods and may be engineered for batch, semicontinuous, or continuous
operation.

Air Freezing

The oldest and least expensive air freezing method from an equipment standpoint
is still-air “sharp” freezing. Here the food is simply placed in an insulated cold room
at a temperature usually maintained in the range of —23° to —30°C. The method was
introduced around 1860 and became termed “sharp” freezing, since anything below
—18°C was then considered a very low temperature. Although there is some air move-
ment by natural convection, and in some cases gentle air movement is promoted by
placing circulating fans in the room, the method is essentially a still-air freezing
method to be clearly distinguished from air-blast freezing, which employs air velocities
that may exceed hurricane speeds. Depending on size of food items or packages and
degree of separation between units, freezing time can be several hours to several days.
Sharp freezing remains, today, a very important freezing method. Sharp freezing
conditions also are essentially the freezing conditions that exist in home freezers,
except temperatures commonly are closer to —18°C than to —23°C or —30°C. Commer-
cially, sharp freezers often double as frozen storage rooms where space permits.

Air-blast freezers typically are operated at temperatures of —30 to —45°C with forced
air velocities of 10—15 m/sec (2000—3000 ft/min). Under such conditions, 30-1b cans of
eggs or fruit, which take 72 h to freeze thoroughly in a sharp freezer, may be frozen
in 12—18 h. Blast freezers are of many designs, from rooms where food is frozen as a
batch to tunnels through which carts or a belt may be moved continuously. The tunnel
blast freezer shown in Fig. 9.4 combines an overhead conveyor belt with a lower level
track for moving food carts. Particulate unpackaged foods, such as loose vegetables,
are automatically fed onto the moving belt whose speed is adjustable according to the
required freezing time. Frozen product is dropped from the belt into a collection hopper
at the opposite end of the tunnel. Independently, loose foods or packaged cartons loaded
on the carts can be moved through the tunnel at a selected rate.

Other designs make use of vertical movement of food on trays. Trays of particulate
products such as peas or beans are automatically moved upward through a cold air
blast. Freezing time of such particulates in thin layers may be on the order of 15 min.
Today, along with foods frozen as a single block in a package, vegetables and other
particulate items, such as shrimp, are individually quick frozen (IQF) so that they can
be poured from a bag for greater convenience. Since there is some tendency for such
particulates to stick together during freezing, product mechanically dislodged from
trays may be passed through a breaker devise to disaggregate large clusters before
being conveyed under cold air to packaging.

In air-blast systems, manufacturers have developed numerous patterns of cold air
flow to pass over, under, or through the product. Frequently, the principle of countercur-
rent air flow is employed to bring the coldest air into contact with the already frozen
product as it is about to leave the tunnel or column. In this way, freezing is progressive
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Figure 9.4. Frick tunnel freezer with conveyor belt and food carts. Courtesy of Frick Co.
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and there is no tendency for product to rise in temperature and partially thaw through
the freezing process, as would be possible in a cocurrent system, where coldest air
enters with unfrozen product and tends to rise in temperature through the tunnel as
product gives up heat and freezes.

Modern blast freezers also provide means to overcome the major drawbacks inherent
in high-velocity air freezers. Whenever unwrapped food is placed in a cold zone, there
is a tendency for the food to lose moisture, whether during freezing or after the food
is frozen. In a freezer this can have two consequences: frosting over of refrigerated
coils or plates, necessitating frequent defrosting to maintain heat exchanger efficiency;
and drying out of food at its surface, resulting in the defect known as “freezer burn.”
This situation is markedly accelerated in blast freezers where the air is moving at
high velocity. When food is frozen and water vapor molecules are removed from the
frozen surface by the dryer cold air, sublimation, a form of freeze-drying occurs; this
is essentially what freezer burn is.

To minimize freezer burn, which produces unsightly food surfaces, nutrient loss, and
other defects, two techniques are employed. One is the practice of prechilling food with
air of high relative humidity at about —4°C. Here the food partially frozen in the
humid air undergoes minimum moisture loss. Then the prechilled surface-frozen food
is moved into a second colder zone where it is quickly finish-frozen. The rapid finish-
freezing in colder air provides minimum time for the already cold product to lose more
moisture, which also decreases the defrosting requirement on freezer coils. The other
technique is to wet the unpackaged food pieces in the prechilling zone so as to freeze
a thin ice glaze around each food piece. The glazed particles are then moved to the
colder zone for quick finish-freezing. The glaze will sublime slightly but will protect
the underlying food from freezer burn. These techniques are employed in continuous
blast freezers by providing a series of humidity- and temperature-controlled zones.

To minimize condensation and freezing of moisture on freezer coils, it is common to
maintain freezer coils in these zones only very slightly lower in temperature than the
circulating air. The problems of freezer burn and frosted coils, of course, are markedly
less when packaged foods are frozen.

In various air-type freezers, cold air is blown up through a wire mesh belt that
supports and conveys the product. This imparts a slight vibratory motion to food
particles, which accelerates freezing rate. When the air velocity is increased to the
point where it just exceeds the velocity of free-fall of the particles, fluidization occurs;
this is called fluidized-bed freezing. The dancing-boiling motion of peas in a fluidized-
bed freezer is shown in Fig. 9.5. This motion not only subdivides the product and
provides intimate contact of each particle with the cold air, but keeps clusters from
freezing together and so is particularly well suited to production of frozen items in the
IQF form. Freezing times commonly are in the order of minutes.

Several types of fluidized-bed freezers are in commercial use. The workings of one
continuous type are shown in Fig. 9.6. Particulate foods are fed by a shaker onto a
porous trough at the right. The food may be prechilled and even moistened if it is
desired to produce a frozen glaze around each particle. The high-velocity refrigerated
air fluidizes the product, freezes it, and moves it in continuous flow from right to left
for collection and packaging. An interesting feature of this unit, which can be seen in
the diagram at the left in Fig. 9.6, is continuous and automatic defrosting. Air is blown
via the fan through the cooling coils and up through the porous food trough. The cold
air, now moistened from the food, is recirculated to conserve refrigeration. It tends to
condense its moisture onto the cooling coils. But a spray of propylene glycol antifreeze
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Figure 9.5. “Boiling” motion of peas during fluidized-bed freezing. Courtesy of Frigoscandia AB, Sweden.

is maintained over the cooling coils to melt ice as it would be formed. In this way the
cooling coils are maintained at maximum operating efficiency. The glycol solution is
bled off to an evaporator where the accumulated water is easily removed.

Indirect Contact Freezing

Although it is of course possible to place solid food directly onto the surface of a block
of ice or a block of dry ice, this is rarely done commercially. Rather, the food is placed on
plates, trays, belts, or other cold walls which are chilled by circulating refrigerant but
separate the food from the refrigerant. Thus, the food or its package is in direct contact
with the cold wall but in indirect contact with the refrigerant. This permits the use of
refrigerants that might otherwise adversely affect the food or its package.

The more important indirect contact freezers are typified by the Birdseye Multiplate
Freezer. This consists of a number of metal shelves or plates through which refrigerant
is circulated. The food, usually as flat packages, is placed between shelves and there is
provision after loading for applying pressure to squeeze the shelves into more intimate
contact with the top and bottom of the packages for faster freezing. All is enclosed
within an insulated cabinet. Depending on refrigerant temperature, package size,
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degree of contact, and the type of food, freezing time is 1-2 h for commercial packages
4-5 cm (1.5-2.0 in.) thick. This unit is a batch freezer.

Quite similar are various automatic plate freezers. These have provisions for auto-
matically loading shelves from the packaging line. As a shelf is loaded, it is moved
into pressure contact with the preceding shelf and into an insulated zone where freezing
proceeds. At the rear of the freezing zone, frozen packages are discharged one shelf at
a time, and the empty shelves return to the loading position. The plate freezer shown
in Fig. 9.7 operates in this fashion.

In all indirect contact freezing machines, efficiency is dependent on the extent of
contact between the plates and the food. For this reason, packages should be well filled
or slightly overfilled to make good pressure contact with the plates; solid compact
products such as meat or fish fillets freeze more rapidly than shrimp or vegetables
where the individual pieces are separated from one another by small air spaces.

Indirect contact freezers for liquid foods and purees are quite different. They generally
take the form of the tubular scraped-surface heat exchangers previously described (see
Fig. 8.12), with refrigerant rather than steam on the side of the wall opposite the food.
Asisthe case when this equipment is used for heating, the liquid food is pumped through
the inside tube with its rotating shaft or mutator. This occupies most of the inner tube
space, so the food is forced to pass through the remaining annulus as a thin layer in
contact with the cold wall. Scraper blades attached to and rotating with the mutator
continually scrape the cold wall as food tends to freeze onto it. This speeds the freezing
rate three ways: (1) It keeps the cold wall free of a frozen insulating food layer, which
would minimize the temperature difference between the unfrozen food and the effective
cold wall; (2) it shavesice crystals from the cold wall as freezing progresses and these ice
crystals seed the unfrozen portion of the food, promoting further freezing within the mass;
and (3) the scraper blades (and mutator) keep the mass in motion, continually bringing
new portions of food into contact with the cold wall. Freezing is virtually instantaneous,
occurring in a matter of seconds. In this type of unit, freezing is never carried to comple-
tion, or else the frozen product would freeze in the tube and choke off continuous flow.
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