Nondestructive

Food Evaluation
Technigues to Analyze Properties and Quality

edited by
Sundaram Gunasekaran



Nondestructive

Food Evaluation
Techniques to Analyze Properties and Quality

edited by

Sundaram Gunasekaran

University of Wisconsin—-Madison
Madison, Wisconsin

MARCEL

(ﬂ MaRrcCeL DEkkKER, INcC. NEew YORK « BASEL

EEEEEE



0058515

ISBN: 0-8247-0453-3
This book is printed on acid-free paper.

Headquarters

Marcel Dekker, Inc.

270 Madison Avenue, New York, NY 10016
tel: 212-696-9000; fax: 212-685-4540

Eastern Hemisphere Distribution

Marcel Dekker AG

Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland
tel: 41-61-261-8482; fax: 41-61-261-8896

World Wide Web
http://www.dekker.com

The publisher offers discounts on this book when ordered in bulk quantities. For more
information, write to Special Sales/Professional Marketing at the headquarters address
above.

Copyright © 2001 by Marcel Dekker, Inc. All Rights Reserved.

Neither this book nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, microfilming, and recording,
or by any information storage and retrieval system, without permission in writing from
the publisher.

Current printing (last digit):
10 98 7 6 5 4 3 2 1

PRINTED IN THE UNITED STATES OF AMERICA



Nondestructive

Food Evaluation
Techniques to Analyze Properties and Quality

edited by
Sundaram Gunasekaran



Nondestructive
Food Evaluation



FOOD SCIENCE AND TECHNOLOGY
A Series of Monographs, Textbooks, and Reference Books

EDITORIAL BOARD

Senior Editors

Owen R. Fennema University of Wisconsin—-Madison
Marcus Karel Rutgers University (emeritus)

Gary W. Sanderson Universal Foods Corporation (retired)
Pieter Walstra Wageningen Agricultural University

John R. Whitaker University of California—Davis

Additives  P. Michael Davidson University of Tennessee—Knoxville

Dairy science James L. Steele University of Wisconsin—~Madison

Flavor chemistry and sensory analysis John Thorngate University of
Idaho—Moscow

Food engineering Daryl B. Lund Cornell University

Health and disease Seppo Salminen University of Turku, Finland

Nutrition and nutraceuticals Mark Dreher Mead Johnson Nutritionals

Processing and preservation Gustavo V. Barbosa-Canovas Washington
State University—Pullman

Safety and toxicology Sanford Miller University of Texas—Austin

1. Flavor Research: Principles and Techniques, R. Teranishi, I. Homstein,
P. Issenberg, and E. L. Wick

2. Principles of Enzymology for the Food Sciences, John R. Whitaker

3. Low-Temperature Preservation of Foods and Living Matter, Owen R.
Fennema, William D. Powrie, and Elmer H. Marth

4. Principles of Food Science
Part I: Food Chemistry, edited by Owen R. Fennema
Part II: Physical Methods of Food Preservation, Marcus Karel, Owen R.
Fennema, and Daryl B. Lund

5. Food Emulsions, edited by Stig E. Friberg

6. Nutritional and Safety Aspects of Food Processing, edited by Steven R.
Tannenbaum

7. Flavor Research: Recent Advances, edited by R. Teranishi, Robert A.
Flath, and Hiroshi Sugisawa

8. Computer-Aided Techniques in Food Technology, edited by Israel
Saguy

9. Handbook of Tropical Foods, edited by Harvey T. Chan

10. Antimicrobials in Foods, edited by Alfred Larry Branen and P. Michael

Davidson



11;
12.
18
14.
15.
16.
17.
18.
19.
20.
21,
22,
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.
37.

38,

39.

40.

Food Constituents and Food Residues: Their Chromatographic Determi-
nation, edited by James F. Lawrence

Aspartame: Physiology and Biochemistry, edited by Lewis D. Stegink
and L. J. Filer, Jr.

Handbook of Vitamins: Nutritional, Biochemical, and Clinical Aspects,
edited by Lawrence J. Machlin

Starch Conversion Technology, edited by G. M. A. van Beynum and J.
A. Roels

Food Chemistry: Second Edition, Revised and Expanded, edited by
Owen R. Fennema

Sensory Evaluation of Food: Statistical Methods and Procedures, Mi-
chael O'Mahony

Alternative Sweeteners, edited by Lyn O'Brien Nabors and Robert C.
Gelardi

Citrus Fruits and Their Products: Analysis and Technology, S. V. Ting
and Russell L. Rouseff

Engineering Properties of Foods, edited by M. A. Rao and S. S. H. Rizvi
Umami: A Basic Taste, edited by Yojiro Kawamura and Morley R. Kare
Food Biotechnology, edited by Dietrich Knorr

Food Texture: Instrumental and Sensory Measurement, edited by
Howard R. Moskowitz

Seafoods and Fish Oils in Human Health and Disease, John E. Kinsella
Postharvest Physiology of Vegetables, edited by J. Weichmann
Handbook of Dietary Fiber: An Applied Approach, Mark L. Dreher

Food Toxicology, Parts A and B, Jose M. Concon

Modern Carbohydrate Chemistry, Roger W. Binkley

Trace Minerals in Foods, edited by Kenneth T. Smith

Protein Quality and the Effects of Processing, edited by R. Dixon Phillips
and John W. Finley

Adulteration of Fruit Juice Beverages, edited by Steven Nagy, John A.
Attaway, and Martha E. Rhodes

Foodborne Bacterial Pathogens, edited by Michael P. Doyle

Legumes: Chemistry, Technology, and Human Nutrition, edited by Ruth
H. Matthews

Industrialization of Indigenous Fermented Foods, edited by Keith H.
Steinkraus

International Food Regulation Handbook: Policy e Science e Law, edited
by Roger D. Middlekauff and Philippe Shubik

Food Additives, edited by A. Larry Branen, P. Michael Davidson, and
Seppo Salminen

Safety of Irradiated Foods, J. F. Diehl

Omega-3 Fatty Acids in Health and Disease, edited by Robert S. Lees
and Marcus Karel

Food Emulsions: Second Edition, Revised and Expanded, edited by
Kare Larsson and Stig E. Friberg

Seafood: Effects of Technology on Nutrition, George M. Pigott and
Barbee W. Tucker

Handbook of Vitamins: Second Edition, Revised and Expanded, edited
by Lawrence J. Machlin



41.

42.

43.

44,
45.

46.
47.
48.
49.

50.
51.

52.
53.

54.

55.

56.
57.

58.
59.

60.

B1.

62.

63.

64.
65.

66.

67.

68.

69.

Handbook of Cereal Science and Technology, Klaus J. Lorenz and
Karel Kulp

Food Processing Operations and Scale-Up, Kenneth J. Valentas, Leon
Levine, and J. Peter Clark

Fish Quality Control by Computer Vision, edited by L. F. Pau and R.
Olafsson

Volatile Compounds in Foods and Beverages, edited by Henk Maarse
Instrumental Methods for Quality Assurance in Foods, edited by Daniel
Y. C. Fung and Richard F. Matthews

Listeria, Listeriosis, and Food Safety, Elliot T. Ryser and Elmer H. Marth
Acesulfame-K, edited by D. G. Mayer and F. H. Kemper

Alternative Sweeteners: Second Edition, Revised and Expanded, edited
by Lyn O'Brien Nabors and Robert C. Gelardi

Food Extrusion Science and Technology, edited by Jozef L. Kokini, Chi-
Tang Ho, and Mukund V. Karwe

Surimi Technology, edited by Tyre C. Lanier and Chong M. Lee
Handbook of Food Engineering, edited by Dennis R. Heldman and Dary!
B. Lund

Food Analysis by HPLC, edited by Leo M. L. Nollet

Fatty Acids in Foods and Their Health Implications, edited by Ching
Kuang Chow

Clostridium botulinum: Ecology and Control in Foods, edited by Andreas
H. W. Hauschild and Karen L. Dodds

Cereals in Breadmaking: A Molecular Colloidal Approach, Ann-Charlotte
Eliasson and Kare Larsson

Low-Calorie Foods Handbook, edited by Aaron M. Altschul
Antimicrobials in Foods: Second Edition, Revised and Expanded, edited
by P. Michael Davidson and Alfred Larry Branen

Lactic Acid Bacteria, edited by Seppo Salminen and Atte von Wright
Rice Science and Technology, edited by Wayne E. Marshall and James
I. Wadsworth

Food Biosensor Analysis, edited by Gabriele Wagner and George G.
Guilbault

Principles of Enzymology for the Food Sciences: Second Edition, John
R. Whitaker

Carbohydrate Polyesters as Fat Substitutes, edited by Casimir C. Akoh
and Barry G. Swanson

Engineering Properties of Foods: Second Edition, Revised and
Expanded, edited by M. A. Rao and S. S. H. Rizvi

Handbook of Brewing, edited by William A. Hardwick

Analyzing Food for Nutrition Labeling and Hazardous Contaminants,
edited by lke J. Jeon and William G. Ikins

Ingredient Interactions: Effects on Food Quality, edited by Anilkumar G.
Gaonkar

Food Polysaccharides and Their Applications, edited by Alistair M.
Stephen

Safety of Irradiated Foods: Second Edition, Revised and Expanded, J.
F. Diehl

Nutrition Labeling Handbook, edited by Ralph Shapiro



70.

71.

12
73.

74.
5.

76.
77.

8.

79,
80.

81.

82.

83.
84.

85.

86.

87.

88.

89.
90.

91.
92.

93.
94.
95.

96.

Handbook of Fruit Science and Technology: Production, Composition,
Storage, and Processing, edited by D. K. Salunkhe and S. S. Kadam
Food Antioxidants: Technological, Toxicological, and Health Perspec-
tives, edited by D. L. Madhavi, S. S. Deshpande, and D. K. Salunkhe
Freezing Effects on Food Quality, edited by Lester E. Jeremiah
Handbook of Indigenous Fermented Foods: Second Edition, Revised
and Expanded, edited by Keith H. Steinkraus

Carbohydrates in Food, edited by Ann-Chariotte Eliasson

Baked Goods Freshness: Technology, Evaluation, and Inhibition of
Staling, edited by Ronald E. Hebeda and Henry F. Zobel

Food Chemistry: Third Edition, edited by Owen R. Fennema

Handbook of Food Analysis: Volumes 1 and 2, edited by Leo M. L.
Nollet

Computerized Control Systems in the Food Industry, edited by Gauri S.
Mittal

Techniques for Analyzing Food Aroma, edited by Ray Marsili

Food Proteins and Their Applications, edited by Srinivasan Damodaran
and Alain Paraf

Food Emulsions: Third Edition, Revised and Expanded, edited by Stig E.
Friberg and Kare Larsson

Nonthermal Preservation of Foods, Gustavo V. Barbosa-Cénovas, Usha
R. Pothakamury, Enrique Palou, and Barry G. Swanson

Milk and Dairy Product Technology, Edgar Spreer

Applied Dairy Microbiology, edited by Elmer H. Marth and James L.
Steele

Lactic Acid Bacteria: Microbiology and Functional Aspects: Second
Edition, Revised and Expanded, edited by Seppo Salminen and Atte von
Wright

Handbook of Vegetable Science and Technology: Production, Compo-
sition, Storage, and Processing, edited by D. K. Salunkhe and S. S.
Kadam

Polysaccharide Association Structures in Food, edited by Reginaid H.
Walter

Food Lipids: Chemistry, Nutrition, and Biotechnology, edited by Casimir
C. Akoh and David B. Min

Spice Science and Technology, Kenji Hirasa and Mitsuo Takemasa
Dairy Technology: Principles of Milk Properties and Processes, P. Wal-
stra, T. J. Geurts, A. Noomen, A. Jellema, and M. A. J. S. van Boekel
Coloring of Food, Drugs, and Cosmetics, Gisbert Otterstétter

Listeria, Listeriosis, and Food Safety: Second Edition, Revised and
Expanded, edited by Elliot T. Ryser and Elmer H. Marth

Complex Carbohydrates in Foods, edited by Susan Sungsoo Cho, Leon
Prosky, and Mark Dreher

Handbook of Food Preservation, edited by M. Shafiur Rahman
International Food Safety Handbook: Science, International Regulation,
and Control, edited by Kees van der Heijden, Maged Younes, Lawrence
Fishbein, and Sanford Miller

Fatty Acids in Foods and Their Health Implications: Second Edition,
Revised and Expanded, edited by Ching Kuang Chow



97.
98.
99.
100.

101.
102.

103.

104.
105.

106.

Seafood Enzymes: Utilization and Influence on Postharvest Seafood
Quality, edited by Norman F. Haard and Benjamin K. Simpson

Safe Handling of Foods, edited by Jeffrey M. Farber and Ewen C. D.
Todd

Handbook of Cereal Science and Technology: Second Edition, Re-
vised and Expanded, edited by Karel Kulp and Joseph G. Ponte, Jr.
Food Analysis by HPLC: Second Edition, Revised and Expanded,
edited by Leo M. L. Nollet

Surimi and Surimi Seafood, edited by Jae W. Park

Drug Residues in Foods: Pharmacology, Food Safety, and Analysis,
Nickos A. Botsoglou and Dimitrios J. Fletouris

Seafood and Freshwater Toxins: Pharmacology, Physiology, and
Detection, edited by Luis M. Botana

Handbook of Nutrition and Diet, Babasaheb B. Desai

Nondestructive Food Evaluation: Techniques to Analyze Properties
and Quality, edited by Sundaram Gunasekaran

Green Tea: Health Benefits and Applications, Yukihiko Hara

Additional Volumes in Preparation

Alternative Sweeteners: Third Edition, Revised and Expanded, edited
by Lyn O’Brien Nabors

Handbook of Dietary Fiber, edited by Susan Sungsoo Cho and Mark
Dreher

Food Processing Operations Modeling: Design and Analysis, edited
by Joseph Irudayaraj

Handbook of Microwave Technology for Food Applications, edited by
Ashim K. Datta and R. C. Anantheswaran

Applied Dairy Microbiology: Second Edition, Revised and Expanded,
edited by Elmer H. Marth and James L. Steele

Food Additives: Second Edition, Revised and Expanded, edited by
John H. Thorngate Il, Seppo Salminen, and Alfred Larry Branen



Preface

In the food industry, we are inherently limited by our inability to objectively,
consistently, and accurately test food quality by our faculties of sight, sound,
touch, taste, and smell. Fortunately, however, through many years of develop-
ment, we have sensors that assist, and in many cases replace, human evaluations.
Nonetheless, on-line control of food processes remains a major challenge in de-
signing processes to consistently produce high-quality foods. The recent develop-
ment of new sensors and measuring techniques has created several new opportu-
nities to assist the food industry in this very important aspect of food
manufacturing. Rapid, nondestructive, and on-line food quality evaluations can
improve plant productivity and cost-effectiveness. Therefore, it is a very critical
issue for the food industry. This book is a comprehensive treatise on most of the
nondestructive methods for food quality evaluation and is designed to serve as
a single reference source for. the industry and academia. Emphasis has been
placed on the new and emerging methods and applications.

Nondestructive Food Evaluation is an edited volume with contributions
from active researchers and experts in their topic areas. The book is divided into
10 chapters, each focusing on a major nondestructive techique, including optical,
magnetic, ultrasonic, mechanical, and biological methods. Each chapter informs
the reader of significant advances and offers insights for possible future trends
in the nondestructive method.



iv Preface

Optical techniques are presented under four topical headings (Chapters 1-
4) to cover the wide span of electromagnetic spectrum: visible, IR, NIR, and
FTIR; computer vision; delayed light and fluorescence; and x-ray tomography.
Chapter 5 introduces the basic principles of nuclear magnetic resonance (NMR)
and magnetic resonance imaging (MRI). NMR and MRI are nondestructive tech-
niques that can be used to probe the physical and chemical properties and anatom-
ical structure of biological materials. Therefore, the quality parameters associated
with certain physical and chemical properties of foods can be evaluated by NMR
and MRI. Use of NMR and MRI in analysis of watér mobility, glass transition
process, distribution of water and fat, and internal blemishes in foods is described.

Sound waves are transmitted through materials as compressions and rar-
efactions in their physical structure. Hence, it is often possible to relate the ultra-
sonic properties of a material to useful information about its macroscopic and
microscopic composition. In Chapter 6, the physics of high-frequency sound is
introduced, and applications of ultrasonic properties to monitor food quality are
described.

Mechanical methods of nondestructive food evaluation include low-inten-
sity impact (tapping) and vibration testing and high-pressure air impingement
(Chapters 7 and 8). One of the most recent techniques used to evaluate food
texture is the small-amplitude oscillatory strain test, popularly known as dynamic
testing. In this test, a very small strain (less than 5%) is used to study the material
structure—function relationships. Since food structure is the basis for its texture,
this method offers the advantage of obtaining fundamental information about the
eating quality of foods.

A taste panel traditionally measures many subjective food quality factors
such as aroma and taste. Recent developments in providing objective, instru-
mented evaluations of such subjective factors are presented in Chapter 9, ‘‘Bio-
sensors in Food Quality Evaluation.”” A good example of such class of sensor
is the “‘electronic nose,”” which mimics the human sense of smell. The integration
of multiple gas sensors and artificial intelligence has led to a new science of
machine olfaction. Biosensors offer the advantage of rapid detection of bioactive
components that can be measured and controlled to ensure food quality and
safety. In food quality analysis and control, the data collected often are subjective
and ill-conditioned. To infer useful information out of such data sets requires
methods other than those traditionally used. Chapter 10 describes some of these
data analysis procedures, such as neural networks, fuzzy logic, pattern recogni-
tion, and statistical process control.

I would like to thank all the contributors and the Marcel Dekker, Inc.,
production staff for their enthusiastic and timely support in bringing this project
to fruition.

Sundaram Gunasekaran
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1

Optical Methods: Visible, NIR, and
FTIR Spectroscopy

Sundaram Gunasekaran
University of Wisconsin—Madison, Madison, Wisconsin

Joseph Irudayaraj
The Pennsylvania State University, University Park, Pennsylvania

. INTRODUCTION

Food quality may be defined as the composite of those characteristics that differ-
entiate individual units of a product and have significance in determining the
degree of acceptability of that unit by the buyer (1). The quality of many products
may be judged by the colors they display or fail to display. It is particularly
critical in cases of food and biological products such as fruits and vegetables,
cereal grains, and processed foods. The primary goal of quality control is to
maintain a consistent standard of quality at a reasonable cost and at levels and
tolerances acceptable to buyers.

Human evaluation has been the primary method of quality assessment for
operations such as grading and sorting of food products, but such evaluation can
hardly provide a general standard on a large scale and wide range of operations.
Factors such as eye fatigue, lack of color memory, variations in color discrimina-
tion between individuals, personal bias, and variations in lighting conditions
greatly influence an individual’s decision when determining the quality of a cer-
tain product. Moreover, the human eye is greatly limited by its perceptions in a
very narrow band of the vast electromagnetic spectrum. Some quality attributes,
external and internal defects, and compositional factors are more readily detect-
able in the region outside the visible range, e.g., ultraviolet (UV) and infrared
(IR). This has led to considerable research in developing instruments sensitive

1



