


TEN SECOND 
CLEAN UP COLUMN
MY CO SE P # 2 2 4  CLEANUP CO LUMN PURIF IES FOOD & FEED 
EXTRACTS IN J US T TEN SECONDS. PURIFIED EXTRACTS ARE 
SUITABLE FOR IMMEDIATE TLC, HPLC OR GC ANALYSIS

P R O V E N  A P P L IC A T IO N S
• Aflatoxin in Corn, Peanut Butter,

Nuts and Feeds
• Aflatoxin and Zearalenone in Corn 

and Feeds
• Aflatoxin, Zearalenone and Deoxynivalenol 

in Corn
• Sterigmatocystin and Patulin 

in Corn and Feeds
P O T E N T IA L  A P P L IC A T IO N S
Any Small (< 1000 mw), Medium Polarity
Organic Compounds in foods or feeds
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R a P I D
A ssays®

Aiachlor
30 Tests

-II

A i a c h l o r

OHMICRON
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Announcing...

Aiachlor RaPID Assays*
A new kit to detect aiachlor in water, soil and 

food. Providing the features you need:

Least Detectable Amount: 0.08 ppb 
Linear Range: 0.25 - 5 ppb 

Coefficient of Variation: less than 10%

O h m i c r o n  o f f e r s  p r o v e n  i m m u n o a s s a y  t e c h n o l o g y  

t h a t  c a n  r u n  o n  y o u r  c u r r e n t  p h o t o m e t e r  o r  o n  

o u r  d i r e c t  r e a d i n g  i n s t r u m e n t .  R a P I D  A s s a y s ®  a r e  

f a s t ,  s i m p l e ,  e c o n o m i c a l ,  a c c u r a t e ,  a n d  r e l i a b l e .

O f f e r  y o u r  c u s t o m e r s  

s o m e t h i n g  n e w  i n  

1 9 9 1 .  P e s t i c i d e  a s s a y s  

b y  O h m i c r o n  

R a P I D  A s s a y s ®

Assay kits now available:

•  Atrazine 

.  Aldicarb

•  Aiachlor

... more kits to come.

Aiachlor I

A ia c h lo r

IÜ.
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Alachlor

A i a c h l o r

A i a c h l o r

A iach lo r

Aiachlor

A ia c h lo r

Alach

Call Toll Free: 1-800-544-8881 (US/Canada)

O u t s i d e  t h e  U S / C a n a d a ,  c a l l  c o l l e c t  o r  w r i t e  t o :

OHMICRON
M a r k e t i n g  D e p a r t m e n t  

3 7 5  P h e a s a n t  R u n  •  N e w t o w n ,  P A  1 8 9 4 0  

( 2 1 5 )  8 6 0 - 5 1 1 5 *  F a x :  ( 2 1 5 )  8 6 0 - 5 2 1 3
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B e  S u r e  Y o u r  L a b o r a t o r y  U s e s  t h e  B e s t ,  

M o s t  C u r r e n t  A n a l y t i c a l  M e t h o d s  A v a i l a b l e . . .

Official Methods of Analysis
of the AOAC)

1 5 t h  E d i t i o n

Save Time and Money, Achieve More 
Accurate Analysis, and Improve 
Your Laboratory’s Reputation
The demonstrated reliability of AOAC 
methods prompts their use whenever a 
need for analysis arises in regulatory, 
research, and quality control activities. 
Chemists, microbiologists, and other 
scientists depend upon Official Methods 
of Analysis of the AOAC because they 
know the reliability and reproducibility 
of AOAC methods have been demon
strated through thorough testing by 
interlaboratory collaborative studies 
in government, industry, and university 
laboratories.
The authority of the methods is further 
enhanced by AOAC collaboration with 
other worldwide organizations.

Take Advantage of AOAC Methods 
Availability and Ease-of-Use
Over 1,800 AOAC methods are ready for 
your immediate use. The easy-to-follow, 
step-by-step format specifies all reagents 
and apparatus. And alternative methods 
are often provided to accomodate a wide 
range of laboratory capabilities.
Each method is referenced for back
ground and development material, and 
contains Chemical Abstracts Service 
(CAS) numbers where applicable. Both 
chemical and common names are 
provided for all drugs and pesticides.

Comply More Easily with 
Government Regulations!
Since their inception in 1884, AOAC 
methods have been accorded preferred 
status in the courts and are often 
referred to in national, state, and 
provincial regulations and governmental 
and commercial specifications.

Be Confident You’re Using the Best, 
Most Current Methods Available
As analytical needs change and as 
knowledge and techniques advance, new 
and revised methods are continually 
being validated by AOAC. Between

editions, these are published in annual 
supplements which are sent, at no 
additional cost to purchasers of the 
most recent edition.
Thus, AOAC’s OFFICIAL METHODS OF 
ANALYSIS not only brings you up to 
date, it keeps you there!

C O N T E N T S
Volume I-Agricultural Chemicals, 
Contaminants, Drugs

Agricultural Liming Materials
Fertilizers
Plants
Feeds
Drugs in Feeds 
Disinfectants 
Pesticide Formulations 
Hazardous Substances 
Metals & Other Elements 
Pesticide & Industrial Chemicals 
Waters; Salt 
Microchemical Methods 
Radioactivity
Veterinary Analytical Toxicology 
Cosmetics
Extraneous Materials 
Microbiological Methods 
Drugs
Drug & Feed Additives in Animal Tissues 
Forensic Methods

Volume II—Food Composition
Baking Chemicals 
Distilled Liquors 
Malt Beverages 
Wines
Nonalcoholic Beverages
Coffee & Tea
Cacao Bean
Cereal Foods
Dairy Products
Eggs & Egg Products
Fish & Other Marine Products
Flavors
Fruits & Fruit Products 
Gelatin, Dessert Preparations 
Meat & Meat Products 
Nuts & Nut Products 
Oils & Fats 
Vegetable Products 
Spices & Other Condiments 
Sugars & Sugar Products 
Vitamins 
Color Additives
Food Additives, Direct & Indirect 
Natural Poisons

In Volumes I & II:
Appendixes: Standard Solutions and 
Certified Reference Materials, Laboratory 
Safety, Reference Tables. Subject and 
Method Number Indexes.
AOAC-For over 100 years, the mission 
of the Association of Official Analytical 
Chemists has been to provide the ana
lytical science community with fully 
validated standard methods for the 
chemical and biological analysis of foods, 
drugs, cosmetics, pesticides, fertilizers, 
feeds, hazardous substances, air, water, 
soil, and any other products and sub
stances affecting the public health 
and safety, the economic protection of 
the consumer, or the quality of the 
environment.

1200 Pages. 1990. 2 Volumes. Hard
bound, 185 illus, ISBN 0-935584-42-0. 
Binders for supplements are shipped 
with the first supplement.
Price—Members: $218.00 in U.S., 
$224.00 outside U.S. Nonmembers: 
$242.00 in U.S., $247.50 outside U.S. 
Includes 5 annual supplements plus a 
looseleaf binder for their storage.

To obtain your copy of OFFICIAL METHODS 
OF ANALYSIS, send your order with the 
following: your name and address, a check 
or Mastercard, VISA, or Diners credit card 
information (name of card, card number, and 
expiration date) and your signature to

Amc
fJj}

at AOAC-J, 1970 Chain Bridge Road, 
Dept. 0742, McLean, VA 22109-0742 
(703) 522-3032, FAX (703) 522-5468

All orders must be prepaid. Please make checks pay
able to AOAC, U.S. funds on U.S. banks only. Credit 
card orders may be placed by mail, telephone, or FAX.



How c a n  w e k e e p  defec tive  c a n s  off 
th e  m arke t?

Botulism  a n d  o th e r fo rm s of food 
po isoning  c a n  so m e tim e s  b e  tra c e d  to  
defective  c a n s  th a t h a v e  leak ed  a n d  
th e re b y  allow ed m icro -o rgan ism s to 
e n te r  food. R ecogn iz ing  a  c a n  defec t, 
doing so m eth in g  to  co rrec t th e  c a u s e , 
a n d  rem oving th e  defective  c a n s  from 
co m m erce  will he lp  p re v en t food 
po ison ing  o u tb rea k s . T h e  first s te p  is 
to e n s u re  th a t re sp o n sib le  p e rso n n e l 
know  how  to  identify defec tive  c a n s .

T he A ssocia tion  of Official Analytical 
C h em ists , in coo p e ra tio n  with th e  
Food a n d  Drug A dm inistration, h a s  
pu b lish ed  a  p am p h le t th a t unfolds to  a  
24" x  36" ch art, su itab le  for wall 
d isp lay , to  he lp  food industry  p e rso n 
nel learn  to  identify c a n  d e fe c ts  qu ick
ly. T h e  c h a rt u s e s  a  com bination  of 
p h o to g rap h s , easy-to-follow  e x p la n a 
tions, a n d  color cod ing  to illustrate 
can  d e fec ts , classify  th em  acco rd ing  
to  their d e g re e  of potential hazard , 
an d  sh o w  w hat to  look for in routine 
in spection  of th e  fin ished  product.

T h e  c h a rt is a  va lu ab le  re fe re n ce  
re so u rc e  for food p ro c e s so rs , sa lv a g e  
o p e ra to rs , retail food p erso n n e l, 
w h o le sa le rs  a n d  s ta te  a n d  local gov
e rn m e n t san ita ria n s .

For c o p ie s , s e n d  o rd e r form  a n d  
c h e c k  to:

Association of Official Analytical 
Chemists
1 9 7 0  C hain  B ridge Rd., D ept. 0 7 4 2 , 
M cL ean, VA 2 2 1 0 9 - 0 7 4 2  USA 
T e le p h o n e : (7 0 3 )  5 2 2 - 3 0 3 2  
FAX: (7 0 3 )  5 2 2 - 5 4 6 8

r
I enclose $__________
for the following quantity 
of Can Defects charts:

(US Funds drawn on 
US Banks only)

One package of 10 charts @ $45.00 in U.S., $50.00 outside
U.S.
Additional packages of 10 charts @ $35.00 in U.S., $40.00 
outside U.S.
Single chart @ $15.00 in U.S., $20.00 outside U.S.

Prices include handling and shipping. TOTAL

□  Check enclosed. □  Charge my □  VISA □  MasterCard □  Diners
Card N um ber Exp ires _______________________ S ignature

l

Name 

Com pany 

Address 

City, State, Z ip



Improve Your Performance •  Enhance Your Qualifications •  Sharpen Your Skills

H o w ?

A t t e n d  a n

A O A C  1 9 9 1  S h o r t c o u r s e  P r o g r a m

•  •  •

Quality Assurance for Analytical Labs 
Quality Assurance for Microbiology Labs 

Improving Sampling for Analysis of Food, Drugs, and Agricultural Materials 
Lab Waste Disposal and Environmental Compliance 

Laboratory Safety and Compliance 
Statistics for Methodology Development 

Immunoassays Workshop

•  •  •

A p r i l  2 8 - M a y  3 ,  1 9 9 1  - -  T o r o n t o ,  O n t a r io

A u g u s t  1 0 -1 1  a n d  1 5 - 1 6 ,  1 9 9 1  - -  P h o e n i x ,  A r i z o n a  

( In  c o n j u n c t i o n  w i th  t h e  A O A C  A n n u a l  M e e t i n g  a n d  E x p o s i t i o n )

N o v e m b e r  4 - 8 ,  1 9 9 1  - -  S a n  D i e g o ,  C a l i f o r n i a

D e c e m b e r  2 - 6 ,  1 9 9 1  - -  D u r h a m ,  N o r t h  C a r o l i n a

____ Y e s ! !  S e n d  m e  c o m p l e t e  d e t a i l s  o n  A O  A C ’s  1 9 9 1  S h o r t c o u r s e  P r o g r a m !

N a m e _______________________________________________________________________________________________

S t r e e t  A d d r e s s ____________________________________________________________________________________

C i t y / S t a t e / Z i p ____________________________________________________________ ________________________

R e t u r n  t h i s  c o u p o n  t o  A O A C  a t :  2 2 0 0  W i l s o n  B l v d ,  S u i t e  4 0 0 ,  A r l i n g t o n ,  V A  

2 2 2 0 1 - 3 3 0 1 .  F A X  i t  to :  + 1  7 0 3 / 5 2 2 - 3 0 3 2 .  O r ,  c a l l  A O A C  a t + 1  7 0 3 / 5 2 2 - 3 0 3 2 !

■=Since. 1884

A ^ C
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Drug Residues in Animal Tissues

292 Matrix Solid Phase Dispersion (MSPD) Isolation and Liquid Chromatographic 
Determination of Furazolidone in Pork Muscle Tissue 
Austin R. Long, Lily C. Hsieh, Marsha S. Malbrough, Charles R. Short, and 
Steven A. Barker

Environmental Quality

295 Capillary Column Gas Chromatography with Nitrogen-Phosphorus Detection for 
Determination of Nitrogen- and Phosphorus-Containing Pesticides in Finished 
Drinking Waters: Collaborative Study
Kenneth W. Edgell, Elizabeth L. Jenkins, Viorica Lopez-Avila, and James E. 
Longbottom

309 Direct Aqueous Injection-Liquid Chromatography with Post-Column
Derivatization for Determination of A-Methylcarbamoyloximes and N- 
Methylcarbamates in Finished Drinking Water: Collaborative Study 
Kenneth W. Edgell, L. Anne Biederman, and James E. Longbottom 

317 Liquid Chromatographic Determination of Glyphosate and
Aminomethylphosphonic Acid (AMPA) in Environmental Water: Collaborative 
Study
Mark E. Oppenhuizen and John E. Cowell

Feeds

324 Moisture Analysis in Forage by Near-Infrared Reflectance Spectroscopy: 
Collaborative Study
William R. Windham and Franklin E. Barton II

Fertilizers

332 Variance and Representativeness of the AOAC Sampling Procedure for Bagged 
Fertilizer
David L. Terry, Larry Nelson, James Stevens, Douglas Caine, Frank Johnson, 
Edward Huber, and Mike Hancock

Food Adulteration

341 Detection of Orange Juice Adulteration with Beet Medium Invert Sugar Using 
Anion-Exchange Liquid Chromatography with Pulsed Amperometric Detection 
Kevin W. Swallow, Nicholas H. Low, and Donald R. Petrus

Food Composition

346

350

Conductometric and Colorimetric Determination of Volatile Acidity of Vinegars by 
Flow-Injection Analysis 
Matthieu Tubino and Flavio G. Barros 

Determination of Total Dietary Fiber in Japanese Foods
Takahiro Nishimune, Tatsuo Sumimoto, Tsumoru Yakusiji, Nobuharu Kunita, 
Tomio Ichikawa, Masao Doguchi, and Sumio Nakahara

Metals and Other Elements

360 Development and Validation of a Method for Determining Elements in Solid Waste 
Using Microwave Digestion
David A. Binstock, Peter M. Grohse, Alvia Gaskill, Jr, Charles Sellers, H. M. 
Kingston, and Lois B. Jassie

Packaging Materials

367 Determination of Benzene in Polypropylene Food-Packaging Materials and Food- 
Contact Paraffin Waxes
Sandra L. Varner, Henry C. Hollifleld, and Denis Andrzejewski

Pesticide and Industrial Chemical Residues

375 Determination of Dioxins and Furans in Foods and Biological Tissues: Review and 
Update
David Firestone
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384 Determination of Nabam Fungicide in Crops by Liquid Chromatography with 
Postcolumn Reaction Detection 
Carl J. Miles and Min Zhou

388 Determining Organohalides in Animal Fats Using Gel Permeation 
Chromatographic Cleanup: Repeatability Study 
Donald P. Goodspeed and Larry /. Chestnut 

394 Multiresidue Screen for Organophosphorus Insecticides Using Gel Permeation 
Chromatography—Silica Gel Cleanup
Dirk M. Holstege, David L. Scharberg, Elizabeth R. Richardson, and Gregory 
Moller

Seafood Products

400 Gas Chromatographic Method for Determination of Dimethylamine,
Trimethylamine, and Trimethylamine Oxide in Fish-Meat Frankfurters 
Walter Fiddler, Robert C. Doerr, and Robert A. Gates

Seafood Toxins

404 A Study of Ten Toxins Associated with Paralytic Shellfish Poison Using
Prechromatographic Oxidation and Liquid Chromatography with Fluorescence 
Detection
James F. Lawrence, Cathie Menard, Claudette F. Charbonneau, and Sherwood 
Hall

Technical Communications

410 Development of a Rapid Equine Serological Test (REST) by Modified Agar-Gel 
Immunodiffusion
Mark E. Cutrufelli, Richard P. Mageau, Bernard Schwab, and Ralph W. 
Johnston

412 Joint AOAC-AOCS-AACC-IUPAC Mycotoxin Committee 
Peter M. Scott
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414 Introduction --  ___------------
Michael H. Brodsky

416 Comments from Health and Welfare Canada 
Bruce Brown

418 Comments from Oregon Department of Agriculture
H. Michael Wehr

419 Microbiological Criteria: Minimizing the Risk
Robert Moir

420 Microbiological Reference Values for Foods: A European Perspective
D.A.A. Mossel and P. Van Net ten 

433 Use of the HACCP System to Assure Food Safety 
William H. Sperber
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AOAC A n n o u n c e s  

t h e  P u b l i c a t i o n  o f

BAM
6th Edition

A Manual for 
the Detection 
of Microorganisms 
in Foods and 
in Cosmetics

FDA Bacteriological Analytical Manual (BAM)
by the Division of Microbiology

Center for Food Safety and Applied Nutrition, U.S. Food and Drug Administration

BAM contains analytical methods for the detection of 
microorganisms and certain of their metabolic produces, 
primarily in foods. The methods were developed by the U.S. 
Food and Drug Administration for Federal and State regulatory 
and industry quality control laboratories. The manual will be 
updated by supplements issued to users at no additional charge.

A poster for recognizing and classifying visible can defects 
is included free. It is a useful tool for those who need to analyze 
canned foods.

This 6th edition contains new chapters on Campylobacter, 
DNA colony hybridization as an analytical tool, and enzyme 
immunoassay procedures (ELISA). Most other chapters have 
been revised, expanded and updated.
Contents:
Chapters:
•  Food Sampling Plans and Initial Sample Handling
•  Food Sample Handling in the Laboratory and Preparation of 

the Sample Homogenate
•  Microscopic Examination of Foods
•  Aerobic Plate Count
•  Colifornt Bacteria
•  Enteropathogenic Escherichia coli
•  Isolation and Identification of Salmonella Species
•  Fluorescent Antibody Detection of Salmonellae
•  Shigella
•  Isolation of Campylobacter Species
•  Yersinia enterocolitica and Yersinia pseudotuberculosis
•  Recovery of Vibrio parahaemolyticus and Related Vibrios
•  Isolation and Identification of Vibrio cholerae

•  Staph)’lococcus aureus
•  Staphylococcal Enterotoxins
•  Bacillus cereus
•  Clostridium perfringens: Enumeration and Identification
•  Clostridium botulinum
•  Enumeration of Yeast and Molds and Production of Toxins
•  Examination of Oysters for Enteroviruses
•  Parasitic Animals in Foods
•  Detection of Inhibitory Substances in Milk
•  Examination of Canned Foods
•  Examination of Containers for Integrity
•  Microbiological Methods for Cosmetics
•  Detection of Pathogenic Bacteria by DNA Colony Hybridization
•  Enzyme Linked Immunosorbent Assay (ELISA)
•  Investigation of Food Implicated in Illness 
Appendixes:
•  Culture Media
•  Stains, Reagents and Diluents
•  MPN Determination

December 1984, 448 pages, illustrated, 
appendixes 3 hole drill with binder, 
includes Visible Can Defects poster.
ISBN 0-935584-29-3.
Price—Members: $76.00 in U.S., $82.00 
outside U.S. Nonmembers: $84.00 in U.S., 
$90.00 outside U.S. Prices include handling 
and shipping.

To obtain this book, send order and check or credit card information 
(VISA, Diners or MasterCard number, expiration date, signature and 
date) with your name and address to: AOAC, 1970 Chain Bridge 
Road, Dept. 0742, McLean, VA 22109-0742 USA. (703) 522-3032. 
FAX (703) 522-5468. (U.S. funds on U.S. banks only).

Since ls> }
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J A O A C

N e w  P r o d u c t s

Portable Laboratory Tests 27 Water 
Quality Parameters

A portable laboratory is designed to 
bring accuracy and economy to field 
and laboratory analysis. Equipped 
with the instrumentation, apparatus, 
and reagents to test 27 common wa
ter quality parameters, the self-con
tained CEL/700 (Colorimetric Envi
ronmental Laboratory) is ideal for 
water quality testing, field studies, or 
regulatory monitoring. Housed in a 
durable carrying case, the fully- 
equipped CEL/700 includes a color
imeter, pH meter, conductivity/TDS 
meter, and digital titrator. The por
table laboratory also includes illus
trated step-by-step instructions, and 
all necessary apparatus and reagents 
required for testing. For specialized 
applications, analysts can customize 
the CEL/700 by ordering instru
ments, apparatus, and reagents sepa
rately. Hach Co.
Circle No. 315 on reader service card.

Microphotometers with Wide Spectral 
Range

Carl Zeiss, Inc. has introduced a line 
of microscope photometers, models 
MPM 400 and MPM 800, to fulfill 
the most exacting microspectro-anal- 
ysis demands. Used in a variety of 
disciplines, including bio-medical re
search, material science, industry, 
and forensics, the MPM series cover 
a wide spectral range from the UV 
(240 nm) to the NIR (2100 nm). 
This flexibility allows the user to 
maximize accurate sample informa
tion non-destructively with precision 
and accuracy. Zeiss research micro
scopes, featuring ICS (Infinity Color 
Corrected System) form the corner
stone of the MPM series, providing 
ideal optical conditions for top per
formance photometry. Carl Zeiss, 
Inc.
Circle No. 316 on reader service card.

High Resolution, High Recovery, High 
Speed HRLC MA7 Columns

HRLC MA7 columns permit very 
rapid, high resolution separations, 
and facilitate high recovery of small

quantities of biomolecules. Because 
the HRLC MA7 matrix is nonpo- 
rous, columns packed with this mate
rial are well suited for applications in 
which milligram quantities or less of 
a protein mixture must be analyzed 
or purified quickly. Bio-Rad offers a 
full complement of MA7 ion ex
changers including a carboxymethyl 
weak cation exchanger; a PEI weak 
anion exchanger; a sulfopropyl 
strong cation exchanger; and a qua
ternary amine strong anion exchang
er. For rapid purification and analy
sis of protein mixtures, HRLC MA7 
columns offer faster results and high
er resolution than conventional 
HPLC columns. Bio-Rad Laborato
ries.
Circle No. 317 on reader service card.

Microplate Manager Data Analysis 
Software

The Microplate Manager software 
combines the speed, sensitivity, and 
versatility of Bio-Rad’s microplate 
readers and the advanced computing 
power of the Apple Macintosh or 
IBM PC or compatible computers to 
create powerful microplate data 
analysis systems. These programs 
use pull down menus and other help
ful features unique to mouse-driven 
operating systems, which make them 
unusually easy to learn and simple to 
use. The software works with you to 
achieve rapid, comprehensive analy
ses of your data. First, you provide 
the program with the location of the 
blanks, standards, samples, and con
trols on the microplate. The assay is 
then performed, and the data are im
mediately transferred to the comput
er, where calculations and reductions 
are quickly executed. The programs 
accommodate any arrangement and 
designation of test wells. Seven com
prehensive reports are available. Bio- 
Rad Laboratories.
Circle No. 318 on reader service card.

Easy-to-Use Fraction Collector
The Waters fraction collector col
lects any size fractions into specialty 
containers, offers automated individ-

P r o t e i n

N i t r o g e n

A n a l y s i s .

K j e l d a h l ' s  

C h o i c e .
Johan Kjeldahl would 
have done his Kjeldahls 
on our new Kjeltec 1026 
Distiller.

The preferred choice 
for protein and nitrogen 
analysis in today’s food 
laboratories around the 
world is one of Tecator’s 
Kjeltec Distillers.
We have an extensive 
product range from 
manual to fully auto
mated systems.

Make your Kjeldahl 
choice today.

Please call or write 
for product details.

t e c a t o r
A fo] Perstorp Analytical Company

Perstorp Analytical, Inc.2875C Towerview Road Herndon, Virginia 22071 Phone: 703/435-3300 Fax: 703/435-3363
CIRCLE 55 ON READER SERVICE CARD
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ual peak collection, and is easy to 
program. The fraction collector can 
collect up to 120 fractions of microli- 
ter-to-liter volumes. It uses practical
ly any size container or test tube in
cluding preparative racks eliminat
ing the need to transfer fractions to 
specialty containers for further pro
cessing. The height of the fraction 
collector arm is adjustable for collec
tion vessels measuring 90 mm to 180 
mm in height and the test tube rack 
self adjusts to the size of any diame
ter test tube from 12 mm to 18 mm. 
The Waters fraction collector pro
vides for collection by time, number 
of drops, fraction volume, or external 
signal. M illipore Corp., W aters 
Chromatography Division.
Circle No. 319 on reader service card.

Ultra Dry, Purified C02-Free 
Compressed Air for FT-IR 
Spectrometers

Dangerous and inconvenient cylin
ders of gas used to purge FT-IR in
struments can now be replaced with 
the Balston complete laboratory air 
package. It produces high purity 
compressed air at — 100°F pressure 
dew point with no suspended impuri
ties larger than 0.01 /¿M, and remov
al of CO2 and non-methane hydro
carbons to less than 2 ppm with flow 
rates up to 85 1pm. Balston.
Circle No. 320 on reader service card.

Cleansing Kit For Preventing 
Contamination in SFC/SFE Equipment 
Interfaces

AcuClean is a highly specialized 
cleansing process developed by Scott 
Specialty Gases, Inc. to clean the 
equipment interface and prevent any 
contamination occurring from this 
source in SFC and SFE procedures. 
The AcuClean kits are available with 
configurations specific to the chro
matography apparatus in use. Scott 
Specialty Gases, Inc.
Circle No. 321 on reader service card.

Limited Volume Vials Designed to 
Increase Sample Testing Efficiency

Limited volume vials (.75 mL) are 
now offered in 3 materials -  polypro

pylene, polymethylpentene, and ny
lon. The different materials lend 
themselves to more efficient testing 
on various samples. Polypropylene is 
ideal for protein sampling. Poly
methylpentene is efficient for testing 
when using certain solvents and test
ing at elevated temperatures. Nylon 
vials provide glasslike clarity and are 
excellent for use with solvents, petro
leum-based products; they also offer 
efficiency at elevated temperatures. 
J.G. Finneran Associates, Inc.
Circle No. 322 on reader service card.

Secure Temporary Storage for Picked- 
Up Spill Materials

In addition to high-quality spill 
cleanup materials, Slikwik has spill 
containers which provide the added 
benefit of offering safe, convenient 
storage of these materials once they 
have been used. They feature a lock
ing, child-resistant lid and are DOT- 
approved. In use, the container is 
opened and its contents are applied to 
a spill. The absorbent is then picked 
up and replaced into the spill con
tainer. the result is secure, leak-proof 
temporary storage prior to proper 
disposal. Slikwik Sorbents.
Circle No. 323 on reader service card.

Nitrogen/Sulfur Analyzer with Solids 
Autosampler

The 7000V SA nitrogen/sulfur ana
lyzer with solids autosampler is an 
automated system for total nitrogen 
and/or sulfur analyses of solid sam
ples up to 500 mg. The 7000V SA has 
a temperature programmable inlet 
furnace which provides accurate and 
reproducible temperature program
ming to ensure complete sample de
composition. By providing excellent 
control of the same combustion pro
cess, the 7000V SA can analyze larg
er solid samples. Antek Instruments, 
Inc.
Circle No. 324 on reader service card.

Multi-Purpose SFE-SFC System
The MPS/225 is a complete, directly 
coupled SFE-SFC system employing 
a cryogenic trap as the SFE-SFC in
terface. The MPS/225 offers the

ability to extract larger sample vol
umes to obtain low ppb sensitivities. 
The cryogenic trap allows the collec
tion of all extracted analytes in a pre
cise temperature controlled zone. Af
ter collection, the cryogenic trap can 
be ballistically heated and the ana
lytes backflushed onto the SFC col
umn. Moreover, the MPS/225 can 
be directly coupled to a GC for SFE- 
GC. The MPS/225 can be used ei
ther for SFE-SFC or as a stand-alone 
SFE system or a stand-alone SFC 
system. Suprex Corp.
Circle No. 325 on reader service card.

Quiet Vacuum Pumps
The Galileo small pumps provide a 
good ultimate vacuum, low working 
temperature, and are light in weight 
for heavy duty use with displacement 
from 4 CFM to 57 CFM. The Vac- 
sound line of pumps is equipped with 
a built-in lubricating pump for opti
mum operating safety and high 
pumping speed at all working pres
sures from 1000 mbr down. Pumps 
come with either single or 3 phase 
American motors and feature hy
draulically operated isolation valves 
to avoid pressure rise or suction line 
contamination. High gas ballast flow 
gives the pumps increased capacity to 
handle condensable gases and water 
vapor. They have no copper or copper 
alloy parts and employ fluorinated 
elastomer gaskets. Galileo Vacuum 
Systems.
Circle No. 326 on reader service card.

pH Indicator Sticks and Papers
Baker-pHIX indicator sticks provide 
accurate measurement without the 
use of a pH meter. Color-fixed and 
non-bleeding, the indicator sticks 
contain dyes fixed to plastic strips. 
Baker-pHIX papers with color scale 
combine an indicator dye and color 
scale fixed onto a single paper strip. 
This enables simultaneous wetting 
which enhances accuracy and read
ability, especially beneficial in test
ing colored solutions. Both Baker- 
pHIX indicator sticks and papers are 
available in an assortment of pH 
ranges. J.T. Baker Inc.
Circle No. 327 on reader service card.
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T h e m ost com ple te , cu rren t A A C C  A p p ro ve d  M eth o d s  ever— includes all su p p lem en ts  th ro u g h  1990.

A A C C  A p p r o v e d  M e t h o d s  o f  A n a l y s i s ,  

8 t h  E d i t i o n  - C o m p i le d  V e r s io n -

Attention A A C C  
A p p ro ved  M ethods,
8th  Ed ition  Owners!
Now, for the first time, the 
AACC Approved Methods of 
Analysis are available with all 
Supplements through 1990 in
cluded within the 8th Edition 
text!

This new Compiled version of 
the 8th Edition is perfect for 
anyone who believes their 
Methods may be missing 
pages, a supplement, or 
may be otherwise incom 
plete. The ringbinders 
from your old Methods 
are reusable -  you can get the 
new Compiled version for the 
low price of only $255!

The Compiled version is also the right choice if you are 
planning to purchase an additional copy of the Approv
ed Methods for your lab. All supplements through 1990 
are already included in this version. There are no 
extra pages to insert, and you are assured of receiving 
the most complete Methods possible.

Ringbinders:
$25 per set of two

Contents
of the Compiled Methods
A c id ity ,  A c id s ; A d m ix tu r e  o f F lo u r s ;  
A m in o  A c id s ; T o t a l  A s h ;  B a k in g  Q u a l 
i t y  ( in c lu d e s  c a k e  te m p la te ) ;  C a r b o n  

D io x id e ; C o lo r  &  P ig m e n ts ;  C o o k in g  
C h a r a c t e r i s t i c s ;  D ru g s ;  E g g  S o lid s ;  
E n z y m e s ;  E x p e r i m e n ta l  M illin g ; 

E x t r a n e o u s  M a t t e r ;  C r u d e  F a t ;
F ib e r ;  F la v o r ;  G lo s s a ry ;  G lu te n ;  I n f r a 
r e d  A n a ly s is ;  I n o r g a n ic  C o n s t i t u e n t s ;  
M ic r o o r g a n is m s ;  M o is tu r e ;  M y co to x -  
in s ;  N i t r o g e n ;  O x id iz in g ,  B le a c h in g ,  &  
M a t u r i n g  A g e n ts ;  P a r t i c l e  S iz e ; P e n to 
s a n s ;  P h y s ic a l  D o u g h  T e s t s ;  P h y s ic a l  
T e s t s ;  P h y s ic o c h e m ic a l  T e s t s ;  S p e c ia l  
P r o p e r t i e s  o f  F a t s ,  O ils ,  a n d  S h o r t e n 

in g s ;  R e s id u e s ;  P r e p a r a t i o n  o f  S a m p le ;  S a m 
p lin g ; S e m o l in a  Q u a l i ty ;  S o lid s ;  S o lu t io n s ;  

S o y b e a n  P r o te in ;  S p e c if ic  V o lu m e ; S t a l e n e s s / T e x t u r e ;  S t a r c h ;  S t a t i s 
t ic a l  P r in c ip le s ;  S u g a r s ;  T a b le s ;  V i ta m in s ;  W a t e r  H y d r a t io n  C a p a c 
i ty ;  Y e a s t ;  In d e x .

Over 1200 pages, containing over 375 Methods!

®  Order Toll-Free 1-800-328-7560
Special Note to Labs That Do Not Yet Own 
the AACC Approved Methods
If your lab does not own a copy of the Approved 
Methods, 8th Edition, you are missing one of the most 
respected, referred to, and relied on collections of food 
science methodology available.

The AACC Approved Methods of Analysis are consis
tent with official laboratory methods set by the Associ
ation of Official Analytical Chemists (AOAC), the 
American Oil Chemists Society (AOCS), and the U.S. 
Food and Drug Administration’s Bacteriological Ana
lytical Manual (BAM).

Outside the U.S. and within Minnesota, call 1-612-454-7250 
FAX 1-612-454-0766 •  Telex 6502439657 (MCI/UW)

r ----------------------------------------------------- — ---------- 1

i Order by Mail 03 (
I □  Please send me the AACC Approved Methods, 8th Edition Compiled Ver- |
■ sion (including all Supplements through 1991) ISBN 0-913250-31-7 .

$255 per 2-volume set 1

□  Please send me the 1991 Supplement to the Approved Methods, 8th Edition 
I (Automatically included with purchase of the Compiled Methods.) I
| $20 each |

| □  Please send me hardcover ringbinders for the Approved Methods, 8th Edition |
$25 per set

l  □  AACC Member' [ ]  Nonmember .
* AACC Members: As a benefit of AACC membership, deduct 15% from the price of your I purchase. I

The Methods are continuously reviewed, critiqued, and 
updated with the newest laboratory techniques. Sup
plements containing new procedures are developed 
annually to keep your copy current. The Methods are 
printed in a looseleaf format, and are housed in two 
sturdy ring binders which lie flat for ease of use at 
your lab bench.

Method of Payment
□ Payment Enclosed $ _
□ Charge my credit card

Card__________
Expires________
Signature_______

Name ________
The AACC Approved Methods of Analysis can help you 
meet government standards, and enhance your labora
tory’s reputation by allowing you to perform analytical 
procedures with greater accuracy, consistency, and 
speed. There’s no better time than now to purchase 
your copy of the Approved Methods, 8th Edition!

Company/lnst..

City/State--
Zip/Country_
Telephone

L _  Z s>
n Gtfn l fql'Fl v u T W r ï f n f l ^ i i j f n i

______  □ Bill Me (U.S. only)
□ VISA □ MasterCard □ Am. Exp. Payment or charge infor- .mation must accompany ■all orders to be shipped ■outside the U.S. Make ■checks payable to AACC ■through a member bank of the U.S. Federal IReserve System. Please add 10% for shipping and |handling to all non-U.S. orders. Minnesota resi- |dents add 6% sales tax. To be valid, domestic claims |must be made within 45 days of your order; over- Iseas claims, 4 months.

Mail your order to
AACC Books I
3340 Pilot Knob Road ■
St. Paul, MN 55121, U.S.A. 1
___________ i



C h em ica l J o u r n a ls  O n lin e
is pleased to announce 

the addition of the

Journal of the A ssociation of 
Official Analytical Chem ists

to its family of full-text files.

Teaming with
Chemical Jou rna ls  of th e  American Chemical Society 
Chemical Jou rna ls  of th e  Royal Society of Chemistry

and the
Primary Polymer Journals of John  Wiley and Sons

to provide chemists, researchers, and information specialists with 
enhanced online capability to search and display

• vital experimental data
• experimental procedures
• new preparation techniques
• new chemical jargon, and
• literature citations

STN
IN TER N ATIO N A L

Chemical Journa ls Online is available only on STN International. 
For m ore information, phone 

(614) 421-3600  
(800) 848-6538  Toll Free
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F o r  Y o u r  I n f o r m a t io n

M e e tin g s

April 28-May 3,1991: AOAC Short 
Courses, Delta Chelsea Inn, 33 Gerrard 
St West, Toronto, Ontario M5G 1Z4, 
Canada. Contact: AO AC M eetings 
Department, Suite 400, 2200 Wilson 
Blvd, Arlington, VA 22201-3301, tele
phone 703/522-3032.

April 30,1991: N ew  York-New Jer
sey AOAC Regional Section Meeting. 
Busch Campus Center, Piscataway, 
NJ. Contact: Jeff Sipger, Dupont Phar
maceuticals, 1000 Stewart Ave, Gar
den City, N Y  11530, telephone 516 / 
832-2171.

May 13-15,1991: Northeast AOAC  
Regional Section Meeting. Sheraton 
Islander, Newport, RI. Contact: Penel
ope Lynn, New York State Agricultur
al Experiment Station, Geneva, N Y  
11454-0462, telephone 315/787-2280.

June 3-5,1991: Midwest AOAC Re
gional Section Meeting, Sioux Falls, 
SD. Contact: Nancy Thiex, Olson Bio
chemistry Laboratories, South Dakota 
State University, PO Box 2170, Brook
ings, SD  57007, telephone 605/688- 
6171.

June 27-28,1991: Pacific Northwest 
AOAC Regional Section Meeting, Ev
ergreen State College, Olympia, WA. 
Contact: Charles A. Laubach, Puget 
Sound Naval Shipyard, Code 134.3, 
Bremerton, W A 98314, telephone 206 / 
442-0370.

August 12-15, 1991: 105th AOAC  
Annual International Meeting and Ex
position. The Pointe at South Moun
tain, Phoenix, AZ. Contact: AOAC  
Meetings Department, Suite 400, 2200 
Wilson Blvd, Arlington, VA 22201- 
3301, telephone 703/522-3032.

November 12-13,1991: A O A C /Eu- 
rope Regional Section Meeting, State 
University of Limburg, M aastricht, 
The Netherlands. Contact: Ellen Jan 
De Vries, Duphar B.V., PO Box 900, 
1380 D A  Weesp, The Netherlands, 
telephone 31-2940-79296.

B r u c e  A m e s  to  b e  K e y n o te  S p e a k e r  a t  

A O A C  A n n u a l M e e tin g

Bruce Ames, Director of the Nation
al Institute of Environmental Health 
Sciences Center at the University of

California, Berkeley, will be the key
note speaker at the opening session of 
the 105th AOAC Annual International 
Meeting in Phoenix, AZ, on August 12,
1991.

Internationally known for developing 
the Ames Test, Ames’ work in Salmo
nella established him as a leader in the 
field of regulation of gene function. His 
test is a simple and inexpensive test sys
tem for the detection of mutagens and 
potential carcinogens. One of Ames’ 
current research interests is in the area 
of cancer risk assessment, and annual 
meeting attendees should look forward 
to his presentation on the use of analyti
cal data in the determination of risk 
assessment.

“ In view of his illustrious career, no 
introduction may be necessary,” says 
AOAC Meetings, Symposia, and Edu
cational Programs Committee Chair
man Samuel W. Page. The Ames Test 
itself may be responsible for the genera
tion of more analytical chemical data 
than any other in the past several de
cades. “And to a considerable degree,” 
says Page, “AOAC members are re
sponsible for generating the numbers 
often used in risk assessment. I look 
forward to his insights into the use -  
and misuse -  of such analytical data.”

Ames’ research also involves the cor
relation between diet and cancer, natu
ral carcinogens, and oxidative D N A  
damage and defenses against oxidation 
as they relate to the causes of aging. 
The idea that D N A  damage is related

to carcinogens has received major sup
port from the research work done by 
Ames and his colleagues.

Department Chairman of the Divi
sion o f Biochemistry and Molecular Bi
ology at the University o f California, 
Berkeley, from 1983 to 1989, Ames also 
served on the National Cancer Adviso
ry Board, is a member of the National 
Academy of Sciences, and has been 
elected to the Royal Swedish Academy 
of Sciences and the Japan Cancer Asso
ciation. His numerous awards include 
the General Motors Cancer Research 
Foundation Prize, the most prestigious 
award given for cancer research, and 
the Tyler Prize, the highest award given 
for achievement in the environmental 
area.

AOAC President H. Michael Wehr, 
who invited Ames to speak, adds, “I am 
extremely pleased that Dr. Ames will 
be our keynote speaker. Am es’ research 
has been instrumental in developing 
risk assessment analytical procedures 
that are frequently used by AOAC  
members in the development of toxico
logical data. Dr. Am es’ visit is most 
timely, not only because of the interna
tional interest in this field, but also be
cause it is linked to A O A C ’s planned 
symposia on Natural Toxins, Biotech
nology in the Environment, and Risk 
Management in the Laboratory.”

W o r k s h o p  o n  A n t ib io tic s  a n d  D r u g s  in  
F e e d s

To review and update AOAC meth
ods for antibiotics and drugs in animal 
feeds, AOAC is presenting a workshop 
on August 11,1991, on Antibiotics and 
Drugs in Feeds, designed specifically 
for bench analysts. Providing a forum 
for exchange between antibiotic and 
drug analysts, this workshop is cospon
sored by the Association of American 
Feed Control Officials, the U .S. Food 
and Drug Administration, and AOAC.

The workshop will be held at The 
Point at South Mountain, in Phoenix, 
AZ, immediately preceding the 105th 
AOAC Annual International Meeting. 
The workshop offers an opportunity to 
discuss methods being developed and 
problems with current methods.
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AOAC’s General and Associate Ref
erees and other experts will lead discus
sions on the analytes bacitracin, carba- 
dox, lasalocid, neomycin, and tylosin, 
and on quality assurance and sample 
preparation. The following is a full list
ing of topics and authors:

“Review of Approaches to HPLC 
Analysis o f Carbadox,” Alicia Henks, 
Pfizer, Inc.

“Application of the Chemical and 
Physical Properties of Lasalocid for As
say in Feeds,” Alexander MacDonald, 
Hoffmann la Roche Inc.

“Evaluation of HPLC Methods for 
Lasalocid,” Harold Campbell, Agricul
ture Canada

“The Antibiotics and Drug Labora
tory GLP Audit,” Fred Bond, FDA  

“ M icrobiological P late A ssay of  
Bacitracin in Feeds,” Anil Desai, A.L. 
Laboratories, Inc.

“Microbiological Assay Systems for 
Tylosin in Feeds,” Mark Coleman, Lil
ly Research Laboratory 

“Observations on the Microbiologi
cal Assay o f Neomycin in Feeds,” Hus
sein Ragheb, Office of the State Chem
ist, Purdue University; Gerald Stahl, 
Upjohn Company; and Stanley Katz, 
Rutgers University 

The workshop will also include a gen
eral discussion session on particle size 
as it relates to assay replication and 
analyte recovery and stability, moder
ated by Mark Coleman, Mary Lee Has-

selberger, Nebraska State Department 
of Agriculture Laboratory, and Robert 
Smallidge, Office of the State Chemist, 
Purdue University.

“Many of the antibiotic and drug 
methods in Official Methods o f Analy
sis have been on the books for a number 
o f years, and many analysts have intro
duced modifications to these methods,” 
says Hasselberger, chairman of the 
workshop. Workshop participants want 
to learn what modifications of methods 
are being used, help evaluate the valid
ity of these modifications, and start to 
incorporate the modifications into the 
official methods, if  warranted.

Participants in the workshop will 
each receive a copy of the proceedings, 
which will include a section for each 
analyte. The material submitted by the 
workshop presenters for the proceed
ings is being organized by Audrey 
Gardner of the New York State Agri
cultural Experiment Station in Geneva, 
N Y , who will also serve as a program 
moderator. Other moderators will in
clude Austin R. Long, Animal Drug 
Research Center, FDA, and Denise 
Riley Moore, Woodson-Tenent Labo
ratories.

The registration fee will be a $60 
($70 for nonmembers) add-on to the 
regular AO AC registration, and will in
clude Sunday lunch and breaks, and a 
copy of the proceedings. Pre-registra
tion is necessary to guarantee the lunch

and pre-meeting correspondence.
For more information, contact Mary 

Lee Hasselberger, Nebraska State De
partment of Agriculture Laboratory, 
3703 S. 14th St, Lincoln, N E  68502, 
(402) 471-2176. Analysts are encour
aged to mail in questions or topics for 
the general discussion session before 
the meeting so that potential respond
ers can be better prepared to reply.

H a r v e y  W . W ile y  A w a r d s  F u n d  

C o n tr ib u to r s

The following members of AOAC  
have contributed to the Harvey W. W i
ley Awards Fund: Juan Carlos Medina 
Bravo, Odette L. Shotwell, and W. 
Wesley Weeks.

The Harvey W. Wiley Award Fund 
was established in 1956 to honor Har
vey W. Wiley, “Father of the Pure 
Food Laws” and founder of AOAC. 
This fund supports the Harvey W. W i
ley Award for the Development o f Ana
lytical Methods and the Harvey W. W i
ley Scholarship Award. Contributions 
to su sta in  the H arvey  W . W iley  
Awards Fund will be appreciated and 
should be sent to AOAC.

N e w  S u s ta in in g  M e m b e r  

AOAC welcomes the following new 
sustaining member: Spencer Labora
tories S.A . DE C.V.

Mark Your Calendar Now For Your Regional Meeting!

April 30, 1991 -  NEW YORK-NEW JERSEY REGIONAL SECTION -  Piscataway, NJ 
Rapid Test Methods fo r  Chemical and Microbiological Contaminates in Food Stuffs

Contact: Jeff Singer, (516) 832-2171

May 13-15, 1991 -  NORTHEAST REGIONAL SECTION -  Newport, RI 
Mass Spectroscopy, Food Analysis, and Pitfalls o f  Lab Computerization 

Contact: Penelope Lynn, (315) 787-2280

June 3-5, 1991 -  MIDWEST REGIONAL SECTION -  Sioux Falls, SD 
Contact: Nancy Thiex, (605) 688-6171
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I n s t r u c t io n s  t o  A u t h o r s

Scope of Articles and Review Process
The Journal of the AO AC  publishes articles 
that present, within the fields of interest of 
the Association: unpublished original re
search; new methods; further studies of pre
viously published methods; background work 
leading to development of methods; com
pilations of authentic data of composition; 
monitoring data on pesticide, metal, and in
dustrial chemical contaminants in food, tis
sues, and the environment; technical com
munications, cautionary notes, and 
comments on techniques, apparatus, and re
agents; invited reviews and features. Em
phasis is on research and development of 
precise, accurate, sensitive methods for anal
ysis of foods, food additives, supplements 
and contaminants, cosmetics, drugs, toxins, 
hazardous substances, pesticides, feeds, fer
tilizers, and the environment. The usual re
view process is as follows: (/) AO AC edi
torial office transmits each submitted paper 
to appropriate subject matter editor, who so
licits peer reviews; (2) editor returns paper 
to author for revision in response to review
ers’ comments; editor accepts or rejects re
vision and returns paper to AOAC editorial 
office; (5) AOAC editorial staff edits accept
ed papers, returns them to authors for ap
proval, and transmits approved manuscripts 
to typesetter; (4) typesetter sends page proofs 
to author for final approval.
General Information

Follow these instructions closely; doing so 
will save time and revision. For all questions 
of format and style not addressed in these 
instructions, consult recent issue of Journal 
or current edition of Council of Biology Ed
itors Style Manual.
1. Write in clear, grammatical English.
2. To Managing Editor, AOAC, Suite 400, 

2200 Wilson Blvd, Arlington, VA 22201- 
3301 USA, submit typewritten original 
plus 3 photocopies (1 side only, white 
bond, %'h x 11 in. [21V2 x 28 cm]) of 
complete manuscript in order as fol
lows— 1. Title page; 2. Abstract; 3. Text 
(introduction, method or experimental, 
results and/or discussion, acknowledg
ments, references); 4. Figure captions; 5. 
Footnotes; 6. Tables with captions, one 
per page; 7. Figures.

3. Suggest in a covering letter the names of 
at least 4 qualified reviewers, i.e., indi
viduals engaged in or versed in research 
of the type reported.

4. DOUBLE SPACE all typed material.
Manuscripts not double spaced will be 
returned for retyping. Do not right justify 
or use proportional spacing; avoid hy
phenation.

5. Use letter quality printer for word-pro- 
cessed manuscripts; manuscripts pre

pared on dot matrix printers of less than let
ter quality may be refused. Once a manu
script has been accepted for publication, au
thors will receive instructions for submitting 
the final version of their accepted manu
script to AOAC on diskette. AOAC accepts 
MS-DOS-based files from most word pro
cessing packages or ASCII text files on MS- 
DOS-formatted diskettes. (DO NOT SEND

DISKETTE WITH ORIGINAL MANU
SCRIPT SUBMISSION.)
Format and Style
1. Title page (separate sheet, double spaced): 

Title of article, authors’ names (full first, 
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This concise book covers all the critical 
aspects o f environmental sampling and 
analysis. Extensively peer-reviewed by 
scientists from the U .S. Environmental 
Protection Agency and other govern
ment agencies, industry, and academia, 
it is packed with practical advice and 
tips from renowned experts. Planning, 
sampling, analysis, Q A /Q C , and re
porting are discussed for air, water, sol
id liquid, and biological samples, with 
emphasis on the interdependence be
tween sampling and analytical activi
ties. Special requirements for sampling 
devices, containers, and preservatives 
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for sampling plans and protocols. New  
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method detection levels, reliable detec
tion levels, and levels o f quantitation 
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oratory reports and user presentations 
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tant and new topic, this book has over 
1200 pages of complete information on 
chemical interactions as it pertains to 
environmental and medical concerns. It 
illustrates principles o f interactions so

you will have the conceptual basis for 
predicting responses to complex envi
ronmental mixtures. Apply it to specific 
situations -  theoretical and practical. 
To date, environmental standards regu
late the effects of a single pollutant. 
Multiple Chemical Interactions pro
vides exhaustive coverage of how the 
multitude of chemicals in our world in
teract with human health. This book 
gives us critically new and complete 
data on an emerging field that will be of 
interest to all environmental scientists, 
environmental and public health pro
fessionals, toxicologists, industrial hy
gienists, regulators, and libraries.
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lished by Elsevier Science Publishers, 
PO Box 211, 1000 AE Amsterdam, 
The Netherlands, 1990. 360 pp. 
Price: U.S. $133.25/D fl. 260.00. 
ISBN 0-444-88229-4.

A comprehensive and detailed descrip
tion of the most widely used sample 
introduction techniques in atomic spec
troscopy is presented in this volume. 
Comprising 12 separate chapters, the 
book describes the theory in detail, and 
gives an account of techniques and se
lected applications of sample introduc
tion systems. The first chapter is an 
overview on sample introduction. The 
remaining 11 chapters are each devoted 
to a specific sample introduction and 
deal with the basic principles, describe 
the system, advantages, disadvantages, 
and selected applications. Systems de
scribed are: pneumatic nebulization, 
electrothermal vaporization, laser abla
tion, impaction/electrostatic precipita
tion, slurry atomization, ultrasonic and 
thermospray nebulization, hydride gen
eration, chromatographic, spark and

arc, low-pressure discharges, flow in
jection analysis, and direct solid intro
duction.

Comprehensive Analytical Chemistry. 
Edited by G. Svehla. Published by El
sevier Science Publishers, PO Box 
211,1000 AE Amsterdam, The Neth
erlands, 1990. 392 pp. Price: U.S. 
$177.00/D fl. 345.00. ISBN 0-444- 
87376-7.

This monograph deals with theory and 
practical applications of trace metals 
preconcentration. It gives general char
acteristics o f the process and describes 
in detail the methods of preconcentra
tion: solve extraction, sorption, co-pre
cipitation, volatilization, and others. 
Special attention is given to preconcen
tration in combination with subsequent 
determination methods. The use o f pre
concentration in analysis o f environ
mental and biological samples, mineral 
raw materials, high purity substances, 
and various industrial materials is also 
considered.

Flavour Science and Technology. Edited 
by Y. Bessiere and A.F. Thomas. 
Published by John Wiley and Sons,

mation, random walk processes, crite
ria of band broadening and resolution, 
steady-state zones, the statistics o f 
overlapping peaks, 2-dimensional sepa
rations, and so on. Chapter 7 is a transi
tion chapter comparing and classifying 
methods, and dissecting the multifacet
ed role o f flow in separations. The final 
5 chapters use the general principles of 
the first part to better understand fam
ilies o f techniques and specific methods. 
Coverage highlights electrophoretic 
and sedimentation technqiues, field- 
flow fractionation, and especially chro
matography.
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SPECIAL REPORT

Immunoassay of Pesticides

BENNETT M. KAUFMAN1 and MARION CLOWER, Jr
F o o d  a n d  D r u g  A d m i n i s t r a t i o n , D i v i s i o n  o f  C o n t a m i n a n t s  C h e m i s t r y ,  W a s h i n g t o n ,  D C  2 0 2 0 4

Determ ination of the p resence  and leve ls  of pestic ide  re s i
dues in food is  fundam ental in monitoring and regulatory 
programs. R es idues are  separated  from the food m atrix by 
so lvent extraction, fo llow ed by c leanup steps. The residues 
are  m ost often identified and quantitated by Instrumental 
ana lys is, usua lly  liqu id or gas chrom atography. Extraction  
and c leanup are  often laborious and tim e-consum ing; deter
m ination requ ires expensive , soph istica ted  instrumentation. 
There is  a  need for rapid, e a s ily  perform ed tests, such as 
im m unoassays, that cou ld  be used for screen ing under fie ld  
cond itions or for quantitation of res idues in foods in the 
laboratory. A lthough a large number of im m unoassays have 
been deve loped for pestic ide  chem ica ls , very few  have been 
sp e c if ic a lly  app lied  to foods, and on ly a very sm a ll number 
are cu rrently  a va ilab le  com m erc ia lly . The agenc ie s  charged 
w ith monitoring and regu latory responsib ilit ie s— Environ
m ental P rotection  Agency, Food and Drug Adm inistration, 
and U.S. Departm ent of A g ricu ltu re— as w e ll as p rofessional 
soc ie tie s  such  as A O A C  and the International Union of Pure 
and App lied  Chem istry , are  investigating and developing 
gu ide lines for test k it evaluation  and standards to be met 
before a k it can  be accep ted  as a p ractica l and useful 
method of ana ly s is  for use In the ir programs.

The Food and Drug Administration (FDA) is responsible for 
monitoring foods and feeds for the presence of pesticide 
residues [except for meat and dairy products, which are 
monitored by the U.S. Department of Agriculture (USDA)]. 
The current approved FDA methods for determination of 
pesticide residues in foods are codified as Pesticide Analyti
cal Manual, Vol. I, M eth o d s Which D etect M u ltip le  R e s i
dues, and Vol. II, M eth o d s f o r  Ind ividua l R esidues. Meth
ods generally involve extraction, cleanup, and determination 
by such techniques as gas chromatography (GC), mass spec
trometry (MS), liquid chromatography (LC), thin-layer 
chromatography (TLC), or other methods. These analyses 
require well-equipped laboratories and trained personnel, 
and are often laborious and time-consuming.

To increase the number of samples analyzed, and to broad
en the scope of analyses, rapid and simple tests are needed. 
Attention has focused on the development, testing, valida
tion, and adoption of immunoassay (IA) systems, including 
both radioimmunoassay and enzyme-immunoassay tech
niques. Application of IA technology to regulatory analysis 
of pesticide residues in food is on the horizon. An IA may be 
used as an initial “screening” assay to determine whether a 
residue is present before the food is subjected to a more 
complex analysis. IAs may also be used in a quantitative 
fashion, as an adjunct to a quantitative instrumental analy
sis.

The present paper includes a general account of the efforts 
to develop IAs for identification and quantitation of pesticide
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residues and the development of official guidelines for the 
adoption of assay kits for pesticide detection in food and 
water, and also describes current commercially available 
pesticide assay kits.

Im munoassay Technology

The basic theory and methodologies of IA have been the 
subject of previous reviews (1, 2), and the general require
ments, advantages, and disadvantages of using immunoassay 
and immunochemical systems for analysis of foods have been 
described (3-7). An IA must have several important charac
teristics: It should be specific, sensitive, preferably quantita
tive, rapid, and relatively easy to perform. Obviously, speci
ficity (the ability to detect only the target analyte) may 
depend on whether a specific residue (or even isomer) is to be 
determined, or whether cross-reactivity for an entire class of 
compounds is required. Likewise, the needed determination 
limit is related to the residue level that needs to be measured; 
it may be unnecessary for an assay to have the ability to 
measure, for instance, as little as one-thousandth of the toler
ance level. There may very well be a place in a monitoring 
program for a rapid assay as a simple screening step, the 
results of which determine whether further quantitative in
strumental analysis needs to be conducted. For this type of 
screening assay, the determination limit could be “adjusted” 
so that a positive result would be produced only if the level of 
pesticide present exceeds some predetermined level below the 
tolerance. Of obvious concern in such assays would be the 
frequencies of both false positives (leading to unnecessary 
repeat analysis by a more time-intensive method of an analyt
ical sample containing no residue) and false negatives (fail
ure to identify a violative sample).

IAs have the benefit of relatively rapid analysis times, due 
partly to their reduced requirement for extensive cleanup, 
which also renders the analysis easier. One important aspect 
of IA is the size of the analytical portion required. The 
sensitivity of IA is such that an analytical portion of less than 
10 g of a solid material needs to be analyzed. Whether this 
small an analytical portion is (or can be made) statistically 
representative of the 20 lb composite normally prepared for 
regulatory analyses is not yet known. Homogeneity studies 
indicate that a 5-10 g analytical portion is as statistically 
representative of the laboratory sample as the larger 100 g 
portion used for most other methods (S. Young and W. 
Trotter, FDA, unpublished observations, 1985).

Immunoassays rely on antibodies produced by an animal’s 
immune system in response to exposure to a foreign sub
stance or molecule. Antibodies are proteins with the ability to 
recognize and bind tightly to the foreign substance (the “an
tigen”) that elicited them. Antibodies are normally produced 
only in response to relatively large antigens, whereas small 
molecules (haptens) are unable by themselves to elicit an 
immune response. Pesticide molecules are generally quite 
small; therefore, the animal is immunized with a conjugate 
composed of the pesticide chemically coupled to a large carri
er protein. The resultant immune response produces antibod-
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ies directed against the large carrier, but also antibodies 
against the small pesticide hapten. Sera derived from animals 
immunized in this manner contain a large mixture of anti
bodies, some of which will recognize the pesticide and bind to 
it to differing degrees. However, such a polyclonal antiserum 
will vary in its characteristics not only from animal to animal, 
but also between different bleedings from the same animal; 
furthermore, the amount of sera produced by even a group of 
animals is limited.

One way to obtain an essentially unlimited supply of a 
single type of antibody is by production of hybridomas, a 
technique in which a normally short-lived antibody-produc
ing cell is fused with a long-lived cancer cell to produce a new 
hybrid cell with the characteristics of both parents (8). The 
resultant monoclonal antibody produced by a population de
rived from such a cell represents a homogeneous collection of 
antibodies of a single type that can be produced in large 
quantities for a long time.

Many IAs either were developed for clinical use, to deter
mine pesticide levels in serum, urine, or tissues of people 
exposed to pesticides (e.g., see section on P araqu at), or were 
initially developed to measure pesticide levels in water or soil 
extracts (e.g., see section on T riazines). Application of IA to 
measuring pesticide levels in foods involves modification of 
existing techniques, for extraction of the residue from the 
food matrix or the development of new techniques. Most IAs 
function only in aqueous solution, so that many current ex
traction procedures that use organic solvents would have to 
be modified to increase the percentage of water present. 
Likewise, IAs might be modified to tolerate some level of 
organic solvents. These problems and others will have to be 
addressed before IAs become adopted for routine pesticide 
analysis.

Types o f Enzyme Immunoassays

The first practical IAs were based on radioactively labeled 
reagents and are referred to as radioimmunoassays, or RIAs 
(9, 10). Concerns about the use and disposal of radioactive 
materials, and the need to prepare fresh, labeled reagents on 
a frequent basis, have led to the increasing use of enzyme 
immunoassays (EIA), involving either a homogeneous liquid 
phase (enzyme-multiplied immunoassay technique, EMIT) 
or a heterogeneous solid phase (enzyme-linked immunosor
bent assay, ELISA) (11). In an enzyme immunoassay, the 
detecting reagent, such as an antibody, is chemically coupled 
to an enzyme (usually horseradish peroxidase or alkaline 
phosphatase). When an appropriate substrate is added to the 
reaction mixture, the enzyme’s action on the substrate pro
duces a colored product that can be measured spectrophoto- 
metrically.

Enzyme immunoassays used for pesticide detection are 
overwhelmingly of the competitive type. In one variation 
(Figure 1), the antibody capable of binding the analyte is 
mixed with the test solution and a known amount of radioac
tive- or enzyme-labeled tracer analyte. The presence of ana
lyte in the solution reduces the amount of labeled material 
bound; the reduction may be quantitated by reference to a 
standard curve produced by different known concentrations 
of unlabeled analyte. These assays may be performed with 
the antibody immobilized on a solid phase, such as tubes, 
plates, or beads (a “capture” assay), or the antigen-antibody 
complex may be absorbed out of solution by charcoal, or 
precipitated by polyethylene glycol, Protein A, or other 
means.

In an alternative approach (the “sandwich” assay, Figure
2), the analyte, coupled to a carrier protein to facilitate 
binding, is attached to the solid phase. The analytical portion 
is then mixed with antibody (which may be labeled) specific 
for the analyte, and combined with the bound analyte. The 
amount of antibody reacting to the fixed analyte is then 
determined, either directly if the primary antibody was la
beled, or by addition of a labeled second antibody directed 
against the primary antibody.

In a manner analogous to that of the first type of assay, the 
amount of the antibody bound to the fixed analyte is reduced 
in a manner proportional to the amount of soluble analyte 
present in the analytical portion. A dose-response (standard) 
curve relating amount of signal (color, for EIA, or disintegra- 
tions/min, for RIA) to amount of analyte present can then be 
generated. In most cases, the dose-response curve is nonlin
ear. One standard method for linearizing the standard curve 
is the logit transformation, in which the transformed re-
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sponse (absorbance, in the case of EIA) is plotted as a func
tion of [log(concentration)] (2, 12):

logitp  = \n \ p / { \  - p ]

_ (A x -  N SB )

P ~  (B0 ~  N SB )

where A x is the response (signal) produced by the analyte, 
N S B  is a nonspecific, or reagent blank, and B„ is response in 
the absence of added test analyte (i.e, the maximum re
sponse).

Use of Immunoassays for Pe s tic ide  Determ ination

The major classes of pesticides are listed in Table 1. 
Throughout this review, the term “pesticide” will be used to 
describe insecticides, fungicides, rodenticides, herbicides, 
and other agents that are active against pests causing damage 
to food crops and to dairy and meat products.

P a r a q u a t

Paraquat and diquat are bipyridinium herbicides widely 
used as contact weed killers. Mortality from paraquat poi
soning is high (13); therefore, the ability to monitor the 
presence of paraquat in clinical specimens, as well as to 
detect paraquat residues on food crops, is quite important.

One of the first immunoassays for determination of a 
pesticide was an RIA developed for determination of para
quat in blood specimens of people who had ingested commer
cial formulations of paraquat solutions (14, 15). This assay 
had a determination limit of 0.6 n g /L  in plasma or urine and 
a correlation with GC determinations of paraquat of 0.998. 
Comparison to a dithionite colorimetric assay (16) likewise 
yielded an excellent correlation. The radioassay was applied 
to measurement of serum paraquat in poisoned patients in 
order to develop a correlation between paraquat levels and 
prognosis (17). Indeed, the reason for developing this assay 
appears to have been to help differentiate the patients who 
required minimal treatment (levels below 1 mg/L) from 
those for whom treatment would not be beneficial (above 1 
mg/L) and those for whom aggressive treatment could be 
efficacious (18).

These findings were extended in a study using plasma and 
urine paraquat levels as prognostic indicators, in which the 
RIA described above was compared with another colorimet
ric dithionite test (19).

Table 1. Major types of ch em ica l pestic ides

Type of compound Examples

Organophosphorus parathlon, malathlon, paraoxon, 
fenamiphos

Organohalogen DDT; 2,4,-D; alachlor
Cyclodiene endrin, dieldrin, chlordane
Hexachlorocyclohexane lindane, BHC

Carbamate carbaryl, benomyl, carbofuran
Rotenoid rotenone
Pyrethrold allethrin
Triazine atrazine, prometryne, ametryne, 

simazine
Substituted urea dlflubenzuron, chlorsulfuron
Bipyridyliums paraquat, diquat
Arsenicals ammonium and sodium salts of 

methanearsonate (MAMA, MSMA, 
DSMA)

Fluorine rodenticides fluoroacetate, fluoroacetamide
Nicotinold nicotine
Warfarin anticoagulants warfarin
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Fatori and Hunter (20) developed 2 RIAs for serum para
quat. One used a 3H tracer, gave results in 20 min, and could 
determine 10-2500 ng/mL. A second assay, using l25I, re
quired 2 h, but could determine as little as 0.1 ng/mL. Both 
assays used rabbit antiserum coupled to an insoluble carrier, 
and were based on the competition between labeled paraquat 
solutions and serum specimens—a competitive RIA.

An enzyme-based assay for serum paraquat has been de
scribed (21) that could detect 0.3-10 ng/mL; this assay has 
been refined by the use of a murine monoclonal antibody 
(mAb) (22) offering a 0.8-50 ng/mL sensitivity range. This 
monoclonal-based assay has been used to measure paraquat 
in soils (23); extraction required a 5 h reflux with 6N sulfuric 
acid followed by neutralization. Van Emon and coworkers 
(24, 25) developed an antiserum-based EIA in which test 
materials could be extracted by sonication in 6M HC1 before 
analysis. Paraquat residues could even be extracted from 
some matrices (e.g., cloth) by using the antiserum itself, 
although this method was quite wasteful of antibody.

This assay has also been used to determine paraquat in 
milk, beef, and potatoes (26), with average determination 
limits in these matrices of 2.5 ppb and recoveries of 65-80%, 
and has shown excellent correlation between the amount of 
paraquat found by ELISA and that determined by standard 
GC methodology.

Additionally, there are reports that murine mAbs directed 
against paraquat can be produced by both in vivo immuniza
tions of mice and in vitro immunization of murine spleen cells 
(27, 28). These reagents were actually developed to be used 
in a model system to study antigen-antibody interactions and 
to measure affinity (association) coefficients; they were not 
used to develop any immunoassay methodology for paraquat. 
However, useful protocols for the generation and purification 
of murine monoclonal anti-paraquat antibodies from ascites 
fluids were described (29).

Nagao and coworkers (30) used rabbit antiserum to devel
op an RIA for paraquat that was applicable to serum, urine, 
and acid extracts of human tissues from cases of paraquat 
poisoning. This assay could determine 1 ng paraquat in 1 mL 
liquid or 1 g tissue. Subsequently, these workers reported
(31) murine monoclonal anti-paraquat antibodies that were 
used to develop a competition ELISA with a linear determi
nation range of 1-10 ng paraquat/mL. This assay was not 
applied to the analysis of paraquat-containing foods or soils.

A fluorometric immunoassay for serum paraquat has also 
been reported (32). This assay was of the competition type, in 
which fluorescein-labeled paraquat was mixed with the se
rum, and sheep anti-paraquat antibodies were added. The 
antibody-bound paraquat was precipitated from solution by 
addition of donkey anti-sheep antibodies, followed by centrif
ugation; the precipitate was redissolved and its fluorescence 
determined. The amount of fluorescent paraquat bound was 
inversely proportional to the amount of unlabeled paraquat 
in the serum, with a linear determination range of 20-2000 
tig paraquat/L. The coefficients of variation (CVs) of the 
assay range from 6 to 9%, depending on the paraquat concen
tration. Quantitative recovery of paraquat added to serum 
was reported. This assay, like several of those described 
above (14, 15, 17, 18, 21, 22), was developed for clinical use 
in cases of human paraquat poisoning, and was not applied to 
the analysis of crop or food materials.

Organophosphorus Compounds

The organophosphorus (OP) pesticides are anticholines
terase (anti-AChE) agents operating at cholinergic neuro

muscular junctions; these compounds can cause both acute 
and chronic toxicity in humans (33). Although OP com
pounds are among the most widely used types of pesticides, 
little work has been done on developing IAs for these materi
als.

An abstract describing a rabbit anti-malathion antiserum 
has appeared (34); reactivity of the serum was demonstrated 
only by the formation of a precipitating complex of antigen 
and antibody. Sternberger et al. (35) raised antibody in rab
bits by injection of parathion oxygen analog-hemocyanin 
conjugates. Their brief report mentions the use of RIA to 
determine antibody levels and the ability of immunized rab
bits to survive challenge with up to 3 times the lethal dose of 
the pesticide. Because these authors were not attempting to 
develop IAs for pesticides, no assay data were presented.

Haas and Guardia (36) obtained rabbit antiserum by im
munizing rabbits with conjugates of either DDA [2,2-bis(p- 
chlorophenyl)acetic acid] or the monoester of malathion. 
Again, IA development was not the goal of the experiments; 
in fact, because the sera did not react in a precipitating 
fashion with the haptens (presumably because the univalent 
haptens could not form a precipitating complex), an indirect 
passive agglutination technique had to be used to measure 
specific antibody.

Ercegovich et al. (37) developed an RIA for parathion 
with a determination limit of 0.1-0.2 ppm parathion in blood 
plasma or vegetable extracts. The assay was of the type in 
which the test portion is mixed with antibody, radiolabeled 
analyte is added, and the antibody-bound material is separat
ed from the free material by addition of dextran-coated char
coal; the antibody-bound material is left in the supernate. 
Although as little as 80 ng/mL could be measured in stan
dard solutions, the determination limit of the assay with 
actual sera and plant extracts was 200 ng/g, an effect the 
authors attributed to the ability of the test materials to pro
duce nonspecific inhibition of antibody; i.e., a “matrix ef
fect.”

An EIA for the oxygen analogue of parathion was devel
oped (38) that could determine the compound at levels of 280 
pg/mL in serum or 28 pg/mLin buffer solution (note the 10- 
fold decrease in determination level because of the “matrix 
effect” of serum).

The U.S. Army has done a great deal of research on the 
immunology of OP nerve agents (sarin and soman). Both 
rabbit (39) and chicken (40) polyclonal and murine monoclo
nal (41-43) antibodies have been raised against these materi
als, and used to develop IAs capable of determining as little 
as 200 ppb soman in standard solutions (41) or 40 ng/mL in 
serum or milk (43). The cross-reactivities of the antibodies 
with OP pesticides are unknown but represent an interesting 
area of investigation.

Organohalogen Pesticides

Despite the long and widespread used of chlorinated or
ganic pesticides, little work has been done on the develop
ment of IAs for these compounds. As previously mentioned, 
Centeno and Johnson (34) described production of a rabbit 
antiserum reactive with DDT, which they used in an assay 
system (44). Results were expressed only as a titer (i.e., the 
reciprocal of the dilution of antiserum giving a measurable 
agglutination reaction). Although the serum reacted well 
with the dichlorodiphenyl acetic acid (DDA) derivative used 
as the original immunogen, little or no reactivity was ob
tained with parent DDT. Sera from immunized rabbits and 
normal or “DDT-sensitive” (allergic) humans were tested;
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although high titers were found in the immunized animals, 
the titers of the allergic individuals were not significant. This 
assay was not applied to determination of residues in foods, 
however.

Likewise, the anti-DDA serum developed by Haas and 
Guardia (36) was specific only for DDA and not for DDT, as 
was found in the similar studies of Centeno and coworkers, 
noted above. This system was not developed any further.

Langone and Van Vanukis (45) developed a precipitating 
competitive RIA for dieldrin and aldrin (determination lim
its of 50 pg/mL and 2 ng/mL, respectively), which required 
13 times as much heptachlor and 26 times as much chlordane 
to achieve 50% inhibition as dieldrin. The assay required a 
high protein concentration in the buffers (up to 10% horse 
serum) to yield reproducible results. The effect was attribut
ed to higher solubility of dieldrin in serum than in water. This 
assay was not applied to crop materials, however.

Banerjee (46) reported an ELISA for DDA analysis in 
urine. The assay had a determination limit of 5-10 ng/mL of 
urine and recoveries of 96% from fortified urine, and results 
correlated almost completely with values found by GC or 
colorimetric analysis. This assay also has not been applied to 
foods or crops.

An RIA method for determining 2,4-dichlorophenoxyace- 
tic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T) in water was described by Rinder and Fleeker (47). 
This assay was a competition RIA and required the precipita
tion of the antigen-antibody complex by Protein A. The 
respective limits of determination and recoveries for 2,4-D 
and 2,4,5-T were 1 ng/lOmL and lOng/lOmL water and 90 
and 94%, respectively. However, the method could not distin
guish between the 2 compounds if both were present.

The method was superseded by an EIA specific for 2,4-D 
that involved 2 different antisera prepared with different 
immunogens (48). One system had a limit of determination 
of 1 ng/mL water, the other of 5 ng/mL; recoveries for both 
exceeded 94%. Detailed protocols for production of immuno
gens, antisera, enzyme labeling of reagents, and assay proto
cols were given, and although the assay gave excellent results 
with water, it was not used for food or crop materials.

A similar RIA for 2,4-D was developed by Knopp et al. 
(49). In the assay, the test material, 3H-labeled tracer, and 
antiserum were incubated for 24 h; then the immune complex 
was precipitated with polyethylene glycol and human gamma 
globulin and the radioactivity of the precipitate was counted. 
The assay could determine 250 pg 2,4-D/mL and was fairly 
specific for this analyte, showing below 10% cross-reactivity 
with 2,4,5-T and even less with other 2,4-D derivatives. The 
intra- and interassay CVs were 5.3 and 13.1%, respectively. 
The assay was also applicable to serum, urine, or water; 
recoveries from serum were 96%. The authors stated that 
“. . .  the applicability for plant tissues should be investiga
ted,” although they did not do so themselves.

A competition ELISA and an RIA for 2,4-D with a range 
of determination of 100-10 000 ng/mL river water and 50- 
10 000 ng/mL urine have been reported (50). An RIA using 
antipicloram antiserum was capable of determining picloram 
at 50-5000 mg/mL in water and urine. The RIA method 
used tritiated glycine coupled to the herbicides, yielding a 
stable, long-lived reagent; this method was quicker and easier 
than the ELISA technique. However, because a scintillation 
counter was required to measure the radioactivity, the RIA 
method was limited to laboratories so equipped.

An ELISA for the chloroacetanilide herbicide alachlor in 
water has been reported recently (51). The assay had a

determination range of 0.2-8.0 ppb in 1 mL water and a 0.84 
correlation with values determined by GC/MS (although the 
interassay CVs for the ELISA, at 10-40%, were reported to 
be much higher than those of the GC/MS analyses). Howev
er, determination of alachlor is complicated by the rapid 
degradation of the parent compound in the environment 
(52), so that an assay able to determine the degradation 
products would be more appropriate.

A capture-type enzyme immunoassay for the insecticide 
endosulfan capable of determining the compound at a level of 
3 ppb in aqueous solutions (soil extracts and water) has been 
described (53); the assay had a useful measurement range of
3-400 ng/mL, and was capable of determining both the 
parent compound and its degradation products. Although 
cross-reactivity with most other organochlorine pesticides 
was low, endrin reacted twice as much as endosulfan.

C a r b a m a t e s

One of the first IAs for the carbamate pesticide benomyl 
measured the change in fluorescence polarization upon the 
binding of anti-benomyl antibody to fluorescently labeled 
antigen (54). The rate of change of polarization of the fluo
rescence emitted by the labeled antigen was a function of the 
amount of unlabeled competing antigen present in the mate
rial being analyzed. Although this method could determine 
benomyl at the subnanogram/mL level, it could be used only 
in a neutral aqueous environment and required sophisticated 
equipment with which to measure the fluorescence polariza
tion.

An RIA for benomyl was developed in which rabbit anti
sera were used against 2-succinamidobenzimidazole, which 
reacted with the benomyl decomposition product methyl 2- 
benzimidazole carbamate (MBC) (55). Homogenized cu
cumber or melon was mixed with ethyl acetate and sodium 
carbonate, the mixture was refluxed and filtered, the filtrate 
was dried, and aliquots were redissolved in buffer for assay. A 
competition radioassay with l4C-MBC was used; unbound 
material was removed with charcoal. Recoveries ranged from 
80 to 90%, and the correlation with LC methodology was 
0.99 at the 1 ppm level. The assay was later converted to an 
EIA, using a microtiter plate format (56). The revised assay 
was capable of determining 0.35 ppm benomyl and 0.03 ppm 
thiabendazole in ethyl acetate/sodium carbonate extracts of 
pears, potatoes, lemons, grapefruit, and apples. The antise
rum and fruit or vegetable extract were premixed 15-30 min 
before addition to the plate coated with MBC or thiabenda
zole. No “matrix effect” was observed in this system.

T r l a z l n e s

Several EIAs have been developed for determination of the 
triazine herbicide atrazine. Huber (57) described the devel
opment of an enzyme immunoassay applicable to the deter
mination of atrazine in water. The assay system was a “cap
ture” type in which the antibody (either crude ammonium 
sulfate-precipitated or affinity-purified) was bound either to 
microtiter plate wells or to polystyrene spheres, enzyme- 
labeled tracer analyte and analyte-containing water were 
combined with the antibody, and the amount of bound en
zyme-labeled tracer was determined (the greater the concen
tration of atrazine in the water, the less tracer bound). The 
affinity-purified antibody bound to microspheres allowed de
termination over a range of 2.1 -10 500 ng/L water, or 0.11 -  
550 ppt; the microtiter assay could determine 0.011-33 ppb. 
No attempts were made to apply this assay to other materi
als.
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Tab le  2. Foods ana lyzed  by a trazlne  immunoassay*

Milk Corn oil
Fruit juices Corn meal
Soft drinks Pineapple (fresh, canned)
Molasses Corn (fresh, canned, frozen)
Corn syrup Potato and corn chips
Sugar Macadamia nuts

a Data from Ref. 59.

Another EIA for atrazine determination in water and soil
(58) and in foodstuffs (59) has also been described. This is a 
tube type of capture assay, in which the analyte in the test 
portion competes with enzyme-labeled tracer analyte for 
binding to antibody bound to the walls of a plastic tube. 
Although the number of test portions that can be analyzed by 
this type of assay is limited because of the difficulties of 
handling more than just a few tubes, a portable photometer 
can be used in the quantitation step, and thus the test is field- 
adaptable. The assay was able to determine 0.5-10 ng atra- 
zine/mL (or other triazines, because the antiserum used 
cross-reacted) in water or soil extracts. Recoveries ranged 
from 70 to 90+%, and compared favorably with those deter
mined by LC.

This assay has been applied to determination of residues in 
a variety of foods (Table 2), ranging from fruit juices and 
milk to nuts, pineapple, potato, and fresh, canned, and frozen 
corn (acetonitrile-water extracts of solid foods were used). 
The interassay CV for these assays was quite good, ranging 
from 2.4 to 13.7% in solid foods and from 3.8 to 10.9% in 
liquid materials. This assay represents a good general screen
ing technique for total triazines, because the antiserum cross- 
reacts with prometryn, ametryn, propazine, dipropetryn, and 
others. The assay is available commercially from Immuno- 
Systems, Inc., Scarborough, ME, as the RES-I-MUNE At
razine kit for the detection of triazines in water (see C om 
m ercia l Im m un oassay K its  f o r  P estic ides, below). Adapta
tion of this kit for determination of triazines in foods is 
currently being investigated (C. Thorpe, Food and Drug 
Administration, personal communication, 1989; see discus
sion below). The RES-I-MUNE triazine assay kit has been 
used to monitor exposure of workers using towed atrazine 
spray applicators (60), by measuring pesticide levels in wash
ings from their protective clothing and respirator mask fil
ters.

Schlaeppi et al. (61) have also developed 1 monoclonal- 
based ELISA for atrazine and a second, using a different 
mAb, for its metabolic product, hydroxyatrazine. Cross
reactivities for propazine and hydroxypropazine, respective
ly, were noted. The assays could determine 0.05 ppb of the 
triazines in 0.85 mL water or 50 ppb in methanol-water 
extracts of soils (2 g/20 mL solvent). Good recoveries from 
fortified analytical samples were reported, and the correla
tion with an LC method for atrazines in water was 0.91. No 
food or crop materials were analyzed, however.

Dunbar et al. (62) have described a competition ELISA 
for atrazine/propazine capable of determining these herbi
cides at the 0.1 ng/mL level. Cross-reactivity with other 
triazine and nontriazine compounds was low or nil. This 
assay was not applied to determination of atrazine/propazine 
in water or crop materials.

P y r e t h r o l d s

An antiserum against the pyrethroid insecticide S'-bioal- 
lethrin was produced by Wing et al. (63) and used to develop

an RIA that was specific for the active S-isomer (64). Al
though the assay was reportedly able to determine 1.2 nmol 
of pure material, no food or plant extracts were analyzed.

M i s c e l l a n e o u s  P e s t i c i d e s

An EIA for the herbicide diclofop-methyl has been de
scribed by Schwalbe et al. (65). Enzyme-labeled antigen was 
mixed with rabbit antiserum; the bound material was precipi
tated with goat antirabbit secondary antibody and 7% PEG. 
The serum showed a higher activity against diclofop than 
against the methyl ester, probably because of the use of the 
acid to produce the hapten-carrier conjugate immunogen. 
Extracts from a variety of fortified biological materials (Ta
ble 3) were analyzed. It should be noted that the materials 
were fortified immediately before immunoassay; so, al
though recoveries of >99% for diclofop and 100% for diclo
fop-methyl were reported, no data were presented for natu
rally incurred analytes.

Newsome (66) reported an ELISA which was used for 
determination of residues of the fungicide metalaxyl in forti
fied cucumber, avocado, potato, squash, and tomato. Pesti
cide residues were extracted from homogenized crop materi
als with methanol; aliquots were incubated with rabbit anti
serum for 30 min and then placed in wells of metalaxyl- 
ovalbumin-coated plates for 30 min. The plates were then 
washed, and enzyme-labeled antirabbit antiserum was added 
for 30 min, after which the plates were developed by addition 
of substrate. The CVs between replicates for this assay were 
5%, and the minimum amount that could be determined was 
63 pg/mL, or 0.025 ppm in the crop; overall recoveries aver
aged 87%. No matrix effect was observed in this system.

Newsome also described a similar ELISA for the fungicide 
triadimefon (Bayleton) in foods, applicable to methanol ex
tracts of apple, pear, and pineapple and ethyl acetate extracts 
of grape (the grape ethyl acetate extract was dried and redis
solved in methanol for assay) (67). Plates were coated with a 
succinyl triadimefon-ovalbumin conjugate. The fruit ex
tracts were preincubated for 30 min with rabbit antiserum 
(prepared against a human serum albumin-succinyl triadi
mefon conjugate) and then added to the plate for 1 h. The 
assay was then developed as described above. Recoveries 
ranged from 77% (pineapple) to 112% (apple) when the fruits 
were fortified at the 0.5 ppm level and above (CV 5.1%), and 
compared favorably with recoveries by a GC method.

Kelley et al. (68) described an ELISA for determination of 
the herbicide chlorsulfuron in soils. Aqueous alkaline ex
tracts required no cleanup before analysis, and cross-reaction 
by degradation products was minimal. The sensitivity of the 
assay was 0.1-0.3 ng/mL (equivalent to 0.4-1.2 ppb). Serum 
from only 1 rabbit was used, so the supply of the reagent is 
quite limited. As previously discussed, this limitation repre
sents one of the factors to be considered in the adoption of any 
immunoassay for widespread use.

An RIA (69), and subsequently an ELISA (70), have been 
reported for determination of the benzoylphenylurea insect 
growth regulators diflubenzuron and BAY SIR 8514. The

Tab le  3. S am p les ana lyzed  by d iclofop-m ethyl 
imm unoassay*

Soil Sugar beets
Milk Soybeans
Urine Wheat shoots
Serum Wheat grains

Data from Ref. 65.
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Tab le  4. Com m erc ia l pestic ide  detection k its

Manufacturer Assay
Pesticide(s)

detected
Type of
assay3 Sensitivity6 Matrix6

ImmunoSystems, ine. 
4 Washington Ave. 
Scarborough, ME 
04074

Res-I-Mune Atrazine atrazine, simazine, propa- 
zine

ET 1 ppb water, acetonitrile extracts 
of food

Res-I-Mune Aldicarb aldicarb ET N /S 6 N /S
Res-I-Mune Chlordane chlordane, heptachlor, diel- 

drin, aldrin, endrin, endo- 
sulfan

ET 25 ppb water, food extracts

Res-I-Mune Carbofuran carbofuran ET 1 ppb water, food extracts
Res-I-Mune 2,4-D 2,4-dichlorophenoxyacetic

acid
ET 1 ppb water, food extracts

Res-I-Quant Alachlor alachlor, metachlor, m eta- 
laxyl

EM 0 .5 -2 0  ppb water

Res-I-Quant Benomyl benomyl (as carbendazim) EM 0 .4 -1 0  ppb water, juices
Res-I-Quant Triazine atrazine, prometryn, sima

zine
EM 0 .0 3 -3  ppb water

Environmental 
Diagnostics 

P.O. Box 908  
2990 Anthony Rd 
Burlington, NC 
27215

EZ-Screen paraquat EC 100 ppb urine, serum, saline extracts 
of food, crops

ACTIO, Inc.
1127 57th Ave. 
Oakland, CA 94621

Pesticide Detection Kit chlorinated hydrocarbons: 
parathion, phosmet, azo
phene, carbaryl

CC 2 -5  ppm water, chloroform extracts 
of crops

Enzytec, Inc.
425 Volker Blvd. 
Kansas City, MO 
64110

ENZYTEC Pesticide De
tector Ticket

organophosphorus and car
bamate pesticides

CC 1-10  ppm water

3 Assay type: ET =  competition ELISA in tubes; EM =  competition ELISA in microwells; EC =  EIA on card; CC =  colorimetric cholinesterase inhi
bition on card.

6 Claimed by manufacturer. 
c Suggested by manufacturer.
6 N /S  =  not stated by manufacturer.

RIA used a charcoal precipitation step to separate the anti
body-bound from the unbound ligand. No determination lim
its were reported; the assay was used to determine whether 
serum from immunized animals reacted with the immunizing 
antigen, and was not quantitative.

The ELISA was developed by using antisera from 3 differ
ent rabbits. One serum reacted much better with difluben- 
zuron than with BAY SIR 8514; another reacted equally well 
with both. The third, reactive with diflubenzuron, was direct
ly labeled with alkaline phosphatase to produce a single-step 
direct assay. Except for differences in antigen specificity, all 
3 sera produced equivalent results. The best antiserum could 
determine 1 ppb in water directly, with 100% recovery from 
fortified materials, and was able to determine 40 ppb in 
whole milk diluted 1:4 in buffer. Again, it should be noted 
that the “matrix effect” reduced determination in milk by 
some 40-fold.

The exquisite specificity possible with immunoassays was 
demonstrated in the report of an RIA developed for plasma 
warfarin by using antisera specific for either the R-isomer or
5-isomer (71). This specificity paralleled that reported for 
the antiserum to 5-bioallethrin, described above. The warfa
rin antisera were generated by immunization of animals with 
pure isomer conjugated to bovine serum albumin; cross-reac
tivity was 0.3% for 5-antiserum with R-isomer and 3.3% for 
R-antiserum with 5-isomer. The linear range of the assay

was 25-1600 pg standard in 0.7 mL buffer (equivalent to 25 
ng/mL plasma). CVs were 3% intraassay and 9% interassay. 
This assay was not applied to food or soil analysis.

Com m erc ia l Im m unoassay K its  for P e s tic ide s

A v a i l a b i l i t y

As of April 1990, only a small number of commercial IA 
kits are available for determination of pesticide residues. The 
kits, their manufacturers, and some of the characteristics of 
the kits are listed in Table 4. Most of the kits were originally 
developed for determination of residues in water; techniques 
to adapt them to food and crop extracts are being developed. 
Also included in Table 4 are descriptions of colorimetric 
(non-IA) field tests for determining organophosphorus and 
carbamate pesticide residues.

The commercial IA kits with sensitivities of 1-100 ppb (as 
claimed by their manufacturers) would appear to be useful as 
first-step screening tests. As supplied, the kits are at best only 
semiquantitative. Likewise, because most kits were devel
oped for detection of residues in water, extraction and per
haps cleanup steps would be necessary before crop materials 
could be assayed.

The RES-I-MUNE kit assays are performed in plastic 
tubes. The tube format limits the number of analytical sam-
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pies that can be determined simultaneously. Although the 
card format of the EZ-Screen kit might be more manageable, 
it is difficult to quantitate results. A  better test format would 
use the 96-well microtiter plate often used for EIA (which 
would allow a standard curve to be run with each set of test 
samples, thus facilitating quantitation) and would provide 
room for a larger number of test portions to be analyzed, 
along with replicates. The recently introduced RES-I- 
Q U A N T  immunoassay kits for alachlor and benomyl offered 
by ImmunoSystems (see Table 4) use a microwell format 
(eight 12-well strips). It is claimed that they are capable of 
quantitating pesticides at levels of 0 .5-20  ppb. However, the 
alachlor kit determines only the parent compound, and, as 
noted above (52), this particular compound degrades rapidly, 
so determination of the parent alone is of only limited use. 
Battery-powered portable spectrophotometers are available 
(such as the M R250, from DYNATECH , Chantilly, VA 
22021), so that hard copy printouts of quantitative results 
can be generated in the field.

O f f i c ia l  E v a l u a t l o n / A c c e p t a n c e  o f  IA  K i t s

Immunoassay methods are not well characterized, and 
although validation methods are not yet firmly established, 
the Environmental Protection Agency (EPA) (72), AOAC  
(73 ,74 ), and the Food Safety and Inspection Service (FSIS) 
of the U SD A  (75) have published proposed guidelines for the 
evaluation of IA test kit applications, setting up collaborative 
studies, data review, and adoption of IA methods.

An immunoassay submitted to EPA for evaluation must be 
optimized and documented by the developer and should be 
accompanied by detailed protocols as well as descriptions of 
reagent preparations; assurances of adequate pools o f re
agents, especially antibodies employed in the test; quality 
control procedures; and, if  possible, comparisons to other 
analytical methods. The test will be evaluated by EPA on the 
basis of performance with known materials, including differ
ent matrices, the occurrence of systematic errors, variability, 
and comparison with existing tested analytical methods, us
ing a 3-5  laboratory collaborative study. EPA will then for
mulate recommendations regarding the usefulness and ac
ceptability of the test.

In addition to its draft guidelines on collaborative study 
procedures (73), AOAC also established a task force on test 
kits and proprietary methods to draft recommendations on 
the use of reagents, descriptions in Official Methods of Anal
ysis, and validation required before a change or improvement 
in a protocol can be made (74). Recommendations included 
the following: (a) specifications for components must be 
included as part of the method, and future batches of the test 
must meet the specifications; (b) kit manufacturers must 
notify AOAC when any changes to components or protocols 
are made, and the General Referee will determine if such 
changes require a new validation protocol; (c) for pass/fail 
(qualitative) methods, acceptable rates of false positives and 
false negatives need not be specified, but will be considered 
on a case-by-case basis (it should be noted that there are no 
criteria for evaluation of qualitative methods proposed by 
any organization responsible for validating test kits for offi
cial use); and (d) because proper validation is AOAC’s goal, 
no limits will be set on the number of methods validated for a 
given analyte.

The FSIS has proposed a review and approval process with 
4 major steps: (a) a decision by the deputy administrator for

Technical Services to review a submitted test; (b) approval 
by the coordinator (the director of Technology Transfer and 
Assessment) o f the test’s laboratory performance; (c) accep
tance by the coordinator of a collaborative study; and (d) 
final consideration by the Test Review Steering Committee 
and approval by the deputy administrator. Applications are 
first sent to the Test Review Steering Committee for an 
evaluation of the need for, and interest in, the submitted test. 
If there is need/interest, the information then goes to a 
technical reviewer, who reviews the scientific basis o f the test. 
The review is forwarded to the deputy administrator, who 
approves or rejects further action on the test application. An 
application would give background information (purpose, 
matrices to be used, etc.), the equipment and reagents need
ed, the laboratory characteristics o f the test (quantitation, 
standard curves, recoveries), especially specificity, and a dis
cussion and interpretation of results. Approval of a test re
quires prior information about the costs o f the test, the assur
ances of at least a 1-year supply of special reagents such as 
antibodies, complete protocols, and a quality control/quality 
assurance plan. A collaborative study using representative 
laboratories is required to validate test performance before 
final approval; the applicant plans, executes, and bears the 
costs of the entire test development process. Approvals expire 
after 1 year, so that tests found unsatisfactory during field 
testing may be eliminated; approvals will be reissued if test 
data are satisfactory.

Summary

A large number of IAs potentially capable of measuring a 
wide range o f pesticide compounds have been reported in the 
literature. Some, such as IAs for atrazines, paraquat, para- 
thion, benomyl, diclofop, and metalaxyl, have been specifi
cally applied to water, soil, and food matrices. Others, al
though not originally developed to be used for determination 
o f residues in foods, such as IAs for malathion, 2,4-D and
2,4,5-T, dieldrin and aldrin, and pyrethroids, could possibly 
be developed into assays useful in food analysis.

Agencies involved in testing for pesticide residues, such as 
the EPA and USD A , as well as AOAC, have proposed guide
lines to be used in the evaluation of assays submitted to them.

The growing need for faster, easier methods that allow 
screening of larger numbers of analytical samples, and the 
need to determine which test samples require more extensive 
analysis, means that IAs will become an important part of the 
analytical requirements necessary to maintain FDA’s regula
tory responsibilities.
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ALCOHOLIC BEVERAGES

Gas Chromatographic Determination and Pattern Recognition Analysis of Methanol and 
Fusel Oil Concentrations in Whiskeys

L I N D A  A . W I L S O N , * 1 J I A  H. D I N G , 2 and A . E D W I N  W O O D S
Department o f Chemistry, Middle Tennessee State University, Murfreesboro, 77V 37132

A more efficient determination of methanol and fusel oil in 4 
types of whiskeys was accomplished using gas chromatog
raphy and temperature programming. Carbopack C with 
0.2% Carbowax 1500 (Supelco, Inc., Bellefonte, PA) pro
duced baseline separation of 13 aliphatic alcohols containing 
5 carbons or less. A comparison of methanol and fusel oil 
concentrations between various types of whiskeys Indicates 
that bourbon and sour mash whiskeys contain considerably 
more fusel oil (275 ±  12 and 265 ±  5 mg/100 mL, respec
tively) than blended and scotch whiskeys (47 ±  5 and 114 ± 
7 mg/100 mL, respectively). All concentrations were cor
rected to 100 proof. A statistical pattern recognition analysis 
of the data showed that fusel oil components (1-propanol, 2- 
methyl-1-propanol, 2-methyl-1-butanol, and 3-methyl-1-bu- 
tanol) and methanol could be used to distinguish between 
bourbon-sour mash, blended, and scotch whiskeys. Bourbon 
and sour mash whiskeys were indistinguishable by fusel oil- 
methanol analysis. A significant increase in methanol con
tent occurred In bourbon and sour mash whiskeys after 
bottles were opened and resealed for up to 58 months; fusel 
oil content remained essentially unchanged.

Analysts often need a simple method for chemically distin
guishing between various types of aged whiskeys. The most 
common types of aged whiskey are bourbon, sour mash, 
blended, and scotch whiskeys. Gas chromatographic (GC) 
analysis is the method of choice; however, the complete vola
tile component profile is quite complex and difficult to inter
pret. The major volatile compounds, other than ethanol, are 
found in the fusel oil fraction. This fraction contains 1 - 
propanol («-propyl alcohol), 2 -methyl-1 -propanol (isobutyl 
alcohol), 2-methyl-1-butanol (active amyl alcohol), and 3- 
methyl-1 -butanol (isoamyl alcohol) in various concentra
tions. Small amounts of methanol (generally less than 25 
mg/100 mL) and phenylethyl alcohol (less than 130 mg/100 
mL) are also found; however, these alcohols are not generally 
included as part of the fusel oil fraction.

Individual components of fusel oil are not commonly used 
to distinguish between various types of whiskeys. However, 
this study was initiated to determine the feasibility of using 
GC analysis of fusel oil components combined with a statisti
cal pattern recognition computer program as tools for classi
fying an unknown whiskey.

The direct GC method is undoubtedly best for determina
tion of methanol and fusel oil; it is the simplest and fastest as 
well as the most sensitive and accurate. The efficiency and 
resolution of gas chromatography has improved with the 
development of better supports and liquid phases. Liquid 
phases such as Carbowax have been most useful for deter
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mining fusel oil (1). A combination of 2 liquid phases on 1 
support to resolve fusel oil has been reported (2, 3). These 
liquid phases have certain disadvantages such as thermal 
instability, especially when temperature programming is 
used. It is difficult to apply these mixed phases homoge
neously to the solid support. Graphitized carbon black (Car
bopack B) coated with PEG 20M and trimesic acid (4) or 
acid-washed Carbopack B coated with PEG 20M have been 
used in the separation of fusel oil in whiskey (5). AOAC 
methods use 23% Carbowax 1500 on Chromosorb W or 2% 
glycerol and 2% 1 ,2,6-hexanetriol on Gas-Chrom R (6 ). 
More recently, a 5% phenylmethylsilicone fused silica capil
lary column (7) has been used and liquid chromatographic 
(LC) methods have been developed (8 , 9). Most separations 
suffer from lack of complete resolution of 2 -methyl- 1 -buta
nol and 3-methyl-1-butanol.

Pattern recognition has been applied frequently to GC 
analysis of alcoholic beverages. For example, Rapp et al. (10) 
used this technique to differentiate between varieties of wines 
and grapes. They did not use a computer program but relied 
on manual comparison of a few components of the GC pro
file. Kwan and Kowalski (11) examined some 137 compo
nents with computerized pattern recognition to classify wine 
as to geographic origin and correlate various sensory quali
ties with the GC profile. Noble et al. (12) conducted similar 
work on the varietal classification of wine. Schreier and 
Reiner (13) used multiple discriminant analysis to distin
guish between French and German grape brandies and 
French cognacs. Saxberg et al. (14) applied pattern recogni
tion techniques to distinguish a well-known brand of scotch 
whiskey from less expensive whiskeys to detect counterfeit 
whiskey. Simpkins (15) used congener profiles in the detec
tion of illicit spirits. Other studies (16-18) have included 
multiple discriminant analysis in the classification of Vene
tian white wines.

The present study describes a single direct injection proce
dure for separating and quantitating methanol and fusel oil 
in whiskey using temperature programming with 0 .2 % 
Carbowax 1500 on Carbopack C (Supelco, Inc., Bellefonte, 
PA).

The data were analyzed using a statistically based pattern 
recognition program (EINSIGHT) to determine whether the 
fusel oil fraction and methanol concentrations of 4 whiskeys 
could be used to distinguish one type of whiskey from anoth
er.

Experimental
C hrom atographic sy s tem .—A Varian Model 3700 gas 

chromatograph equipped with dual flame ionization detec
tors was used for all studies. All chromatograms and calcula
tions were obtained and recorded using a Perkin-Elmer Mod
el 3600 computer with CHROM II software. The column 
was a 6  ft X 2 mm id glass column packed with 0.2% 
Carbowax 1500 on Carbopack C (80-100 mesh) (Supelco,
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T able  1. G a s ch rom atograph ic  retention  t im es  of a lco h o ls
rela tive  to  1-butanol

IUPAC
name

Common
name RRTa

methanol methyl alcohol 0.03
ethanol ethyl alcohol 0.08
2-propanol isopropyl alcohol 0.18
1-propanol /t-propyl alcohol 0.28
2-methyl-2-propanol fert-butyl alcohol 0.34
2-butanol sec-butyl alcohol 0.60
2-m ethyl-1 -propanol Isobutyl alcohol 0.72
1-butanol n-butyl alcohol 1.00
3-pentanol 1.43
2-pentanol sec-amyl alcohol 1.58
2-methyl-1-butanol active amyl alcohol 1.69
3-methyl-1-butanol isoamyl alcohol 1.81
1-pentanol n-amyl alcohol 2.08

a RRT = 1 . 0  for 1-butanol.

Inc.). Helium at 30 mL/min and 50 psi inlet pressure was the 
carrier gas. The column oven temperature was held at 55°C 
for 4 min., then programmed to increase at 2°C/min to a 
final temperature of 95°C. The detector block and injection 
port temperatures were 150°C.

R eagen ts an d  s ta n d a rd s .—The calibration standard solu
tion for quantitation consisted of a mixture of methanol, 1 - 
propanol, 2-methyl-1-propanol, 2-methyl-1-butanol, and 3- 
methyl-1-butanol at concentrations of 2.40, 2.40, 9.60, 
10.95, and 18.36 mg/100 mL, respectively, in ethanol-water 
(5 + 95, v/v). 1 -Butanol was added as an internal standard to 
the calibration standard solution and all whiskey samples at a 
final concentration of 8.10 mg/100 mL. All alcohol stan
dards were GC grade chemicals (Chem Service, West Ches
ter, PA). The 3-methyl-1-butanol standard contained 8.7%
2-methyl-1-butanol as a contaminant. The standard 2-meth

yl-1-butanol contained 5.5% 3-methyl-1-butanol. A correc
tion factor was used for the concentration of each of these 
alcohol standards. An aqueous solution of 7-9 mg/100 mL of 
each of the alcohols listed in Table 1 was used for the stan
dard solution for relative retention time measurements.

S a m p le s .—122 bottles of bourbon, sour mash, scotch and 
blended whiskeys were purchased from retail liquor stores. 
The whiskeys were placed into 1 of the 4 categories (bourbon, 
sour mash, scotch or blended) according to their original 
labels. The scotch group includes whiskeys identified by the 
manufacturer as being blended scotch as well as those scotch 
whiskeys not identified as such. Seventy-nine whiskey sam
ples had been opened then resealed for 1 2  months, 26 months, 
and 58 months.

A n aly tica l m e th o d .—The gas chromatographic system 
was calibrated by injecting 2  p L  of the calibration standard. 
Internal standard was added to each sample and 2 p L  of each 
was injected on column without further sample preparation. 
Retention times, peak areas, and concentrations were record
ed by the CHROM II software.

Results and Discussion

F u s e l  O il  a n d  M e th a n o l  A n a l y s i s

Baseline resolution (Figure 1) was obtained for each of the 
13 alcohols in the retention time standard listed in Table 1. 
They were eluted within 25 min. 1-Butanol was chosen as the 
internal standard because of its intermediate retention time 
and its absence in appreciable concentration in the 4 kinds of 
whiskey analyzed. The relative retention time (RRT) was 
calculated based on a RRT of 1.00 for 1-butanol.

Figure 2 shows a typical GC separation for a well-known 
sour mash whiskey. The unnumbered peak at RRT 0.59 is 
ethyl acetate; it appears in all samples but was not included in 
the quantitation because we were interested primarily in the 
alcohols.

TIME (min.)
Figure 1. Chromatogram showing baseline resolution of the 13 alcohols listed In Table 1. Chromatographic conditions: 6 ft X 
2 mm Id glass column packed with 0.2% Carbowax 1500 on Carbopack C (80-100 mesh); column temperature held at 55°C for

4 min., then programmed to 95°C at 2°C/mln.
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TIME (min.)
Figure 2. Chromatogram of a typical whiskey sample under the same conditions as In Figure 1 with a shorter run time.

The detector demonstrated a linear response to these con
centration ranges: 0.08-8.00 mg/100 mL methanol and 1- 
propanol; 0.32-32.0 mg/100 mL 2-methyl-l-propanol; 0.36-
36.5 mg/100 mL 2-methyl-1-butanol; 0.61-61.2 mg/100 
mL 3-methyl-1-butanol. These ranges do not necessarily re
flect the upper limit of linearity but, rather, cover the ranges 
of each component normally found in various types of whis
key. The correlation coefficient in each case was 1.00, dem
onstrating the linearity over this concentration range. To 
determine variation in instrument response and in injection 
techniques, 7 to 20 injections of 1-butanol standard were 
made each day over a 10-day period. The coefficient of 
variation each day was, in all determinations except one, less 
than 2 .6 %, which would indicate acceptable instrument re
sponse and injection technique.

Table 2 shows results of methanol and fusel oil analysis, 
including statistical evaluation, using the methods and equip
ment described for the 122 samples. As the table indicates, 
all 4 kinds of whiskey contain similar concentrations of meth
anol, but quite different levels of 2-methyl-1-butanol and 3- 
methyl-1-butanol and total fusel oil. Figures 3 and 4 show the 
distribution of methanol and 2-methyl-1 -butanol + 3-meth- 
yl-1 -butanol in the samples, respectively. (See figure cap
tions for legend.) Sour mash and bourbon whiskeys usually

contain more than 200 mg of fusel oil/100 mL and 140 mg of
2- methyl-1-butanol + 3-methyl-1-butanol/100 mL; howev
er, blended and scotch whiskeys contain less than 170 mg of 
fusel oil/100 mL and 120 mg of 2-methyl-1-butanol + 3- 
methyl-1-butanol/100 mL. Therefore, sour mash and bour
bon whiskeys can be distinguished from blended and scotch 
whiskey according to the concentration of 2 -methyl-1 -buta
nol + 3-methyl-1-butanol and total fusel oil. However, scotch 
whiskey contains more 1 -propanol and 2 -methyl-l-propanol 
than blended whiskey. A plot of 2-methyl-1-butanol against
3- methyl-1-butanol concentration in scotch and blended 
whiskeys (Figure 5) indicates a linear relationship between 
these 2 components. The correlation coefficient was 0.97; the 
slope 3.0.

The most definitive plot for distinguishing between the 4 
whiskeys is shown in Figure 6 . When 2-methyl-1-butanol 
concentration is plotted vs 1-propanol, 3 distinct clusters of 
data points appear for scotch, blended, and sour mash-bour
bon.

V a r ia t io n  In M e th a n o l  a n d  F u s e l  O il  C o n c e n t r a t io n  A f t e r  

A t m o s p h e r i c  E x p o s u r e

Concentrations of methanol and fusel oil in sour mash and 
bourbon whiskeys were measured for 4 groups of samples:

Table 2. Gas chromatographic determination of methanol and fusel oil concentrations (mg/100 mL, 100 proof) in whiskey
(mean ± standard error)

Component Sour mash Bourbon Blended Scotch

methanol 16.1 ± 0 . 7 19.1 ±  0.6 11.5 ± 0 . 6 13.6 ±  0.9
1-propanol 12.8 ±  0.6 12.5 ±  0.5 4 .8  ±  0.6 28.7 ±  1.6
2-m ethyl-1 -propanol 52.6 ±  4.5 44.0 ±  1.6 9.9 ±  1.1 38.3 ±  1.9
2-m ethyl-1-butanol 50.6 ±  2.2 54.9 ±  1.7 8.0 ±  1.1 10.5 ±  1.4
3-m ethyl-1 -butanol 159 ±  6.8 152 ±  2.2 24.6 ±  3.0 36 .5 ±  4.5
Total fusel oil 275 ±  12 265 ±  5 47 .2 ±  5.3 114 ±  7
Number of samples 37 41 26 18
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SAMPLE NUMBER
Figure 3. Distribution of methanol in whiskey samples. Sour mash (+), bourbon (x), blended (♦), and scotch (■). Note that all

whiskeys contain similar concentrations of methanol.
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SAMPLE NUMBER
Figure 4. Distribution of 2-methyl-1-butanol +  3-methyl-1-butanol in whiskey samples. Sour mash (+), bourbon (x), blended 
(♦), and scotch (■). Note that scotch and blended whiskeys have much lower concentrations of these 2 alcohols than sour

mash and bourbon whiskeys.
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2-METHYL-1-BUTANOL, mg/100 mL
Figure 5. Plot of 2-methyl-1-butanol vs 3-methyl-1-butanol concentration. Scotch (■) and blended (♦). Note the linear 

relationship (correlation coefficient of 0.97) for these 2 alcohols in scotch and blended whiskeys.

1-PROPANOL, mg/100 mL
Figure 6. Plot of 2-methyl-1-butanol vs 1-propanol. Scotch (■), blended (♦), sour mash (+), and bourbon (x). Note apparent

clustering into 3 groups: sour mash-bourbon, blended, and scotch.
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Table 3. Change in concentrations (mg/100 mL, 100 
proof) of methanol and fusel oil in whiskey after cap seal 

was broken

Component Interval
Sour mash 

(av.)
Bourbon

(av.)

methanol 1st day 13.80 16.66
12 months 15.20 17.57
26 months 18.70 19.86
58 months 21.34 23.74

1-propanol 1st day 12.09 12.68
12 months 12.49 11.85
26 months 13.06 10.90
58 months 15.42 14.54

2-methyl-1 -propanol 1st day 44.84 43.73
12 months 46.73 47.28
26 months 44.74 44.28
58 months 55.22 44.83

2-methyl-1 -butanol 1st day 48.56 55.27
12 months 49.04 55.42
26 months 46.03 51.22
58 months 47.32 56.94

3-methyl-1 -butanol 1st day 146.39 157.37
12 months 146.39 154.21
26 months 150.08 143.08
58 months 150.94 150.31

samples th a t had been opened (w ith  va ry ing  am ounts o f  the 
contents w ith d ra w n ) fo r  12 m onths, 26 m onths, 58 months, 
and 1 group opened ju s t before analysis. Ana lys is  fo r a ll

Table 4. Eigenvector loadings from principal component 
analysis of methanol plus fusel oil

Variable PCa 1 PC 2 PC 3 PC 4 PC 5

methanol 0.418 0.020 0.883 -0.214 -0.016
1-propanol 0.103 0.900 0.032 0.419 0.056
2-methyl-1 -propanol 0.483 0.296 -0.409 -0.710 -0.093
2-methyl-1-butanol 0.538 -0.223 -0.153 0.448 -0.661
3-methyl-1-butanol 0.541 -0.229 -0.171 0.273 0.742
Eigenvalues 3.014 1.153 0.597 0.193 0.043
Total variance = 5.000 

a PC = principal component.

samples was d u rin g  the same 2- to  3-week tim e  period. Re
sults are shown in  T ab le  3.

A lth o u g h  these averages represent 4 d iffe re n t groups o f 
samples (i.e., 1st day average, 12 m onth  average, 26 m onth 
average, and 58 m on th  average), i t  appears th a t there is a 
s ig n ifica n t increase in  m ethano l con tent a fte r opening then 
resealing samples and a llow ing  them  to  stand fo r  the period 
o f tim e  listed. A  linea r re la tionsh ip  between concentra tion o f 
m ethano l and tim e  in te rva l a fte r opening was observed. The 
corre la tion  coe ffic ien t fo r sour mash is 0.97 and fo r bourbon 
is 1.00. N o  reasonable exp lanation fo r  the apparent increase 
in  m ethano l concen tra tion is evident a t th is  tim e.

W ith  the exception o f  the 58 m on th  sour mash average fo r
2 -m e th y l-1-propanol, a s ig n ifica n t va ria tio n  was no t found in 
the fusel o il components fo r e ithe r sour mash o r bourbon 
whiskeys. These data w ou ld  ind ica te  th a t fusel o il was

PRINCIPAL COMPONENT SCORES

Figure 7. Principal component plot for 100 whiskey samples In which the 5-dimensional data are projected onto 2 axes while 
retaining 83% of the variance. Note the 3 major groupings of the whiskeys. Scotch (s), blended (x), sour mash (m), and

bourbon (b).
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fo rm ed on ly  d u rin g  fe rm en ta tion  and ethanol p roduction  and 
d id  no t con tinue a fte r ethanol fo rm a tio n  ceased (19).

S t a t i s t i c a l  A n a l y s i s  U s in g  a  P a t t e r n  R e c o g n i t i o n  P r o g r a m

D a ta  fo r  wh iskey samples in  th is  study was subjected to a 
com puterized pa tte rn  recogn ition program  called E IN -  
S IG H T  (ver. 2.0 and 2.5) ( In fo m e tr ix , Seattle, W A ). Th is 
program  uses an expanded m em ory IB M -P C  m icrocom puter 
and the support o f Sym phony (Lo tus Developm ent C orp .) or 
V P -P lanner (Paperback S oftw are) software. Tw o types o f 
data analysis were perform ed: p rinc ip a l com ponent analysis, 
and cen tro ida l h ie ra rch ica l c luster analysis. The aforem en
tioned whiskey data y ie ld  5 variables fo r each sample. Each 
sample can then be represented by a po in t in  5-dim ensional 
space (the  num ber o f dimensions equals the num ber o f v a r i
ables). P rin c ipa l com ponent analysis is a technique fo r reduc
ing  the d im ensiona lity  o f the data. T h is  technique reduces the 
data to  2 o r m ore p rin c ip a l components th a t are linea r com b i
nations o f the variables. A  p ro jection  o f the data onto axes 
defined by these p rinc ip a l components produces a p lo t tha t 
yie lds the largest am ount o f in fo rm a tio n  possible in  any 2- 
d im ensional p lo t o f the data.

D a ta  fo r  100 o f the 122 samples (version 2.0 o f the soft
ware was lim ite d  to  100 samples a t one tim e ) were autoscaled 
(each variab le  is ad justed to  a s tandard devia tion o f  1.0 and a 
mean o f  0.0) and subjected to  p rinc ip a l com ponent analysis. 
F igu re  7 is a p lo t o f p rinc ip a l com ponent num ber 2 vs p r in c i
pa l com ponent num ber 1 using the fo llow ing  labels: scotch
(s), blended (x ), sour mash (m ), and bourbon (b ).

A  g roup ing o f  the data is im m ed ia te ly  apparent w ith

blended and scotch whiskeys fo rm in g  groups th a t are sepa
ra te  fro m  the sour mash and bourbon whiskeys. Sour mash 
and bourbon whiskeys were so s im ila r in  the constituents 
chosen fo r analysis tha t they could no t be d istinguished from  
one another. Tab le  4 is a lis ting  o f eigenvector loadings; i t  
reveals coe ffic ien ts o f the variables in  the linea r com bination  
o f these variab les tha t generates each p rinc ip a l component. 
A s shown in the tab le, p rinc ipa l com ponent num ber 1 is 
composed p r im a r ily  o f a re la tive ly  equal com bination  o f 2- 
m ethy l-1 -p ropano l, 2 -m e th y l-1-bu tano l, and 3 -m e th y l-1-bu 
tano l w ith  a somewhat sm aller con tribu tion  by m ethano l and 
very l i t t le  co n trib u tio n  by 1-propanol. P rinc ipa l com ponent 
num ber 2 is composed p r im a r ily  o f  1-propanol w ith  m uch 
sm aller con tribu tions  made by the other alcohols. T o ta l v a r i
ance fo r  th is  data is 5.000 (because there are 5 variab les). 
Thus, a p lo t o f  p rinc ip a l com ponent 2 vs p rin c ip a l com ponent 
1 (1.15 +  3.01) produces a p lo t (F igu re  7) th a t preserves 83% 
o f  the variance contained in  the o rig in a l data set. T he  load
ings also show tha t, fo r  p rinc ip a l com ponent num ber 2, 2- 
m ethyl-1  -bu tano l and 3 -m e th y l-1-bu tano l va ry  inversely 
w ith  2 -m e th y l-1-propanol and 1-propanol (they are o f oppo
site signs), thus y ie ld ing  bette r separation o f the clusters.

H ie ra rch ica l c luster analysis evaluates s im ila r ity  o f da ta in 
term s o f the euclid ian  distance between data points in  5- 
d im ensional space. T h is  analysis helps to  id e n tify  o u tly in g  
po in ts in  the o rig in a l patterns. C luste r analysis o f the data is 
illu s tra te d  in  F igu re  8. The program  assigns d iffe re n t le tte rs 
to  d iffe re n t clusters. T h is  shows th a t the lowerm ost 2 scotch 
whiskeys (s in  F igu re  7; b in  F igure  8) are ou tlie rs  th a t w ou ld  
be c lassified in  the blended (x, F igu re  7; b, F igu re  8) catego-

P R I N C I P A L  C O M P O N E N T  S C O R E S

P R I N C I P A L  C O M P O N E N T  #1
Figure 8. Centroidal hierarchical cluster analysis plot for 100 whiskey samples. Each letter represents a different cluster 
assignment as a result of cluster analysis. Scotch (a); blended (b); and sour mash-bourbon (c, d). Note that the lowermost 2 
scotch whiskeys (s, Figure 7; b, this figure) are assigned to the blended category and 1 sour mash-bourbon is placed in a sepa

rate cluster (d).
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P R I N C I P A L  C O M P O N E N T  S C O R E S

P R I N C I P A L  C O M P O N E N T  #1
Figure 9. Principal component plot of 100 whiskey samples with methanol eliminated from the data set. Sour mash (m), 

bourbon (b), scotch (s), and blended (x). The apparent groupings are essentially the same as in Figure 7.

P R I N C I P A L  C O M P O N E N T  S C O R E S

P R I N C I P A L  C O M P O N E N T  #1

Figure 10. Centroidal hierarchical cluster analysis plot of 100 whiskey samples with methanol eliminated from the data set. 
Each letter represents a separate cluster as assigned by cluster analysis. Scotch (c); blended (d); and sour mash-bourbon (a, 
b, e). Note that the 2 scotches (b, Figure 8; c, this figure) are now classified correctly and more sour mash/bourbon samples are

placed in separate groups.
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ry. In addition, 1 sour mash whiskey (m, Figure 7; d, Figure
8) was classified in a separate category, indicating that it, 
too, was an outlier. Thus, 89% of scotch whiskeys and 100% 
of blended whiskeys were classified accurately, with the sour 
mash-bourbon group having possibly 2 subgroups. The im
portance of the outlying points is that any unknown sample 
that falls into these regions must be classified with care.

Next, it was decided that only the fusel oil fraction of the 
data be examined. This data set (with methanol values elimi
nated) was subjected to the same analysis (Figures 9 and 10). 
Note that the grouping of the data is essentially the same; 
however, this time 100% of scotch (s, Figure 9; c, Figure 10) 
and blended whiskeys (x, Figure 9; d, Figure 10) are classi
fied correctly and more of the sour mash-bourbon group are 
identified as outliers (b and e, Figure 10), possibly belonging 
to 2 additional subgroups. Elimination of the methanol from 
the data set improved classification of the samples, because 
no samples were classified incorrectly. Apparently, methanol 
contributed to the initial misclassification of the 2 scotches. 
To test this classification scheme, the remaining 22 samples 
were added to the data set and pattern recognition analyses 
repeated (using ver. 2.5 of EINSIGHT, which can analyze 
data from more than 100 samples). Essentially the same 
results were obtained as with 100 samples.

Based on these results, we can conclude that analysis of the 
fusel oil fraction is sufficient to classify whiskeys as scotch, 
blended, or sour mash/bourbon. It is also evident that, to 
distinguish between sour mash and bourbon whiskeys, 1 or 
more other variables must be included in the analysis. With a 
data set of only 4 variables, one could plot each variable 
against the other, yielding 6 plots. From these plots, one 
could determine which 2 variables would produce the best 
data clusters. This would be very laborious as the number of 
variables increases (5 variables yield 10 plots). Most impor
tantly, this approach will not succeed if a combination of 
variables is necessary to exhibit clustering of the data. For 
example, in the whiskey data set, one can obtain adequate 
clustering of the data by plotting 1-propanol vs 2-methyl-1- 
butanol or 3-methyl-1-butanol (see Figure 6). This puts the 
groups closer together, making the correct classification of 
the outlying samples more difficult. The software program 
we selected uses a combination of variables to yield better 
separation of the clusters, making it possible to examine a 
large number of samples and variables to determine which 
variables contribute to the clustering, thus, perhaps, limiting

future quantitation to only those variables. It also allows one 
to collect large quantities of data and find a pattern without 
having known it beforehand.
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CEREAL PRODUCTS

Enzyme Immunoassay for Determination o f Gluten in Foods: Collaborative Study

J O H N  H. S K E R R I T T  and A M A N D A  S. H I L L
C S I R O  W h e a t R e s e a r c h  U n it , D iv is io n  o f  P la n t  I n d u s tr y ,  P O  B o x  7, N o r th  R y d e ,
N e w  S o u th  W a le s  2 1 1 3 , A u s tr a l ia

Collaborators: D. Ansell; M. Billington; S. Cooper; A. Crimes; C. Cuncliffe; M. Cutrufelli; D. Howling; S. Keelan; D. Lord;
T. McKenny; M. Moorman; M. Mulry; N. Patel; J. Rhodes; B. Ritter; M. Scotter; M. Smith; C. Stanley; P. Sutton; B. 
Taylor

A collaborative study was performed In 15 laboratories to 
validate a monoclonal antibody-based enzyme Immunoas
say (EIA) for determination of gluten In foods. The study 
Included 13 samples: maize starch, “gluten-free” baking 
mixes, wheat flours, cookies, cooked meats, and a soup. 
Gluten was present in these samples at either zero or 0.02 to 
10% by weight, i.e., over almost 3 orders of magnitude. The 
mean assay values for the foods varied from 88 to 105% of 
the actual amounts. The assay was quantitative for cereal 
products and the soup with repeatability (RSD„ relative stan
dard deviation) and reproducibility (RSDr) of 16-22% and 
24-33%, respectively. The assay was semiquantitative for 
the processed meat products (RSDr 14 and 26% and RSDr 
46 and 56%), probably because gluten was unevenly distrib
uted in the small (1 g) samples that were analyzed. The 
ELISA method produced no false positive results, and false 
negatives obtained with tannin-containing foods could be 
avoided by use of a modified sample extractant. None of the 
collaborators reported problems in following the protocol. 
The method has been adopted official first action by AOAC 
for determination of wheat gluten in foods.

Most developed countries have legally defined maximum 
levels of cereal proteins and other nonmeat proteins allowed 
to be incorporated into processed meats. Cereal proteins 
function in processed meat products as binders to improve 
texture and aid water and fat retention, and as extenders to 
lower the cost of the finished product. Their levels are diffi
cult to monitor because foreign cereal proteins must be dis
tinguished from meat protein, a problem that becomes more 
complicated when the products have been heated during 
processing, which changes protein solubilities and other 
properties (1).

Furthermore, a significant number of individuals cannot 
tolerate certain cereals in their diets. The most common 
cereal intolerance is celiac disease, in which certain cereals 
damage the absorptive villi of the lining of the small intestine. 
The toxic components from wheat, rye, triticale, and barley 
grain have been shown to reside in the aqueous ethanol- 
soluble proteins (prolamins) of the water- and salt-insoluble

Received for publication July 11, 1990.
This report was presented at the 103rd AOAC Annual International Meet

ing, September 25-28, 1989, at St. Louis, MO.
The report was evaluated and approved by the General Referee, the Com

mittee Statistician, and the Committee on Foods II. The method was ap
proved interim official first action by the Chairman of the Official Methods 
Board and was adopted official first action at the 104th AOAC Annual 
International Meeting, September 9-13,1990, at New Orleans, LA. Associa
tion actions will be published in “Changes in Official Methods of Analysis” 
(1991) J . A sso c . O ff.  A n a l  C h em . 74, January/February issue.

protein moiety, often termed gluten. Susceptible persons 
must eliminate these cereal proteins from their diets (2, 3); 
however, these proteins are often found in unexpected 
sources (4, 5). Wheat flour and starch of poor quality (with 
appreciable gluten content) are frequently used as thickening 
agents in soups and desserts. Residual barley proteins from 
malting may be found in beer and in milk drinks and as a 
flavoring in breakfast cereals. Gluten is often present in 
confectionery and as a tablet binder in pharmaceuticals.

These 2 concerns, enforcement of food-composition re
quirements and strict control of the diet of gluten-intolerant 
individuals, have led to a need to identify or quantitate gluten 
protein in foods. Amino acid analysis and liquid chromatog
raphy are subject to interferences from other food compo
nents and are often slow and yield rather equivocal results, 
especially with cooked foods (6). Protein electrophoresis on 
polyacrylamide gels has only limited usefulness after cereal 
products are baked or processed, and extensive sample prepa
ration may be required to detect trace quantities of gluten 
proteins. Differentiation of protein patterns may require use 
of gel densitometers and prior knowledge of the electropho
retic patterns of likely contaminants. Only rough quantita
tion of gluten is possible and electrophoresis is less suited for 
analyzing large numbers of samples (7).

Immunodiffusion methods have been applied to identifica
tion of gluten in uncooked foods and some bakery products, 
but the low aqueous solubilities of gluten proteins, slowness 
of the methods, and consumption of antisera have limited 
acceptance of these methods (8-12). Several radioimmuno
assays and enzyme immunoassays using rabbit or sheep 
(polyclonal) antisera to gliadin have been developed, and 
these have yielded accurate results with (uncooked) flour 
blends or starches, but not with cooked or processed foods 
(13-19). Furthermore, most of these antisera do not detect 
gluten-like proteins in rye or barley, cereals known to be toxic 
to celiac and other gluten-intolerant individuals. Recently, 
some monoclonal antibodies with appropriate cross-reactiv
ity have been described, but the specificities of these antibod
ies are such that results would not be quantitative after 
cooking or processing (18).

After several hundred monoclonal antibodies were 
screened, five were identified with appropriate specificity, 
affinity, and stability characteristics. The advantage of the 
antibodies selected for this assay is that they bind to proteins 
that are not denatured by heat when foods are processed or 
cooked (20-24). This enables accurate quantitation of gluten 
in all types of foods. These antibodies form the basis of a 
proposed test method as an immunoassay kit (20, 21). The 
present report describes a collaborative study of the proposed 
method.
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Collaborative Study
Each of the 15 collaborators were supplied with 5 prestudy 

samples, 13 collaborative study samples, and test reagents
(a)—(j) in the form of a test kit. None of the laboratories had 
prior exposure to the method. The prestudy samples were 3 
wheat starches containing known amounts of gluten: A, 
<0.016% (not detectable); B, 0.041% gluten; C, 0.10% glu
ten; and 2 other samples, a meat-gluten blend (1.7% gluten) 
and a bread wheat flour (11% gluten). In general, analyses 
for the prestudy samples were required to be within 25% of 
the specified amount before laboratories were allowed to 
proceed with the collaborative study.

Each laboratory received 4 g of each prestudy and collabo
rative study sample. All samples, except for the meats and 
soup (stored at —20°C), were stored at ambient temperature. 
Test kits were stored at 4°C. Collaborators also received 
specific instructions and a detailed copy of the method, and 
were required to submit all raw data and results to the Asso
ciate Referee.

Collaborators were required to perform 2 separate, com
plete duplicate analyses on different days, including separate 
extractions and analyses of 1 g subsamples. The aqueous 
alcohol-soluble fraction of gluten, gliadin, was used as the 
reference standard. Separate gliadin standard curves were 
also required, using newly reconstituted lyophilized antigen 
(gliadin) standard.

Preparation of Collaborative Study Samples
M ea t-g lu ten  blends.—Various amounts of commercial vi

tal wheat gluten (previously analyzed for protein) were 
blended with pure beef mince (500 g) for 3 min at 20°C, 
using a Morton (Morton Machinery Co., Wishaw, Scotland) 
mixer. Samples (100 g) were then cooked 5 min in a domestic 
microwave (750 W). Samples were cooled and reblended 2 
min in domestic food blender. Gluten contents were calculat
ed, accounting for water loss and the protein content of the 
gluten used. Four-gram subsamples were provided to collab
orators.

W heat f lo u r s .—Flours (four 10-g subsamples) were ma
chine-washed in water, using a Glutomatic (Falling Number 
AB, Stockholm, Sweden) and freeze-dried. Gluten content 
was determined by Kjeldahl analysis (25).

C ook ies.—Cookies were prepared using wheat flour, wa
ter, yeast, shortening, salt, sugar, and sodium biocarbonate. 
The gluten content was calculated, accounting for the pro
portion of flour present and water and fat losses during 
baking. Baked cookies were ground 2 min in a domestic 
coffee grinder.

B aking  m ixes labe led  “glu ten  f r e e .”—Two commercial 
baking mixes, intended for use by gluten-intolerant (celiac) 
individuals, were obtained. These mixes contained wheat 
starch, milk powder, gluconadeltalactone, carboxymethyl 
cellulose, sodium bicarbonate, ammonium chloride, salt, and 
sucrose. Thus, differences in their gluten contents were due 
to differences in the wheat starch used.

S ta rch .—Sample 8 was a maize starch and thus absolutely 
gluten-free.

S o u p .—Sample 11 was a cooked pumpkin soup thickened 
with wheat flour.

The 13 collaborative study samples included 3 blind dupli
cates: baking mixes 4 and 5, cookies 8 and 9, and flours 11 
and 13.

991.19 Gluten in Foods
Colorimetric Monoclonal Antibody 

Enzyme Immunoassay Method
First Action 1991

Method Performance:
Cereal products, soup product
Precision RSDr 16.4-25.5%; RSDr 23.3-34.7%
Accuracy determined values 88-102% of actual (where 

known)
Cooked meat products
Precision RSDr 13.6-25.5%; RSDr 46.4-55.9%
Accuracy determined values 105% of actual (where 

known)

A. Principle
Monoclonal antibodies used in this enzyme-linked immu

nosorbent assay (ELISA) bind to proteins from celiac-toxic 
cereals (wheat, rye, triticale, barley) but not nontoxic cereals 
(rice, maize) and show little difference in binding to different 
varieties of wheats, barleys, triticales, and ryes. Advantage of 
particular antibodies used in test is that they bind to proteins 
that are not denatured by heat during processing or cooking 
of foods. In method, sample is extracted with aqueous 
ethanol and centrifuged. Gluten is quantified in supernate by
2-step sandwich method of ELISA. First, gluten analyte 
(antigen) is incubated with monoclonal antibody immobi
lized onto the microwell strip to form gluten antigen-anti
body complex, which is then incubated with enzyme-labeled 
antibody. Gluten in sample forms a complex sandwiched 
between antibody attached to well and antibody labeled with 
enzyme. Amount of analyte is determined by adding chromo- 
genie substrate. Washing steps incorporated after each inter
action stage remove any nonimmobilized species. Response is 
compared with that observed with gliadin standard, starch 
samples, and suitable blanks.

B. Apparatus
Apparatus specified here (as guide) has been tested and 

used for collaborative studies; equivalent apparatus may be 
used.

(a) B lender or hom ogenizer.—For sample extraction 
[e.g., IKA Ultra-Turrax Disperser T18/10 with 18N shaft 
(Janke and Kunkel, D-7813 Staufen, FRG), Ystral Type 
X1020 (Ystral, D-7801 Dottingen, FRG), Omnimixer (Sor- 
vall, E.I. du Pont de Nemours & Co.), blender (Waring 
Products, New Hartford, CT 06057)]. With sample contain
ers (e.g., 45 mL type UC, Mallinkrodt).

(b) B ench-top centrifuge.—Capable of 2500 rpm (e.g., 
Hermle Z320, Hermle GmbH, D-7209 Gosheim, FRG).

(c) Tubes.—For dilution of sample extracts. Polypropyl
ene, 15 mL (e.g., Type 25319, Corning Glass Works).

(d) E n zym e-im m un oassay reader o r  v is ib le -lig h t p h o 
tom eter .—Preferably, use photometer with 405-420 nm 
screening filter that reads through microtiter plates. Alterna
tively, use photometer with 405-420 nm filter, and adaptable 
for 1.5 mL cuvets (Bio-Rad is suitable).

(e) M icrop ipe t.—Capable of accurately delivering 50 and 
100 ph.

(f) G lassw are.—Wash bottle, 500 mL; 3 graduated pi- 
pets, 10 mL; 3 graduated cylinders, 500 mL.
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C. Criteria for Antibodies
Antibodies must satisfy following criteria: (7) Bind to 

proteins that are stable to heating, cooking, baking, or pro
cessing. In wheat, such proteins include the aqueous alcohol- 
soluble omega-gliadin fraction of gluten.

(2) Bind to proteins from celiac-toxic cereals (wheat, rye, 
triticale, barley) but not nontoxic cereals (rice and maize).

(5) Show little or no inherent differences in binding to 
different varieties of wheats, rye, triticales, and barleys, pro
viding they contain similar gluten contents.

(4) Bind with high affinity to gluten proteins, such that 
<0.02% gluten by weight is detectable in food under analysis.

(5) Show negligible loss of activity after storage for 12 
months at 4°, either after adsorption to polystyrene solid 
phases or after conjugation with marker enzymes such as 
horseradish peroxidase.

(6) Show reproducible affinity, specificity, and stability 
among batches.

Most suitable are high-affinity IgG antibodies produced 
following immunization of experimental animals with puri
fied omega-gliadins. Although polyclonal antisera may be 
used, obtaining suitable specificity properties and batch-to- 
batch reproducibility has proven difficult. Thus, monoclonal 
antibodies are preferred.
D. Reagents

Items (a)-(j) are available as a test kit (Medical Innova
tions Limited, 11 Technology Dr, Labrador, 4215 Qld, Aus
tralia; Cortecs Diagnostics, Newtech Square, Deeside, 
Clwyd, CH5 2NT, UK; Transia SA, 8 rue Saint Jean de 
Dieu, F-69007 Lyon, France). All kit components are stable 
at least 12 months at 4°. Alternatively, equivalent antibodies 
may be used for (a) and (e) providing they satisfy criteria in
C. Prepare other components as described.

(a) A n tib o d y -c o a te d  m ic ro w e ll s tr ip s .—Monoclonal 
antibodies to heat-stable gluten components are coated in 
50mM sodium carbonate buffer, pH 9.6, onto set of six 16- 
microwell strips (Nunc, Roskilde, Denmark). Contains 
0.01% sodium azide as preservative. ( C a u tio n : Flush 
microwell contents thoroughly down a sink with water imme
diately before use.)

(b) W ash buffer concentrate.—(100 mL/bottle, 5X con
centration). Contains 27.3 g Na2HPC>4 , 9.0 g NaH 2P0 4  • 
2 H 2 0 , 45 g NaCl, and 0.5 g thimerosal as preservative per liter.

(c) A n tib o d y  an d  sa m p le  d ilu en t bu ffer concentrate.— 
(100 mL/bottle, 5X concentration). Contains wash buffer 
concentrate plus 5 g /L  of gelatin from T eleostean  fish skin 
(Sigma, St Louis, MO).

(d) G liadin  antigen stan dard .—(1 vial). Prepared by ex
tracting bread wheat flour with 10 mL/g of 40% (v/v) 
ethanol. Then extract is dialyzed against lOmM acetic acid, 
and lyophilized.

(e) P erox idase-con ju ga ted  m onoclonal an tibody to  g lia 
d in .—(1 vial, 0.75 mL, 20X concentration).

(f) P erox idase  su b stra te .—(1 vial). Buffered 2,2'-azino- 
di(3-ethyl-benzthiazoline-6-sulfonic acid) 1.1 g /L  in 
lOOmM sodium citrate, pH 4.5, containing 0.003% (v/v) 
H 2O2 (24 mL).

(g) S to p p in g  so lu tion .—(1 vial, 11 mL/vial). Contains 
3% oxalic acid. (C aution : Avoid contact with skin. If contact 
occurs, wash area with water.)

(h) Reference w heat starch es.—(3 vials, ca 6 g/vial). Vial 
A, acceptably low gluten content, 0.29% total protein con

tent; Vial B, mid-range gluten protein content, 0.33% total 
protein; Vial C, high gluten protein content, 0.46% total 
protein.

(1) P ackage insert.
(j) D ata  record  sheets.
(k) S a m p le  ex tractan t.—EthanoLwater, 40% v/v.

E. General Instructions
Include gliadin standards A-F, F(a)(3), and reference 

starch controls in duplicate with each group of test samples. 
Add diluted antibody (sample diluent buffer) to additional 
pair of wells per group of samples. Use these wells, filled with 
substrate, as blank assay for reader or photometer. Alterna
tively, blank for assay reader can be set vs air and mean 
absorbance value of blank assay wells can be subtracted from 
standard, reference starch, and sample absorbance values. 
D o not reuse wells of plate. Use separate pipet for each 
sample and kit reagent to avoid cross-contamination. Take 
special care not to contaminate conjugate or substrate. Com
ponents and procedures of this test kit have been standard
ized for use in the test procedure. Substitutions must be 
pretested for equivalence.

F. Preparation of Standards and Samples
Let all kit components come to 18-25° before use.
(a) S ta n d a rd s .—(7) Shake bottle well; then dilute wash 

buffer concentrate, D(b), 1 -in-5 with water (add complete 
contents of bottle to 400 mL H 2O).

(2) Dilute diluent buffer concentrate, D(c), 1 -in-5 with 
water (add contents of bottle to 400 mL H 2O, making 500 
mL sample and antibody diluent).

(3) Add 2.80 mL 40% (v/v) ethanol to vial of gliadin 
antigen standard, D(d), and gently mix until dissolved. This 
yields 500 g g / m L  gliadin standard, which is further diluted 
for preparation of standard curve. To prepare calibration 
standards, dilute the 500 g g / m L  gliadin solution 1-in-100 in 
diluent (100 g L  plus 9.9 mL diluent) to give 5 gg  gliadin/mL 
(standard A). By 2-fold serial dilution (1 mL plus 1 mL), 
prepare additional standards B-F containing 2.5, 1.25, 
0.625, 0.313, and 0.156 g g / m L  of gliadin, respectively. Di
luted gliadin standards A-F must be freshly prepared each 
day from the reconstituted gliadin standard.

(b) S a m p les .—Carry out extractions at 18-25°. Weigh 1 
g portions of samples and, if appropriate, starch samples, into 
labeled sample containers and add 10 mL extractant. Ho
mogenize 30 s. {N ote: To avoid cross-contamination, appara
tus must be thoroughly rinsed with 40% (v/v) ethanol be
tween each extraction.) Centrifuge sample mixture at 2500 
rpm for 10 min at 18-25°. Remove supernate (extract) and 
keep for testing. Before addition to antibody-coated plate, 
dilute extracts 50-fold, 500-fold, 2500-fold, or 5000-fold de
pending on expected gluten content:

1/50 dilu tion . Starch quality control or foods labeled “glu
ten free,” e.g., special dietary breads, baking mixes, baby 
foods

1/500 dilu tion . Foods, 0.25-2.5% (w/w) gluten, e.g., 
soups, some processed meats

1/2500 dilu tion . Foods, 2-10% (w/w) gluten, e.g., some 
flours and baked goods, cookies, crackers

1/5000 d ilu tion . Foods, 5-50% (w/w) gluten, e.g., most 
flours and baked goods

To prepare a 1/50 dilution, add 100 p L  extract to 4.9 mL 
diluent. To prepare 1/500, 1/2500, and 1/5000 dilutions,
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first prepare a 1/100 dilution, and then dilute serially. It is 
important to mix the 1/100 dilution immediately after the 
sample extract is added to the diluent; then perform the 
second dilution.

G. Determination
Let all reagents come to 18-25° before use. Perform anal

yses in duplicate.
(1) Select number of test strips required. Cover and store 

remainder at 2-8°. Just before use, remove tape from anti- 
body-coated plate. Discard preservative solution by inverting 
plate and shaking out contents. (Caution: See D(a).) Blot 
plate dry on absorbent paper or tissue.

(2) For blank pair of wells, add diluent alone (100 juL). 
Add 100 uL of each standard concentration (in duplicate) to 
wells of microwell plate. Add 100 ¿¿L (in duplicate) of diluted 
sample extracts and reference starches to wells. Cover plate 
and incubate 30 min at 18-25°.

(3) Invert plate and shake out contents. Wash plate 3 
times with wash buffer and blot dry as in step 1.

{4) Prepare enzyme-labeled antibody solution. For each 
strip of 16 wells, add 100 ¿iL enzyme-labeled antibody stock, 
D(e), to 1.9 mL diluent, F(a)(2). Swirl gently but mix well 
(avoid frothing). Add 100 ¡xL diluted enzyme-labeled anti
body to wells of plate, including blank pair. Cover and incu
bate 30 min at 18-25°.

(J) Invert plate and shake to remove contents. Wash 
plates 4 times with wash buffer as in step 3. Blot plate on 
absorbent paper before addition of substrate solution.

density of 0.74 would contain 0.1% gluten. Optical density 
readings of 0.74 for sample dilutions of 1/500, 1/2500, and 
1/5000 would indicate gluten contents of 1.0, 5, and 10%, 
respectively.

Optical densities below 0.1 imply that the solution assayed 
was too dilute or that no gluten was present in the sample; 
lower dilutions should be chosen for a second ELISA. Optical 
densities within 0.1 of that of the 5 ug/mL gliadin antigen 
standard value imply that the solution assayed was too con
centrated; higher dilutions should be chosen for a second 
ELISA.

Ref.: JAOAC 74, March/April issue (1991).
FIG. 991.19—Typical absorbance curve for gliadin standard
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H. Reading
Results may be read with microplate reader or spectropho

tometer.
To use microplate reader, add 100 /¿L substrate solution, 

D(f), to each well. Incubate 10 min at 18-25°. Positive wells 
should develop green color, which indicates presence of glu
ten. Stop reaction by adding 50 ¡xL stopping solution, D(g), to 
each well. Color development times for all microwells should 
be equal (within 15s). Read optical denisty of each well at
405-420 nm (414 nm is optimum).

For alternative use of spectrophotometer, add 200 juL sub
strate solution to each well. Incubate 30 min at 18-25°. Stop 
reaction by adding 50 ¿¿L stopping solution to each well. Mix 
plate contents gently. Immediately transfer 200 ¿¿C of this 
solution to cuvet; then add 800 fxL H20 . Read optical density 
at 414 nm.

I. Calculation
Determine gluten content for each set of duplicate sample 

wells by reference to standard curve prepared for each assay 
using gliadin antigen. On semilogarithmic graph paper, plot 
optical density of standards (linear scale) vs gliadin content 
of standards (logarithmic scale). Plot should be virtually 
linear over middle 4 dilutions (Fig. 991.19), It is assumed 
that 50% of protein in gluten is gliadin.

Calculate gluten content as follows:

Gluten, % = gliadin, ¡xg/mL X (D/500)

where gluten, % = % by weight of original sample; gliadin, 
¡xg/mL = concentration read from standard curve; and D = 
dilution factor.

Using sample extraction procedure described, gluten con
tent can be read from curve directly. For example, if a 1 /50 
sample dilution was used, samples that yielded an optical

Results
Data from the 15 collaborators are presented in Tables 1-

4. The collaborators used either high-speed, shaft-type ho
mogenizes with an internal rotating blade (e.g., Ultraturrax, 
Polytron, Ystral) (11 of 15) or a homogenizer/blender with a 
free rotating blade (e.g., Omnimixer, Silverson, or Waring- 
type) (4 of 15). Although the latter treatment involves lower 
frequency homogenization, none of the 4 laboratories ob
tained systematically different results. Fourteen of the 15 
collaborators used a microwell reader for absorbance deter
minations, four with a 405 nm filter, seven with a 410 nm 
filter, and three with a 414 nm filter. The other collaborator 
used a conventional spectrophotometer at 414 nm.

Precision
Analysis of 3 supposedly “gluten-free” baking mixes (Ta

ble 1) revealed that each laboratory found detectable gluten 
in each analysis of 2 baking mixes (samples 4 and 5), which 
were independently found to cause adverse reactions in cer
tain gluten-intolerant individuals (Skerritt, unpublished). 
The gluten contents determined (means 0.070 and 0.074%) 
were between those for a 0.32% protein starch (0.041%) and 
a 0.46% protein starch (0.10%). One other mix (sample 6), 
acceptable for celiacs, contained just detectable amounts of 
gluten on 23 of 26 assays (range 0.016-0.033% gluten). In 
the 3 other analyses, gluten was not detectable (<0.016%), 
an amount less than that produced by the lowest concentra
tion gliadin standard. Each laboratory obtained mean values 
below those obtained for starch B (0.32% protein, 0.041% 
gluten), which is just unacceptable for the celiac diet. No 
gluten was detectable in the maize starch on 29 of 30 deter
minations. The precision data for gluten detection in 3 flours 
and 2 cookies (mean range 3.4-10% gluten) were similar,
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Table 1. Collaborative results of ELISA determinations of gluten In gluten-free baking mixes and maize starch*

Coll.

"Gluten-free” baking mix Maize starch

No. 4 No. 5 No. 6 No.7

1 2 1 2 1 2 1 2

1 0.052 0.068 0.054 0.072 0.019 0.016 <0.016 <0.016
2 0.063 0.046 0.059 0.048 0.016 0.016 <0.016 <0.016
3 0.066 0.081 0.074 0.078 0.024 0.027 <0.016 <0.016
4 0.070 0.073 0.054 0.068 <0.016 0.017 <0.016 <0.016
5 0.090 0.090 0.100 0.100 0.0406 0.0506 <0.016 <0.016
6 0.069 0.107 0.072 0.101 <0.016 0.021 <0.016 <0.016
7 0.055 0.060 0.076 0.063 <0.016 0.018 <0.016 <0.016
8 0.100 0.11 0.076 0.100 0.021 0.033 <0.016 0.020
9 0.080 0.069 0.120 0.069 0.028 0.022 <0.016 <0.016

10 0.062 0.054 0.070 0.063 <0.016 0.016 <0.016 <0.016
11 0.080 0.060 0.080 0.070 0.020 0.020 <0.016 <0.016
12 0.040 — 0.030 0.080 <0.016c 0.170° <0.016 <0.016
13 0.078 0.070 0.080 0.070 0.028 0.020 <0.016 <0.016
14 0.070 0.063 0.079 0.066 0.028 0.018 <0.016 <0.016
15 0.087 0.061 0.072 0.060 0.028 0.021 <0.016 <0.016
Mean 0.0705 0.0735

Sr 0.0116 0.0162
Sl 0.0126 0.0075
Sr 0.0171 0.0179
RSDr, % 16.4 22.1
RSDr, % 24.3 24.4
N 29 30 26 30

a Data are % gluten by weight, on an as-is basis.
6 Mean rejected by Grubbs outlier test; maximum normed residual. P < 0.01, substituting x = 0.016 for values <0.016. 
° Rejected on the basis of inhomogeneity of range.

with repeatabilities (RSDr) of 19-22% and reproducibilities 
(RSDr ) of 24-33% (Table 2).

Gluten was not detectable in cooked pure ground beef in 26 
of 30 analyses. One laboratory reported 0.25% gluten for one 
determination and <0.016% for the other; the former result 
may be due to contamination of the extraction device or a 
pipeting error. Three other laboratories reported trace levels 
(0.018,0.020,0.028%) for one of 2 determinations (Table 3). 
For the other samples (2 and 3), which were cooked gluten- 
meat blends (sample 3 was prepared using 10 times the 
addition of gluten as used for sample 2), assay repeatability 
(RSDr) was 14 and 26% and reproducibility (RSDr) was 46 
and 56%. The considerably poorer reproducibility in the pres
ence of reasonable repeatability and good accuracy (see be
low) suggests that the lower precision may result from un
even distribution of gluten in the different 4 g subsamples 
that were provided to the collaborators for duplicate 1 g 
analyses. Subsequent work in our laboratory has shown that 
precision is greater with 10-20 g samples. However, customs 
and quarantine limitations did not allow use of meat samples 
larger than 1 g in this international collaborative study.

A soup (sample 10, Table 3), which contained a similar 
level of gluten to that in meat sample 3, was analyzed with 
superior precision. The liquid form of this matrix, together 
with use of “prediluted” gluten in the form of wheat flour 
(rather than gluten) as the additive in this food would con
tribute to little sampling variation. Although they are not 
blind samples, data for the wheat reference starches (reana
lyzed in the collaborative study) are presented in Table 4. 
Starch A, which contains approximately 0.01% gluten was 
detected (<0.016% gluten) to contain gluten in only 3 deter

minations (0.019%, 0.020%, 0.028%). Starch B had 0.041% 
gluten, about 2.5 times the limit of detection of the assay. The 
precision estimates were lower than for starch C, which had
2.5 times more gluten.

Six samples were paired by means of Youden matched 
pairs, representing different products and levels of gluten. 
They were samples 4 and 5 (gluten-free baking mixes), sam
ples 8 and 9 (cookies), and samples 11 and 13 (flours). The 
analyses of these matched pairs generated parameters that 
agreed well with the parameters of the analysis of the known 
duplicates (see Tables 1 and 2). Precision analysis of Youden 
matched pairs from each collaborator yielded repeatability 
(RSDr) values of 9.8, 8.6, and 12%, respectively, and repro
ducibility (RSDr) values of 21, 20, and 27%, respectively.

Accuracy of Gluten Determination
Actual gluten contents were known for most samples, ex

cept for the 3 “gluten-free” baking mixes and the soup, 
because these were obtained commercially. In addition, 
“standard values” for each sample were obtained by analyz
ing the set of samples in our laboratory, 8 separate times over 
4 months. Means from collaborators’ data were compared 
with the actual data values by the significance test, i-test = 
[(x — n)\fn]/s (Table 5). In one case (flour sample 11), the 
collaborators’ mean value was lower by 12%; this was not 
significantly different from the actual value at the 1% level. 
Sample 13 was much closer to the actual value. In no other 
case was systematic error noted; indeed accuracy was excel
lent with each mean determined by the collaborators within 
12% of the actual value (where known). Furthermore, with 
the exception of a gluten-meat blend (sample 2) where the
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Table 2. Collaborative results of ELISA determinations of 
gluten in flours and cookies3

Flour Cookies

No. 11 No. 12 No. 13 No.8 No. 9

Coll. 1 2 1 2 1 2 1 2 1 2

1 9.0 9.9 5.7 6.0 11.0 13.0 3.2 3.5 2.6 3.4
2 6.3 11.0 3.7 6.6 — — 2.4 4.6 2.3 4.4
3 6.0 7.0 4.2 3.6 7.4 8.0 1.9 2.8 2.3 2.8
4 8.2 7.3 6.2 4.6 8.3 7.8 3.1 3.1 3.4 2.9
5 16.06 13.6b 8.6 7.1 15.6 15.0 4.3 4.0 4.2 3.4
6 7.6 10.3 5.2 7.0 6.9 11.5 4.4 4.6 3.7 4.2
7 10.0 10.5 4.8 5.5 9.1 10.2 3.2 4.1 3.9 2.7
8 11.0 10.0 6.7 7.6 13.0 12.0 3.6 5.0 3.7 6.0
9 11.0 9.7 5.8 5.6 10.0 4.6 3.7 3.3 3.4 3.4

10 5.9 5.5 5.5 4.9 6.2 7.0 3.5 3.6 3.9 4.3
11 15.0 8.8 5.9 6.3 16.0 15.0 3.5 3.5 3.4 3.0
12 6.5 8.1 3.7 5.3 5.1 9.6 1.65 2.65 1.4 2.4
13 9.6 9.8 7.8 8.4 9.2 12.4 5.65 3.8 4.05 3.2
14 10.5 6.8 7.0 5.2 11.5 7.5 3.5 3.4 3.8 3.4
15 10.5 5.3 7.6 3.9 10.5 5.8 3.7 2.5 3.7 2.3

Mean 9.22 5.87 9.97 3.53 3.39

Sr 2.02 1.13 2.14 0.699 0.759
sL 1.74 0.811 2.46 0.512 0.425
Sr 2.66 1.39 3.26 0.866 0.870
RSDr, % 21.9 19.3 21.4 19.9 22.45
RSDr, % 28.9 23.8 32.7 24.6 25.7
N 30 30 28 30 30

a Data are % gluten by weight, on an as-is basis. 
b Mean rejected by Grubbs outlier test.

Table 4. Collaborative results of ELISA determinations of
gluten in wheat starch standards3

A B C

Coll. 1 2 1 2 1 2

1 <0.016 <0.016 0.030 0.023 0.11 0.006
2 <0.016 <0.016 0.040 0.038 0.094 0.092
3 <0.016 <0.016 0.031 0.038 0.090 0.12
4 <0.016 <0.016 0.040 0.039 0.12 0.11
5 <0.016 <0.016 0.050 0.050 0.11 0.13
6 <0.016 <0.016 0.037 0.066 0.098 0.13
7 <0.016 <0.016 0.028 0.033 0.083 0.10
8 <0.016 <0.016 0.031 0.051 0.092 0.11
9 0.020 <0.016 0.040 0.039 0.11 0.10

10 <0.016 <0.016 0.032 0.033 0.096 0.11
11 <0.016 <0.016 0.040 0.070 0.14 0.11
12 <0.016 <0.016 — 0.030 0.070 0.090
13 <0.016 <0.016 0.065 0.039 0.115 0.080
14 0.019 <0.016 0.069 0.039 0.13 0.096
15 0.028 <0.016 0.063 0.020 0.135 0.044
Mean <0.016 0.0411 0.103
Sr 0.0142 0.0240
sL 0 0
Sr 0.0142 0.0240
RSDr, % 34.7 23.3
RSDr, % 34.7 23.3
N 30 29 30

a Data are % gluten by weight, on an as-is basis.

sample analyzed in our laboratory appeared slightly high, no 
other significant differences were found by 7-test analysis of 
differences between collaborators’ means and standard val-

Table 3. Collaborative results of ELISA determinations of 
gluten in cooked ground beef and a vegetable soup3

Cooked beef Soup

No. 1 No. 2 No.3 No. 10

Coll. 1 2 1 2 1 2 1 2

1 <0.016 <0.016 0.28 0.23 2.4 2.9 2.0 1.6
2 <0.0166 0.256 0.19 0.18 1.9 2.1 1.3 2.3
3 <0.016 <0.016 0.063 0.066 0.80 0.94 1.4 1.3
4 <0.016 <0.016 0.042 0.024 0.51 0.25 2.1 1.6
5 <0.016 <0.016 0.20 0.20 1.4 0.86 2.0 2.1
6 <0.016 <0.016 0.098 0.13 1.1 1.3 1.9 1.6
7 <0.016 <0.016 0.21 0.20 3.5 2.5 2.2 1.9
8 <0.016 <0.016 0.26" 0.11b 2.7 1.5 1.8 2.8
9 0.020 <0.016 0.15 0.13 1.4 1.4 1.8 1.4

10 <0.016 <0.016 0.12 0.14 0.54 0.77 2.8 3.1
11 <0.016 <0.016 0.20 0.17 1.4 0.85 1.8 1.8
12 <0.016 <0.016 0.17 — 1.9 1.9 1.7 1.8
13 <0.016 <0.016 0.086 0.04 1.6 1.0 1.7 1.1
14 <0.016 0.018 0.16 0.14 1.1 0.80 2.3 2.4
15 0.028 <0.016 0.072 0.11 0.74 0.68 1.7 1.9

Mean <0..016 0.142 1.42 1.91

Sr 0.0193 0.363 0.331
sL 0.0629 0.703 0.325
Sr 0.0658 0.791 0.464
RSDr, % 13.6 25.5 17.3
RSDr, % 46.4 55.9 24.3
N 28 27 30 30

s Data are % gluten by weight, on an as-is basis. 
'’Rejected on the basis of inhomogeneity of range.

Table 5. Accuracy of gluten determination3
Standard values

Coll, data (within-laboratory)

Sample Mean
Sample Mean SD (S) (N = 8) SD % t

1 <0.016 _ <0.016 _ 0
2 0.14 0.061 0.22 0.074 0.135 0.429
3 1.42 0.73 1.6 0.43 1.35 0.371
4 0.071 0.015 0.074 0.012 nab —
5 0.074 0.013 0.074 0.012 na —
6 0.021c 0.005 0.022d 0.003 na —
7 <0.016 — <0.016 — — —
8 3.5 0.69 3.5 0.44 3.5 0
9 3.4 0.66 3.5 0.44 3.5 -0.587

10 1.9 0.39 2.0 0.24 na —
11 9.2 2.2 11.1 2.5 10.5 2.28®
12 5.9 1.1 6.1 1.3 5.8 0.352
13 10.0 2.8 11.1 2.5 10.5 0.692

a Data are % gluten by weight, on an as-is basis. 
b na = not available.
c Mean SD of 23/30 determinations, 4/30 <0.016, 3 outliers. 
d Mean SD of 7/8 determinations, 1/8 <0.016. 
e 0.01 <  P <  0.05; Student’s f-test.

ues established by 8 separate determinations in our laborato
ry-

Discussion
In this collaborative study, we did not intend to establish 

the maximum possible performance of the procedure but 
rather to determine its likely performance in typical food 
analysis laboratories. Accordingly, experience in enzyme-
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linked immunosorbent assay (ELISA) techniques could be 
rated as extensive by 4 of the 15 laboratories, moderate by 6, 
and little or none by 5 of the 15 laboratories. In addition, 11 
of the 15 laboratories had little prior experience in handling 
the analyte, wheat gluten. No laboratory had experience in 
both ELISA and cereal technology.

The method was not developed to quantify gluten with 
extreme precision or accuracy over a small range of values, 
but rather to estimate gluten over several orders of magni
tude, in this study, from 0.016 to 11%. For several reasons, 
estimates of gluten content to 1 (or at most, 2) significant 
figures are appropriate when foods are assayed for this com
ponent. First, the analytical method uses a gliadin standard 
prepared from flour of one particular genotype or variety. 
Gliadin, the aqueous alcohol-soluble fraction of gluten, is 
used as the standard in this [and other biochemical gluten 
testing methods (13-18)] because of the very low aqueous 
solubility of the other gluten fraction, glutenin (26). None
theless, estimation of “gluten” is possible because the propor
tion of gliadin in gluten from different wheat genotypes 
closely approximates 50% (27, 28). However, slight differ
ences between wheat varieties in the proportion of gliadin to 
glutenin and the relative proportion of omega-gliadin (the 
heat-stable fraction) to other gliadins, probably of the order 
of 20% (20, 21,27) would contribute to a systematic error of 
up to 20% for certain samples. Second, legislation relevant to 
the maximum amount of gluten in meat products that have 
specified labeling is drafted either in terms of total wheat 
protein (rather than gluten) or in terms of total cereal (whole 
meal or flour) content. Flour used as a meat extender typical
ly contains 8-12% protein, of which 70-80% is gluten. Third, 
with respect to functional (baking) performance, differences 
of 10% or more are required before quality differences can be 
detected (29). Variation in methods for manufacturing 
wheat starch also results in wheat starches with 0.3% protein, 
the upper limit for use in foods that may be labeled as 
“gluten-free” (30, 31), which contain between about 0.016% 
and 0.022% gluten (20, 21, 31).

The precision parameters reported in this study (repeat
ability RSDr 14 and 26%, reproducibility R SD r and 56%) 
are poorer than would be expected for a chromatographic 
analysis of a small molecule, such as the active ingredient of a 
pesticide formulation at a particular concentration. Howev
er, the ELISA technique requires several pipeting steps using 
small (100 nL) volumes, and microwell readers typically 
produce results of relatively low precision compared with 
results for spectrophotometers. This is caused in part by 
microwell location-dependent biases with different types of 
readers (32). An imprecision of ±0.05 AU could lead to 
imprecision of up to ±20% in gluten determined over much of 
the standard curve (Figure 999.19). One other immunoassay 
method for “foreign” vegetable protein (soy) in foods has 
been collaboratively studied on 3 occasions. Although only 
meat products were tested, and the analyte was present over a
5-fold rather than a 500-fold concentration range, the 3 
studies reported precision parameters of repeatability 
(RSDr) 25-68%, 27-60%, and 25-90%, and reproducibility 
(R SD r) 48-80%, 46-109%, and 65-97% respectively (33- 
35). Elimination of outliers and reanalysis of data for a 
selection of samples for one trial improved repeatability and 
reproducibility to values similar to those reported in this 
study (36).

Some imprecision may result from use of only a single 
extraction step for gluten. The alternative of analyzing 
pooled extracts from 2 or 3 sequential extractions was not

collaboratively studied, because a preliminary survey of anal
ysis indicated that they did not want the method to become 
longer nor was additional precision required. Because a sin
gle extraction yielded a reasonably constant proportion of 
gluten from a wide range of food types, and because the 
gliadin standard was calibrated using a single gluteft extrac
tion (21), the accuracy of the method would not be affected 
by use of a single extraction.

No false positive values were seen in the study that were 
reproducibly obtained by the collaborators. Collaborator 12 
obtained a high value for a gluten-free baking mix (sample 3) 
and Collaborator 2 for cooked beef (sample 1), on only one of 
the 2 determinations. Both collaborators attributed the high 
values to accidental cross-contamination of the particular 
samples. We have not observed false positives with any of 
several hundred food samples analyzed by ourselves or by 
other Australian and European laboratories using the meth
od. The only false positives noted were for samples containing 
under 3% gluten, together with a polyphenol-containing food 
component, such as cocoa, coffee, or hops. The false negative 
values are due to binding of gliadin by the polyphenols which 
prevents its extraction from the food, and can be avoided by 
extraction of the appropriate foods using 40% (v/v) ethanol -  
5% (w/v) Teleostean fish skin gelatin-2% (w/v) polyvinyl
pyrrolidone in water. Gliadin standards used for analysis of 
these samples (only) should be prepared in the modified 
extractant (Skerritt and Hill, unpublished).

In conclusion, the collaborative study confirmed that the 
method provides useful estimates of wheat gluten in a variety 
of food types. Alternative technology to quantitate gluten 
exists only for wheat flours, in which gluten may be extracted 
by washing dough prepared from a known mass of flour, and 
the protein content (N X 5.7) determined by Kjeldahl analy
sis of the dried gluten (37). The current method, in contrast, 
is simpler and faster for flours. It provided accurate results 
with heat-treated foods such as cooked meats and baked 
cookies. Finally, the method also detects gluten-like proteins 
(toxic to gluten-intolerant individuals) in rye, barley, and 
triticale (20,21); these can be quantified in foods if the cereal 
source of the gluten is known and standards prepared from 
the corresponding cereal are used.

Recommendation
On the basis of this collaborative study, it is recommended 

that the enzyme immunoassay for gluten be adopted official 
first action.
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CHEMICAL CONTAMINANTS MONITORING

Food and Drug Administration Pesticide Residue M onitoring o f Foods: 1 9 7 8-1982

NORMA J. YESS, MARCIA G. HOUSTON, and ELLIS L. GUNDERSON
Food and Drug Administration, Division o f  Contaminants Chemistry, Washington, DC 20204

Pesticide residues In foods are reported for the 5-year period 
1978-1982 [fiscal years (FY) 78-82]. Results were compiled 
from the 2 complementary elements that comprise the Food 
and Drug Administration’s (FDA) program for monitoring 
pesticide residues in foods. Under regulatory monitoring, 
which focuses on residues in raw agricultural commodities, a 
total of 49 877 samples (30 361 domestic and 19 516 im
port) that Included fresh fruits and vegetables, grains, milk 
and dairy products, seafoods, and a variety of processed 
foods were analyzed. No residues were found In about 55 and 
44% of the domestic and import samples, respectively. 
About 3% of the domestic and 7% of the import samples 
were classed as violative. Data from the Total Diet Study, 
which is conducted to determine dietary intakes of a variety 
of chemicals, showed that residues of 42 pesticides were 
found in 1044 composites of table-ready foods. Results of 
FDA’s monitoring for FY78-82 demonstrate that pesticide 
residue levels in the U.S. food supply were generally well 
below regulatory limits, and dietary intakes were manyfold 
lower than the Acceptable Daily Intakes established by Inter
national agencies.

Three federal agencies share the responsibility for regulating 
pesticides. The Environmental Protection Agency (EPA) 
registers or approves the use of pesticides, and establishes 
tolerances if use of the pesticide may lead to residues in foods
(1). With the exception of meat, poultry, and egg products, 
for which the U.S. Department of Agriculture is responsible, 
the U.S. Food and Drug Administration (FDA) is charged 
with enforcing tolerances for residues in foods shipped in 
interstate commerce under the Federal Food, Drug, and Cos
metic Act.

FDA monitors pesticide residues in the food supply 
through 2 different but complementary approaches: (7) reg
ulatory or commodity monitoring, which focuses on raw agri
cultural commodities and measures levels in individual lots of 
domestically produced and imported foods for determining 
compliance with EPA tolerances and (2) the Total Diet 
Study, in which dietary intakes of pesticides are determined 
by analyzing foods as consumed.

The results of these monitoring efforts for earlier years 
have been published. Findings for 1963-1969 [fiscal years 
(FY) 64-69] and for 1969-1976 (FY70-76) were compiled 
by Duggan et al. (2, 3). Information on monitoring for FY77 
has also been summarized (4), as has that for FY87 (5), 
FY88 (6), and FY89 (7). The present paper and a companion 
paper (8) fill in the intervening years by reporting the results 
of monitoring for 1978 through 1982 (FY78-82) and FY83- 
86, respectively. The information is presented as 2 separate 
articles because of the amount of data involved and because 
of the changes made in the Total Diet Study in mid-1982.
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Programs and Methods 

Regulatory Monitoring
The chief objective of this phase of the program is to 

enforce EPA tolerances for pesticide residues in foods, and 
prevent foods that contain illegal residues from entering in
terstate commerce. Samples from individual lots of domesti
cally grown and imported foods are generally collected as 
near as possible to the point of production or entry into the 
United States. FDA can initiate various sanctions such as 
seizure or injunction when illegal residues are found in do
mestic samples. When illegal residues are found in imports, 
shipments are detained at the point of entry. In either case, 
sampling at this early stage gives FDA the best opportunity 
to identify shipments that may contain illegal residues. As an 
important by-product of this monitoring activity, informa
tion is acquired on the incidence and levels of pesticide resi
dues, and provides FDA with a national overview of their 
occurrence. The data obtained through this monitoring effort 
are made available to EPA for its continuing assessment of 
pesticide exposure, and are published in the scientific litera
ture, usually in the J o u r n a l  o f  th e  A s s o c ia t io n  o f  O f f ic ia l  
A n a l y t i c a l  C h e m is ts .

In FY79, FDA initiated an evaluation system called the 
Surveillance Index (SI) to establish monitoring priorities for 
individual pesticides (9, 10). By systematically evaluating 
the potential health risk represented by each pesticide chemi
cal if present as a residue in food (or feed), and by assigning it 
to 1 of 5 levels of potential risk, FDA established a rational 
basis for directing monitoring. Even before initiation of the 
SI, FDA monitoring was based on consideration of such 
factors as pesticide usage volume, toxicological risks, and 
potential dietary exposure; however, actual evaluations were 
less formal and detailed.

The SI evaluation is one of the tools used in setting priori
ties for directed assignments, including selective national or 
regional surveys of certain commodities or particular pesti
cides. These surveys are initiated in response to the factors 
listed above as well as incidents involving misuse or contami
nation; requests from EPA for data on a pesticide or change 
in usage that may indicate a greater potential risk; or a lack 
of information on particular pesticides, commodities, or geo
graphic areas (domestic regions or other countries).

Domestic and import samples are classified as either sur
veillance or compliance. Surveillance samples are objective 
samples, collected from shipments for which there is no suspi
cion of illegal residues. Compliance samples are collected 
when inspection, previous sampling, or other evidence indi
cates that a residue problem may exist in a particular ship
ment. In this report, data from surveillance and compliance 
samples have been combined because recording of data dur
ing FY78-82 did not distinguish between the 2 types. Also, 
reporting of violative samples in this paper is based solely on 
preliminary classification of the sample assigned by the FDA
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field laboratory that performed the analysis; that is, the 
sample contained a residue that exceeded the tolerance or a 
residue for which no tolerance had been established. In addi
tion, with the data system in use at the time, some samples 
may have been classified as violative based on a nonpesticide- 
related finding (e.g., microbial contamination). FDA did not 
necessarily take regulatory action in all instances preliminar
ily classified as violative; further review by agency compli
ance officers may have indicated that the residues were not 
violative or the circumstances did not support regulatory 
action. Thus, retrievable data for the time covered by this 
report impose some limitations on specific tabulation of the 
violative findings.

In FY79, a separate import program on Mexican produce 
was initiated. Previous FDA sampling had shown a relatively 
high violation rate for pesticide residues in produce imported 
from Mexico. Most violations involved pesticide/crop combi
nations for which there were no EPA tolerances. These find
ings and the results of marketing forecasts and other reports 
indicated that a substantial and increasing supply of fresh 
produce was being imported into the United States from 
Mexico. FDA concluded that surveillance of imported Mexi
can produce should be expanded to reduce the amount of 
violative produce entering the United States. In this report, 
data on imported foods from Mexico are included with those 
of imports from other countries.

T o ta l  D i e t  S t u d y

The second major element of the FDA pesticide program is 
the Total Diet Study, or Market Basket Study, which FDA 
initiated in May 1961 primarily in response to concern about 
levels of radionuclides in foods resulting from atmospheric 
nuclear testing (11). The first Total Diet Study estimated the 
dietary intakes for young males of strontium-90 and cesium- 
137 as well as organochlorine and organophosphorus pesti
cides and selected nutrients. The program has been subse
quently expanded to include additional radionuclides, pesti
cide residues, essential minerals, toxic elements, and 
industrial chemicals and a greater number of age/sex groups 
to represent a broader segment of the population.

The Total Diet Study provides a direct measure of pesti
cide residue intake via the diet. Foods are purchased from 
supermarkets, prepared ready to eat, and analyzed. During 
FY78-82, food items were collected throughout the United 
States to ensure geographic representation; foods were cho
sen to represent the diets of 3 population groups: the 6- 
month-old infant, 2-year-old toddler, and 15-20-year-old 
male.

During the period covered by this report, the Total Diet 
Study used the “composite sample” approach. Foods repre
sentative of a particular diet were purchased, prepared as for 
consumption in the home, and divided into either 11 or 12 
commodity groups (e.g., dairy products, grains and cereal 
products, etc.) depending on the population group; each com
modity group was composited and analyzed. [Changes in the 
Total Diet Study program over the years have been reviewed 
by Pennington and Gunderson (11).]

A n a l y t i c a l  M e t h o d s

Selective monitoring must be used because of the large 
number of possible pesticide residue/commodity combina
tions. Thus, although FDA does not analyze all foods for all 
pesticides, it does cover most chemicals of current concern.

The lower limit of residue measurement in FDA’s analysis 
for a particular pesticide is well below the EPA tolerance. In 
general, residues present at 0.01 ppm (part per million) and 
above are measurable; however, for some individual pesti
cides, because of their analytical characteristics, this limit 
may vary from about 0.005 to 1 ppm.

FDA laboratories most commonly use multiresidue ana
lytical methods to analyze foods for pesticide residues. Such 
methodology permits the separation and presumptive identi
fication of a large number of pesticides. The use of multiresi
due methods is necessitated by the fact that more than 300 
pesticides have tolerances established for one or more food 
commodities. Single residue methods are used to determine 
residues that are not amenable to determination by multiresi
due methods. The principal methods used are given in FDA’s 
Pesticide Analytical Manual (12) or in the AO AC Official 
Methods o f Analysis (13). Because the Total Diet Study is 
conducted to determine levels of chemicals in foods as nor
mally eaten, and because levels of pesticide residues present 
are usually low, the analytical methods have been modified to 
achieve quantitation at levels 5-10 times lower than those 
used for regulatory monitoring (11). Also, the identity of 
each pesticide residue found is confirmed by an alternative 
analytical technique.

Detailed information on FDA pesticide residue monitoring 
programs, sampling protocol, and analytical methods used 
has been published (2, 3, 10-15).

Resu lts and D iscussion

Appendix A shows the results of regulatory monitoring of 
domestically produced foods by commodity group (grains 
and grain products, milk/dairy products/eggs, fish/sea- 
foods/other meats, fruits, vegetables, and other commod
ities) for FY78-82. During that time, 30 361 samples of 
commercial food shipments were analyzed. In more than half 
of the samples (55%), no pesticide residues were found by the 
methods used for analysis.

The vegetables group had the largest number of samples 
(12 685,42% of the total), followed by fruits (5268,17%) and 
the milk/dairy products/eggs group (5140,17%).

For each of the individual years, more than half of the 
domestic samples analyzed had no residues detected (range
51-59%). The number of domestic samples analyzed each 
year did not vary appreciably, ranging from 5666 in FY78 to 
6848 in FY80. The percentage of domestic samples classed as 
violative for FY78-82 is also shown in Appendix A. The 
overall violation rate was 3% (commodity group range 1- 
6%). Grains and grain products and fish/seafoods/other 
meats had the highest percentage of violative samples; fruits 
had the lowest.

The data reporting system in effect during the period 
covered by this report did not provide information on the 
nature of the violations found. Thus, the violation rates given 
represent upper limits of the pesticide-related violation rates 
because substances other than pesticide residues may have 
rendered some of the samples actionable. The violation rates 
are not reflective of the status of the general food supply 
because the data do not distinguish between surveillance and 
compliance samples or whether violations pertain to pesti
cide-related findings. The reporting system has been modi
fied since that time to provide more specific data on findings 
of violative pesticide residues.

Appendix B shows the results of regulatory monitoring of 
imports by commodity group for FY78-82. Over that period,
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Tab le  1. Fore ign countries and number of sam p les co lle cted  and ana lyzed  in FY 7 8 -8 2

Country
No. of

samples Country
No. of 

samples Country
No. of 

samples Country
No. of 

samples
Mexico 9653 Brazil 188 Uruguay 70 Iceland 20
Canada 1347 France 183 Kenya 68 Poland 18
Taiwan 686 Denmark 179 Honduras 61 Sudan 18
Dominican Republic 557 Portugal 151 Norway 55 Morocco 17
China, People’s Rep. of 472 Australia 150 Colombia 49 Sweden 17
Hong Kong 432 India 147 El Salvador 49 Ireland 16
Chile 428 Turkey 133 Switzerland 49 Indonesia 15
Argentina 384 Costa Rica 129 Austria 44 Malaysia 15
Japan 374 United Kingdom 127 Nicaragua 44 Yugoslavia 15
New Zealand 345 Philippines 121 Jamaica 43 Malawi 14
Spain 268 Belgium 118 Mali 38 Tanzania 14
The Netherlands 246 South Africa 113 Singapore 34 Panama 13
Italy 241 Israel 102 Germany, Dem. Rep. of 30 Unspecified 284Peru 224 Korea, Rep. of 100 Greece 30
Thailand 216 Ecuador 71 Finland 24
Guatemala 190 Germany, Fed. Rep. of 70 Haiti 21

Ten or fewer samples collected from the following:

Angola Chad Gaza Strip Lebanon Pakistan Trinidad & Tobago
Bahamas Cocos Islands Germany, Berlin Liberia Papua New Guinea Uganda
Bangladesh Congo Ghana Luxembourg Paraguay Venezuela
Belize Cyprus Guyana Macao Rumania Wallis & Fortuna Islands
Bolivia Czechoslovakia Hungary Madagascar Rwanda Western Samoa
British Virgin Islands Dominica Iran Malta Sierra Leone Zaire
Brunei Egypt Iraq Mozambique South West Africa
Burma Ethiopia Ivory Coast Nepal Soviet Union
Burundi Faeroe Islands North Korea Netherlands Antilles Sri Lanka
Cameroon Fiji Islands Laos Nigeria Surinam

19 516 samples were collected and analyzed. In 44% of the 
samples, no residues were found.

As in domestic sampling, the vegetables group comprised 
the largest number of samples, 10 845 (56% of the total), 
followed by fruits (3268, 17%) and the fish/seafoods/other 
meats group (1967, 10%).

For each of the individual years, almost half of the import 
samples analyzed had no residues detected (range 42-49%). 
The total number of import samples analyzed each year was 
somewhat greater in the later 3 years than in the first 2 years 
of the time span. This reflects the gradually increasing em
phasis on sampling of imported foods, especially in the vege
tables and fruits groups.

Appendix B also gives the percentage of import samples 
classed as violative for FY78-82. The overall average was 7% 
(commodity group range 3-15%). The commodity group 
with the highest violation rate was grains and grain products; 
the lowest was fish/seafoods/other meats.

Imported foods that were sampled in FY78-82 originated 
in 116 different countries (Table 1). Mexico had the largest 
number of samples analyzed, reflecting the importance ol 
produce that is shipped to the United States from that coun
try.

In FY70-76 (3), about 33 000 domestic and 18 000 import 
samples were analyzed. The total number of samples ana
lyzed during FY78-82 was 49 877 (30 361 domestic and 
19 516 import, Table 2), again demonstrating the growing 
attention to imports.

The results of the FY70-76 monitoring (3) showed that no 
residues were found in 44% of the 51 345 samples, compared 
with 50% for FY78-82. However, these figures are not direct

ly comparable because the data for FY70-76 represent only 
surveillance samples of domestic foods. (At that time, import 
samples were not identified separately as surveillance or 
compliance.) Also, the results reported for FY70-76 include 
data for animal feeds; these data are not included in the 
present report.

In FY77, 12 911 samples (7870 domestic and 5041 im
port) were analyzed (4). No residues were found in 41% of 
the samples. Although the 12 911 samples represent both 
surveillance and compliance sampling for domestic and im
ported foods, commodities such as animal feeds, hay, and 
silage are included. Also, the FY77 data include analyses for 
metals as well as pesticide residues. Therefore, these results 
also cannot be compared directly with the FY78-82 data.

Table 3 lists the 128 different pesticides that were found in 
domestic and import commodities during FY78-82. It is not 
possible to develop a table that would accurately reflect all 
the pesticides that were detectable during this time period 
because of FDA’s evolving development of analytical meth
ods, compounds covered, recoveries, and coding of methods

Tab le  2. Dom estic and Import sam p les co lle c ted  and 
ana lyzed  in F Y 7 8 -8 2

Samples

Year

Total1978 1979 1980 1981 1982

Domestic 5666 5790 6848 6127 5930 30361
Import 3193 3554 4454 4324 3991 19516
Total 8859 9344 11302 10451 9921 49877
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Tab le  3. P e s tic ide s  found as residues in FY 7 8 -8 2  regulatory monitoring

Acephate Chlordecone Dicloran Iprodione Paraquat Quintozene
Alachlor Chlorfenvinphos Dicofol isobenzan Parathion Ronnel
Aldicarb Chlornitrofen Dicrotophos Lindane Parathion-methyl Silvex
Aldrin Chlorobenzilate Dieldrin Linuron Pentachlorophenol Sulfallate
Allethrin Chloroform Dimethoate Malathion Permethrin Sulfotep
Anilazine Chlorothalonii Diphenylamine Maleic hydrazide Perthane 2,4,5-T
Atrazine Chlorpropham Disulfoton Mercury (as fungicide) Phenthoate TDE
Azinphos-ethyl Chlorpyrifos EBDCsa Merphos Phenylphenol, o- Tecnazene
Azinphos-methyl Chlorthiophos Endosulfan Methamidophos Phorate TEPP
Benomyl Cyhexatin Endrin Methidathion Phosalone Terbufos
BHC Cypermethrin EPN Methiocarb Phosmet Tetradifon
Biphenyl 2,4-D Ethion Methomyl Phosphamidon Thiabendazole
Bromide, inorganic Daminozide Ethoprop Methoxy chlor Pirimicarb Toxaphene
Bromopropylate DCPA Ethylene dibromide Methyl trithion Pirimiphos-methyl Triazophos
Captafol DDT Ethylene dichloride Mevinphos Profenofos Trichloroethylene
Captan DEF Fenitrothion Mirex Pronamide Trichloronat
Carbaryl Demeton Fenthion Monocrotophos Propargite Trifluralin
Carbofuran Diazinon Fenvalerate Naled Propoxur Vinclozolin
Carbon tetrachloride Dibromochloropropane Folpet Nitrofen Prothiofos
Carbophenothlon Dichlofluanid Fonofos Omethoate Pyrazophos
Carboxin Dichlone Heptachlor Ovex Pyrethrins
Chlordane Dichlorvos Hexachlorobenzene Oxamyl Pyrethroids, synthetic
a Includes amobam, mancozeb, maneb, metlram, nabam, and zlneb.

used in monitoring. The evolution of analytical monitoring 
over the years has, in some cases, resulted in improvements in 
detection limits. In the FY70-76 regulatory monitoring (3), 
124 different residues were found in the surveillance samples 
of foods and animal feeds.

A good deal of FDA effort involves costly, time-intensive 
analyses to broaden the scope of coverage for important 
pesticides not covered by routine monitoring. Table 4 lists the 
selective surveys conducted during FY78-82, mostly using 
single residue methods. Some of these were directed toward a 
single pesticide in a particular commodity (e.g., coumaphos 
in milk); others involved a number of related chemicals in 
several different foods (e.g., triazine herbicides in various 
commodities such as corn, peaches, and small fruits). Viola
tive residues were rarely found.

The description of and detailed data on the Total Diet

Study findings for FY78-82 have been published (16-22) 
and will not be repeated here. One aspect of historical inter
est, however, is a comparison of the most frequently found 
pesticide residues in Total Diet Study analyses. During 
FY70-76 (3), the residues most frequently found in the adult 
Total Diet composites were BHC, DDE, DDT, diazinon, 
dieldrin, heptachlor epoxide, lindane, and malathion. In 
FY78-82, most of these same compounds were still among 
the most frequently found of the residues from 42 different 
pesticides found in the adult Total Diet (Table 5). Of these, 
the organochlorine pesticides BHC, DDT, and dieldrin were 
no longer registered for use on foods in the United States by 
1978. However, because of their slow degradation in the 
environment, residues continued to occur, although at low 
and decreasing levels. For example, in FY70-76 (3), intake 
levels of BHC, DDT (total), and dieldrin were 0.03,0.1, and

Tab le  4. S e le c tiv e  su rveys conducted In FY 7 8 -8 2

Pesticide Commodity

Aldicarb potatoes
Carbendazim/benomyl/thiophanate-methyl bananas, citrus, apples, grapes
Carbofuran potatoes
Coumaphos milk
Daminozide apples
Dibromochloropropane various
Disulfoton, phorate, terbufos (including metabolites) various
EBDCsVethylenethiourea various vegetables
Ethylene dibromide various
Fumigants, various grains
Maleic hydrazide potatoes
Mirex eggs, milk, root crops
AFMethyl carbamates6 various fruits & vegetables
Organochlorine/organophosphorus coffee beans
Paraquat various
Pentachlorophenol eggs, milk, Crustacea, fish, moliusks
Pronamide lettuce
Triazine herbicides various

a Includes amobam, mancozeb, maneb, metlram, nabam, and zineb. 
6 Covered the entire chemical class.
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Tab le 5. F requency  of occu rrence  of pestic ides in adult 
Tota l D iet Study In FY 7 8 -8 2

Pesticide3

Total 
no. of 

findings6
Percent

occurrence

Dieldrin 246 24
BHC, alpha & beta 236 23
DDT, total 231 22
Malathion 187 18
Hexachlorobenzene 184 18
Heptachlor, total 128 12
Diazinon 113 11
Lindane 112 11
Quintozene, total 89 9
Chlorpropham 79 8
Endosulfan, total 77 7
Pentachlorophenol 76 7
Dicloran 75 7
Chlordane, total 70 7
Parathion 50 5
DCPA 44 4
Chlorpyrifos 33 3
Ethion 32 3
Dicofol 26 2
Tecnazene, total 25 2
Toxaphene 20 2
Fonofos 19 2
Llnuron 19 2
Methoxy chlor 16 1
Dimethoate 13 1
Carbaryl 11 1
Phosalone 10 1

a “Total” designates the finding of any isomers, metabolites, or alter
ation products of that pesticide.

'’Based on 1044 composites.

0.04 pg/kg  body wt/day, while in FY81-82, the levels were 
0.01,0.03, and 0.02 pg/kg  body wt/day, respectively, for the 
teenage male. For all residues present, the amounts found 
were many times lower than the Acceptable Daily Intakes 
(ADIs) set by the World Health Organization (WHO) (19).

Sum m ary

FDA continued its wide-scale monitoring of the food sup
ply for pesticide residues. During FY78-82, residues of 128 
different pesticides were found in the 49 877 commodity 
samples. No residues were found in 55% of the domestic 
samples and 44% of the import samples. In the Total Diet 
Study, residues from 42 different parent pesticides were 
found; their calculated dietary intakes were well below WHO 
ADIs.
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( 2 0 )  G a r t r e l l ,  M .  J . ,  C r a u n ,  J .  C . ,  P o d r e b a r a c ,  D .  S . ,  &  G u n d e r s o n ,
E .  L .  ( 1 9 8 5 )  J. Assoc. O ff. A na l. Chem. 6 8 ,  8 4 2 - 8 6 1

( 2 1 )  G a r t r e l l ,  M .  J . ,  C r a u n ,  J .  C . ,  P o d r e b a r a c ,  D . S . ,  &  G u n d e r s o n ,
E .  L .  ( 1 9 8 5 )  J. Assoc. O ff. A na l. Chem. 6 8 ,  1 1 6 3 - 1 1 8 3

( 2 2 )  G a r t r e l l ,  M .  J . ,  C r a u n ,  J .  C . ,  P o d r e b a r a c ,  D .  S . ,  &  G u n d e r s o n ,
E .  L .  ( 1 9 8 6 )  J. Assoc. O ff. A na l. Chem. 6 9 ,  1 2 3 - 1 4 5

Append ix A . A na lys is  of dom estic sam p les by com m odity group in F Y 7 8 -8 2

Commodity group

1978-82 1978 1979 1980 1981

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Percent
viol.8

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
sample!

196 62 6 17 12 4 100 64 73 40 63 71
236 74 2 36 83 38 79 67 61 40 65 55
282 47 5 - - 39 38 64 41 78 42 101
728 45 3 157 61 127 35 163 30 132 51 149
207 55 5 33 6 22 91 84 58 50 76 18

foods 71 58 21 15 13 15 60 21 86 18 72 2
147 30 27 35 14 31 10 45 36 9 67 27

Total 1867 51 6 293 46 276 46 508 48 367 57 423

1982_____
Percent 
samples 
with no 
residues

A. Grains and Grain Products
Corn, popcorn
Rice
Soybeans
Wheat
Other whole grains

Grain products

62
85
57
46
78

0
48
58
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Append ix A . (continued)

Commodity group

1978-82 1978 1979 1980 1981 . 1982

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Percent
viol.3

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

106 14 0 31 16 11 55 16 0 23 15 25 8
567 48 <1 98 57 52 8 140 53 133 41 144 60

1977 76 3 319 71 321 70 556 74 447 81 334 83
24 71 0 1 100 2 50 3 100 9 33 9 100

2450 55 1 577 50 548 47 447 57 447 67 431 58
16 75 6 2 50 - - 4 75 9 89 1 0

5140 62 2 1028 57 934 53 1166 64 1068 68 944 66

3689 24 6 913 19 732 19 900 29 690 23 454 28
26 42 12 13 54 4 25 5 20 1 100 3 33

3715 24 6 926 20 736 19 905 29 691 23 457 28

40 68 0 _ 13 92 14 57 6 33 7 71
82 77 0 8 88 14 71 37 84 9 78 14 57
13 77 0 - - - - 1 0 5 80 7 86

104 30 1 12 83 18 6 24 25 14 21 36 31
259 62 <1 63 65 71 46 64 75 40 73 21 48
123 33 2 1 0 12 17 36 25 37 41 37 38
748 28 1 115 35 131 26 184 24 166 33 152 27
26 58 4 2 50 1 0 5 60 9 44 9 78

193 26 0 32 44 43 42 20 5 83 11 15 53
122 37 0 28 29 34 44 36 33 13 38 11 45
281 21 0 45 47 48 19 40 33 120 4 28 39
78 42 0 12 100 33 21 8 13 15 33 10 80

1155 52 <1 195 62 193 41 220 50 268 56 279 51
303 64 0 66 62 46 76 34 59 79 57 78 67
12 50 0 1 100 1 0 3 67 7 43 - -
25 8 0 _ _ _ _ 15 13 2 0 8 0

288 43 1 52 60 59 58 54 33 53 49 70 23
50 30 2 - - - - 25 20 16 6 9 100

668 35 1 205 31 155 30 116 35 97 43 95 41
50 68 0 - - 1 100 1 100 35 63 13 7712 83 0 - 2 50 2 100 5 80 3 100
28 96 0 - - _ _ 10 90 10 100 8 100
54 98 0 8 88 10 100 18 100 5 100 13 100
9 78 0 - “ - - “ - 3 33 6 100

219 72 <1 21 71 49 57 91 78 20 80 38 7420 80 0 6 100 1 100 4 100 2 100 7 4343 93 5 4 100 12 100 5 100 13 92 9 7818 89 0 4 100 - - 1 100 6 83 7 86
3 100 0 - - - - - - 2 100 1 100

67 66 0 8 100 4 50 19 68 16 44 20 7045 96 0 2 50 1 100 7 100 5 100 30 97130 80 2 12 100 24 75 19 79 35 89 40 705268 47 1 902 52 976 42 1113 47 1196 44 1081 51

30 83 0 3 67 2 50 22 90 3 67872 97 <1 185 96 187 94 188 99 129 99 183 99262 83 5 60 73 55 84 70 80 44 95 3 3 88537 75 < 1 102 77 118 76 115 69 83 71 119 82248 64 1 79 52 15 67 51 53 5 5 82 48 73
539 62 1 125 63 114 64 115 49 96 73 89 62102 86 1 3 67 14 93 18 94 28 75 39 90158 95 1 36 97 46 96 25 96 3 100 48 92496 72 1 86 79 95 72 100 65 95 85 120 6351 80 0 5 60 1 100 15 67 5 80 25 92443 58 2 18 89 64 63 113 48 90 61 158 571004 73 4 206 78 162 77 254 63 190 77 192 71
97 38 5 3 100 28 29 39 44 1 1 36 16 31110 93 0 24 79 19 95 25 96 19 100 23 96263 70 0 69 83 37 68 50 74 44 61 63 628 25 0 - - 2 0 - - 3 0 3 6724 92 0 13 100 3 100 1 100 3 67 4 75903 76 1 150 81 152 74 216 75 210 73 175 78208 93 0 50 90 35 91 52 92 38 95 3 3 100359 2 2 3 52 19 48 21 112 14 82 30 65 2639 62 13 1 100 13 77 7 86 6 50 12 3 3178 61 8 3 100 37 54 61 69 37 68 40 5011 55 9 3 100 - - 2 50 4 50 2 0114 53 4 7 86 26 62 38 58 25 36 18 3934 47 3 3 67 7 29 5 40 7 71 12 421348 40 4 140 49 124 39 335 41 382 38 367 39124 54 8 13 69 30 57 19 58 24 46 38 50119 31 2 2 2 2 32 24 46 24 38 31 13 18 3 3265 41 19 51 3 3 20 25 58 43 67 51 69 4112 67 0 - - - - 5 40 5 80 2 100134 60 7 5 40 42 57 18 61 31 58 38 68102 72 9 15 93 17 94 2 2 64 27 70 21 52

1 100 0 - _ _ _ ä _ 1 100129 19 1 12 0 16 0 47 26 24 8 30 3 3

537 42 2 122 41 82 2 3 126 48 101 45 106 498 63 13 - - - - 5 80 2 0 1 100358 71 <1 77 78 94 66 83 75 62 69 42 6714 50 0 3 30 - - 2 50 2 0 7 711159 56 1 287 49 187 57 253 43 204 67 228 6745 53 2 1 0 9 3 3 5 60 7 71 23 5681 7 3 2 3 67 17 88 19 79 2 0 65 2 2 6439 38 0 24 3 3 - - 7 71 3 3 3 5 2 0

B. Mllk/Dairy Products/Eggs 
Butter/butter products 
Cheese/cheese products 
Eggs
Ice cream/ice cream products
Milk & cream
Filled & imitation milk

C. Fish/Seafoods/Other Meats 
Fish & shellfish 
Other meats

D. Fruits
Blackberries
Blueberries
Boysenberries
Cranberries
Grapes
Raspberries
Strawberries
Other berries

’ Grapefruit 
Lemons 
Oranges
Other citrus fruits

Apples
Pears
Other core fruits/mixed fruits

Apricots
Cherries
Nectarines
Peaches
Plums & prunes 
Other pit fruits

Papaya
Pineapples
Other tropical fruits

Cantaloupe 
Honeydew 
Watermelon 
Other vine fruits

Other fruits

Fruit jams & toppings 
Fruit juices 
Fruits, dried or paste

Total

E. Vegetables 
Blackeyed peas 
Corn
Garden/green/sweet peas 
String beans
Other beans, peas, & corn
Cucumbers
Eggplant
Okra
Peppers
Pumpkins
Squash
Tomatoes

Artichokes 
Asparagus 
Broccoli 
Broccoli raab 
Brussels sprouts 
Cabbage 
Cauliflower 
Celery
Chinese cabbage 
Collards
Dandelion greens
Endive/chicory
Kale
Lettuce
Mustard greens
Parsley
Spinach
Swiss chard
Turnip greens
Other leaf/stem vegetables

Mixed vegetables 
Mushroom/truffie products

Carrots 
Leeks 
Onions 
Parsnip8 
Potatoes 
Radishes 
Red beets 
Rutabagas
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Append ix A . (continued)
Year

1978-82 1978 1979 1980 1981 1982

Commodity group
Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Percent
viol.®

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Total 
no. of 
samples

Percent 
samples 
with no 
residues 
found

Sugar beets 64 97 0 7 100 1 0 16 100 13 92 27 100
Sweet potatoes 369 66 1 61 66 102 65 87 68 57 58 62 71
Turnips 77 70 1 8 38 24 75 9 78 9 78 27 70
Other root/tuber vegetables 30 67 7 7 57 4 100 13 62 1 0 5 80
Vegetable juices 49 67 0 12 100 1 100 7 86 21 62 8 13
Vegetables, dried or paste 96 46 2 12 25 3 100 25 20 15 53 41 61
Vegetables with sauce 390 66 4 76 50 66 61 86 78 85 62 77 78
Other vegetable-related products 45 82 4 25 92 - - 3 67 8 75 9 44

Total 12685 63 3 2269 66 2143 65 2968 60 2511 63 2794 64

F. Other
Spices & flavorings 79 71 9 - “ 25 56 4 100 35 77 15 73
Peanuts 319 45 2 84 55 80 35 52 46 46 93 57 40
Pecans 78 99 0 - - 24 96 - - 20 100 34 100
Sunflower seeds 115 65 7 4 25 17 100 27 78 50 52 17 59
Other nuts, seeds, & related products 146 75 3 33 70 5 40 20 95 44 75 44 75

Refined vegetable oil 25 84 0 1 0 5 100 1 100 15 87 3 67
Vegetable oil seed stock 35 49 9 1 0 3 33 2 100 20 55 9 33
Other vegetable oil products 72 57 24 23 48 7 43 6 100 25 40 11 100

Alcoholic beverages 20 85 0 4 100 _ - 16 81 _ _ _ -
Bottled water, other waters, & soft

drinks 54 94 2 12 100 7 86 11 100 12 100 12 83

Chocolate & cocoa products 31 10 19 2 0 6 50 21 0 _ _ 2 0
Food sweeteners 53 96 4 15 87 9 100 5 100 15 100 9 100

Other food products 87 63 2 13 46 37 76 7 86 12 25 18 67

Unspecified 572 50 4 56 48 500 49 16 50 - - - -
Total 1686 60 5 248 58 725 53 188 64 294 66 231 68

A-F Total 30361 55 3 5666 53 5790 51 6848 54 6127 56 5930 59

Classified as violative by laboratory performing analysis; does not necessarily represent final agency conclusion on compliance status of sample.

Append ix B. A na lys is  of Import sam p les by com m odity group In F Y 7 8 -8 2
Year

1978-82 1978 1979 1980 1981 1982
Percent Percent Percent Percent Percent Percent

Total
samples 
with no

samples 
Total with no

samples 
Total with no

samples 
Total with no

samples 
Total with no

samples 
Total with no

Commodity group no. of residues Percent no. of residues no. of residues no. of residues no. of residues no. of residues
samples found viol.3 samples found samples found samples found samples found samples found

A. Grains and Grain Products 
Rice
Wheat
Other whole grains

Bakery & cereal products/snack foods 
Grain products 
Pasta products

Total

B. Milk/Dairy Products/Eggs 
Butter/butter products 
Cheese/cheese products
Eggs & egg products
Milk & cream
Filled & imitation milk

Total

C. Flsh/Seafoods/Other Meats
Fish & shellfish
Other meats

Total

D. Fruits
Blackberries
Blueberries
Boysenberrles
Cranberries
Grapes
Raspberries
Strawberries
Other berries

Grapefruit
Lemons
Limes
Oranges
Tangerines
Other citrus fruits

Apples
Pears
Other core fruits/mixed fruits

Apricots
Cherries
Nectarines
Olives
Peaches
Plums & prunes 
Other pit fruits

22 41 14 4 0 3 67 3 67 5 40 7 43
3 67 0 1 100 - - - - 1 0 1 100

35 63 3 14 64 4 0 5 80 4 50 8 75

24 42 29 5 40 3 67 2 50 11 18 3 100
119 45 17 11 55 54 26 21 52 17 65 16 75
198 43 15 15 13 18 28 109 45 29 52 27 52
401 45 15 50 40 82 28 140 48 67 48 62 63

29 31 0 5 100 9 56 5 20 7 43 3 0
1046 23 4 335 14 255 27 178 20 169 33 109 36
453 24 30 59 5 87 3 149 27 76 26 82 51
52 81 6 2 100 4 75 8 63 5 100 33 82
3 67 0 1 0 - - 2 100 - - - -

1583 26 12 402 13 355 22 342 25 257 32 227 48

1949 57 3 546 50 390 55 477 58 344 60 192 68
18 39 0 7 71 1 0 2 0 4 25 4 25

1967 56 3 553 50 391 54 479 58 348 60 196 67

2 0 0 - - - - 1 0 1 0 - -
25 92 0 12 100 6 83 2 100 2 100 3 67
4 0 0 1 0 1 0 - - - - 2 0
8 25 0 3 0 - - 1 100 1 0 3 33

196 64 5 8 38 38 68 36 47 82 74 32 56
20 30 0 2 50 4 0 6 0 7 57 1 100

777 29 13 212 32 87 39 285 27 103 26 90 20
58 14 22 “ “ 25 20 30 3 1 100 2 100

39 85 0 1 100 6 100 18 89 8 75 6 67
18 50 6 - - 3 100 1 0 1 0 13 46
70 84 0 2 100 14 71 14 79 13 92 27 89

103 62 0 6 83 23 74 31 77 25 24 18 67
56 59 0 _ - 8 88 8 100 25 24 15 80
20 65 5 2 50 3 0 9 89 4 50 2 100

205 59 2 24 67 31 68 60 55 44 55 46 57
39 51 8 11 45 3 33 6 83 8 50 11 45
12 67 8 1 0 6 83 2 100 “ “ 3 33

6 50 0 2 50 1 100 _ - 1 0 2 50
8 63 0 _ _ _ 3 67 2 100 3 33

47 28 4 2 0 9 56 9 11 13 23 14 29
38 45 3 7 57 11 73 1 0 11 9 8 50
43 42 2 6 67 9 56 7 0 13 38 8 50
29 69 0 2 100 7 57 5 40 6 83 9 78
27 89 4 1 0 5 100 12 92 2 100 7 86
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Append ix B. (continued)

Commodity group

Year
1978-82 1978 1979 1980 1981 1982

Percent Percent Percent Percent Percent Percent
samples samples samples samples samples samples

Total with no Total with no Total with no Total with no Total with no Total with no
no. of residues Percent no. of residues no. of residues no. of residues no. of residues no. of residues
samples found viol.® samples found samples found samples found samples found samples found

Bananas 100 90 0 7 100 22 68 16 88 29 97 26 100
Mangoes 81 91 0 - - 11 100 16 88 29 86 25 96
Papaya 22 86 5 1 0 6 100 8 75 5 100 2 100
Pineapples 123 96 1 14 100 20 90 20 95 27 93 42 100
Plantains 24 100 0 - - 11 100 5 100 4 100 4 100
Other tropical fruits 195 37 9 15 40 30 47 42 43 72 25 36 44

Cantaloupe 209 43 1 14 43 24 33 57 44 58 50 56 39
Honeydew 104 53 0 10 90 32 38 20 60 25 60 17 41
Watermelon 94 71 3 24 54 23 78 18 89 5 60 24 71
Bitter melons 17 71 6 1 100 4 75 5 80 1 100 6 50
Other vine fruits 29 76 0 2 0 4 100 5 80 6 83 12 75

Other fruits 14 43 0 - 5 80 1 0 1 0 7 29

Fruit jams & toppings 99 76 7 19 74 10 70 33 61 23 96 14 86
Fruit juices 88 93 1 14 79 22 91 16 100 9 100 27 96
Fruits, dried or paste 219 52 6 12 58 56 50 66 42 21 71 64 56

Total 3268 54 7 438 49 580 60 875 48 688 55 687 60
E. Vegetables
Blackeyed peas 50 28 8 2 50 5 40 24 4 12 42 7 71
Com 51 88 2 2 100 11 73 13 92 13 92 12 92
Garden/green/sweet peas 320 61 15 29 79 115 70 68 50 44 61 64 45
Mung beans 166 32 34 13 15 37 35 19 42 76 28 21 43
String beans 304 38 6 63 60 64 36 77 23 55 34 45 38
Other beans, peas, & com 546 56 9 68 59 136 49 107 63 107 61 128 52
Cucumbers 930 25 5 139 31 166 22 196 29 178 22 251 22
Eggplant 300 32 8 47 51 47 32 46 35 98 20 62 34
Okra 283 74 6 23 61 33 64 58 71 100 84 69 71
Peppers 1758 24 9 392 23 223 18 336 23 373 30 434 24
Pumpkins 20 80 0 1 100 2 50 6 100 8 63 3 100
Squash 872 48 5 139 74 174 61 140 32 184 39 235 40
Tomatoes 2359 28 4 210 36 279 37 677 25 614 19 579 35
Other fruits used as vegetables 41 68 2 7 43 2 100 8 88 10 60 14 86
Artichokes 47 98 2 2 100 11 100 11 100 9 89 14 100
Asparagus 83 96 0 9 78 8 88 17 100 21 100 28 100
Bamboo sprouts 29 100 3 3 100 6 100 4 100 10 100 6 100
Broccoli 102 53 1 2 0 16 63 34 A1 27 74 23 43
Broccoli raab 2 0 0 - - - - 1 0 _ _ 1 0
Brussels sprouts 81 59 6 5 60 21 48 17 76 13 62 25 56
Cabbage 141 76 8 25 72 29 79 22 95 17 76 48 67
Cauliflower 100 78 0 13 92 26 62 15 73 13 92 33 82
Celery 39 13 13 17 6 10 0 2 0 4 75 6 17
Chinese cabbage 2 100 0 - - - - - - - - 2 100
Endive/chicory 48 73 0 4 75 15 67 16 75 7 71 6 83
Lettuce 109 31 2 10 40 16 44 26 46 11 18 46 20
Parsley 16 31 25 10 20 1 100 1 100 1 0 3 33
Spinach 25 32 24 2 50 5 0 8 25 7 29 3 100
Other leaf/stem vegetables 122 64 5 12 67 17 53 28 79 25 68 40 55
Mixed vegetables 11 73 9 1 100 3 33 2 100 2 50 3 100
Mushroom/truffie products 179 44 2 36 25 24 29 37 16 38 47 44 89
Carrots 201 33 8 49 51 47 28 52 17 35 29 18 50Leeks 6 33 17 - - 4 50 - - 1 0 1 0
Onions 154 73 1 26 85 38 79 29 62 21 67 40 73
Potatoes 92 62 1 10 40 3 33 26 69 36 53 17 88Radishes 66 36 5 5 20 4 75 23 17 17 35 17 59Red beets 16 50 0 4 75 3 67 5 60 2 0 2 0
Shallots 13 85 0 - - 4 75 5 100 3 100 1 0Sweet potatoes 21 81 0 1 100 7 71 7 86 5 80 1 100Turnips 21 57 0 2 0 1 100 9 67 4 25 5 40
Other root/tuber vegetables 295 91 2 45 98 46 83 91 90 62 90 51 92

Vegetable juices 19 79 5 2 100 3 100 3 33 5 80 6 83Vegetables, dried or paste 681 45 7 152 ¿8 154 36 127 43 128 50 120 52Vegetables with sauce 96 59 3 48 56 14 71 15 33 11 73 8 88Other vegetable-related products 28 57 4 4 50 2 0 6 67 10 40 6 67Total 10845 4 1 7 1634 45 1832 4 4 2414 38 2417 39 2548 43
F. Other
Whole coriander 136 54 14 1 0 3 67 1 0 43 42 88 61Other whole spices 199 60 10 7 71 50 48 44 61 52 63 46 67Ground spices 29 17 0 4 0 10 20 1 0 7 14 7 29Other spices & flavorings 29 41 17 2 100 7 29 5 60 7 29 8 38
Peanuts 321 16 18 _ _ 1 0 _ 316 16 4 25Other nuts & related products 131 52 14 1 100 42 36 34 50 37 49 17 100Sesame seeds 126 30 17 5 0 104 24 12 75 4Other seeds & related products 29 59 14 1 100 2 0 10 60 7 43 9 78
Refined vegetable oil 16 75 13 5 80 1 100 4 75 3Other vegetable oil products 28 64 4 - 1 100 6 67 13 54 8 75
Alcoholic beverages 26 100 0 1 100 _ _ 4 100 2 100Beverage bases 12 92 8 1 100 2 100 3 67 3 100 3Coffee & tea 170 58 9 45 53 28 32 18 67 35Bottled spring & mineral water 2 100 0 - _ _ 1 100Other waters & soft drinks 9 78 22 1 0 2 50 2 100 3 100 1 100
Chocolate & cocoa products 37 38 5 16 38 11 36 6 50 2 50Food sweeteners 11 64 9 3 67 2 5 0 3 33 3 100
Other food products 63 57 3 15 87 16 31 12 4 2 10 90 10 40
Unspecified 78 4 4 9 8 75 32 75 38 55Total 1452 45 13 • 116 57 314 32 '204 59 547 34 27Î 66

A-F Total 19516 4 4 7 3193 43 3554 4 4 4454 43 4324 42 3991 49

C la s s i f i e d  a s  v i o l a t i v e  by la b o r a to r y  p e rfo rm in g  a n a ly s i s ;  does n o t  n e c e s s a r i l y  r e p r e s e n t  f i n a l  agency c o n c lu s io n  on com pliance s t a t u s  o f  sam ple.
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Food and Drug Administration Pesticide Residue Monitoring of Foods: 1983-1986
NORMA J. YESS, MARCIA G. HOUSTON, and ELLIS L. GUNDERSON
F o o d  a n d  D r u g  A d m in is tr a t io n ,  D iv is io n  o f  C o n ta m in a n ts  C h e m is tr y ,  W a sh in g to n , D C  2 0 2 0 4

Pestic ide  res idues in foods are  reported for the 4 -year period 
1982-1986 [fisca l yea rs  (FY) 83-86]. Resu lts w ere  sum m a
rized  from  the 2 com p lem entary approaches that m ake  up 
the Food and Drug Adm in istra tion ’s  (FDA) pestic ide  residue 
monitoring program . Under regu latory monitoring, w h ich  fo 
cu ses  on residues in raw  agricu ltu ra l com m odities, a  tota l of 
49 055 sam p les (27 700 dom estic and 21 355 import) that 
included fresh fru its and vegetab les, gra ins and grain prod
ucts, m ilk  and da iry  products, seafoods, and a varie ty  of 
p rocessed  foods w ere  ana lyzed. No residues w ere  found in 
60 and 48%  of the dom estic and import sam ples, re spective 
ly, com pared w ith 55 and 44%  in FY 7 8 -8 2 . About 3%  of the 
dom estic and 5%  of the import sam p les w ere  v io lative. In 
FY 78 -82 , about 3 and 7%  w ere  v io lative, respective ly . The 
other FD A  monitoring approach, the Total D iet Study, w as 
rev ised  In Ap ril 1982 to expand coverage  of age/sex groups, 
use updated diets, and prov ide for ana lys is  of Individual 
foods. Resu lts from  monitoring under th is m odified approach 
and from  regu latory monitoring continued to dem onstrate 
that pestic ide  res idues in the U.S. food supply w ere  w ell 
be low  regu latory lim its, and d ie tary  in takes w ere  m any tim es 
low er than the A ccep ta b le  D a ily  Intakes estab lished  by inter
national agencies.

In a companion article (1), the 2 complementary approaches 
of the Food and Drug Administration (FDA) to monitoring 
the U.S. food supply for pesticide residues were described. 
The results of regulatory monitoring for fiscal years (FY) 
1978-1982 were summarized and compared with those from 
other years. The second approach to monitoring, the Total 
Diet Study, was described as it was carried out during those 
years and some historical perspective was given to the find
ings. (The detailed data have been published, 2-8.)

In the present paper, data on regulatory monitoring for the
4-year period FY83-86 are presented, and the results are 
compared with those for FY78-82 (1), a 5-year span. In 
addition, the extensive changes made in mid-1982 in the 
Total Diet Study are described and information similar to 
that given for FY78-82 is included.

Resu lts and D iscussion  

R e g u l a t o r y  M o n i t o r in g

In examining the data compiled under regulatory monitor
ing, 2 points that were explained in the companion paper (1) 
should be kept in mind. One is that selective monitoring was 
and continues to be used by FDA in order to cover the large 
number of possible pesticide/commodity combinations. The 
other is that the lower limit of measurement of a specific 
pesticide, as analyzed by FDA, has always been well below 
the Environmental Protection Agency (EPA) tolerance. This 
limit may range from about 0.005 to 1 ppm (part per mil
lion).

Appendix A shows the results of regulatory monitoring of 
domestically produced foods by commodity group (grains 
and grain products, milk/dairy products/eggs, fish/sea- 
foods/other meats, fruits, vegetables, and other commod-

Received January 11,1990. Accepted August 2, 1990.

ities) for FY83-86, a 4-year period. A total of 27 700 sam
ples (surveillance plus compliance) were analyzed. In 60% of 
the samples, no residues were found. During FY78-82, a 5- 
year period, 30 361 samples were analyzed; no residues were 
found in 55% (1).

As in the FY78-82 survey, the vegetables group had the 
largest number of samples (13 092, 47% of the total), fol
lowed by fruits (6005, 22%) and the milk/dairy products/ 
eggs group (4220, 15%).

For each of the individual years, the percentage of domes
tic samples with no residues detected ranged from 56 to 65 
(the range in FY78-82 was 51-59%). The number of samples 
in each of the 4 years did not vary appreciably, ranging from 
6664 in FY83 to 7306 in FY85 (average 6925)—somewhat 
higher than the average of 6072 for FY78-82 (1).

As explained in greater detail in the companion paper (1), 
the reporting of violative samples is based on the preliminary 
classification of the sample assigned by the laboratory that 
performed the analysis; that is, the sample contained a resi
due that exceeded the tolerance or a residue for which no 
tolerance had been set. Also, as noted in the companion paper
(1), some samples may have been classified as violative based 
on substances other than pesticide residues. The percentage 
of domestic samples classed as violative for FY83-86 is 
shown in Appendix A. The overall violation rate was about 
3% (the same as in FY78-82). Fish/seafoods/other meats 
had the highest percentage of violative samples, while milk/ 
dairy products/eggs and fruits had the lowest. The violation 
rate for fish/seafoods/other meats was attributed to a num
ber of violations involving chlorinated hydrocarbon pesti
cides (especially dieldrin) in bottom-feeding species (e.g., 
carp, catfish) and in fresh raw and fresh smoked chub and 
whitefish collected from areas of the Great Lakes known to 
be contaminated with these pesticides.

Appendix B shows the results of regulatory monitoring of 
imports by commodity groups for FY83-86. During that 4- 
year period, 21 355 samples (surveillance plus compliance) 
were collected and analyzed (19 516 in the 5-year period 
FY78-82). In 48% of the samples, no residues were detected, 
compared with 44% in FY78-82.

As in domestic sampling, the vegetables group had the 
largest number of samples (12 957, 61% of the total), fol
lowed by fruits (6193,29%). In FY78-82 monitoring, these 2 
commodity groups comprised 56 and 17% of the total import 
samples.

In each of the individual years, no residues were found in 
45 to 49% of the import samples. The numbers of import 
samples analyzed per year continued to increase (the average 
was 3903 for FY78-82 and 5339 for FY83-86). In FY87, the 
number reached 7989 (9); in FY88, 10 475 (10); and in 
FY89, 11 100 (11). These figures reflect the continuing, 
increasing emphasis on monitoring of imported foods, espe
cially raw vegetables and fruits.

About 5% of the import samples were classed as violative 
(Appendix B) [commodity group range 3-11%; in FY78-82 
the average was 7%, commodity group range 3-15% (1)]. 
The highest violation rate was for the “other” commodities 
group; the lowest was for the grains and grain products and 
fish/seafoods/other meats groups.
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Tab le  1. Fore ign countries and number of sam p les co lle cted  and ana lyzed in FY 8 3 -8 6

Country
No. of 

Samples Country
No. of 

Samples Country
No. of 

Samples Country
No. of 

Samples

Mexico 13514 Germany, Fed. Rep. of 144 Honduras 62 Iceland 22
Chile 1088 Thailand 142 South Africa 61 Indonesia 22
Canada 852 France 140 United Kingdom 60 Greece 21
New Zealand 679 Belgium 127 Jamaica 51 Norway 18
Dominican Republic 528 Brazil 123 El Salvador 42 Poland 17
The Netherlands 480 Japan 117 Philippines 32 Uruguay 17
Taiwan 409 India 104 Peru 31 Yugoslavia 17
China, People’s Rep. of 339 Argentina 101 Kenya 30 Germany, Dem. Rep. of 16
Spain 258 Israel 91 Portugal 28 Panama 14
Italy 209 Turkey 83 Ecuador 24 Finland 13
Hong Kong 208 Austria 82 Korea, Rep. of 24 Hungary 13
Australia 179 Costa Rica 81 Malawi 24 Mozambique 11
Guatemala 167 Denmark 65 Colombia 23 Unspecified 60
Haiti 163
Ten or fewer samples collected from the following:

Afghanistan Cameroon Guadeloupe Martinique Pakistan Switzerland
Albania Central African Republic Guyana Morocco Romania Tanzania
Bahamas Cocos Islands Iran Nepal Rwanda Tunisia
Bangladesh Cuba Ireland Netherlands Antilles Senegal Uganda
Belize Cyprus Ivory Coast Nicaragua Singapore Venezuela
Bolivia Czechoslovakia Liberia Nigeria Sri Lanka Western Samoa
Bulgaria Egypt Madagascar North Korea Sweden Zaire
Cambodia Fiji Islands Malaysia

Over the 4-year period, samples of imported foods from 97 
countries were analyzed (Table 1); 116 countries were repre
sented during the 5-year period FY78-82. Mexico continued 
to be the major exporter of produce to the United States, and 
was sampled accordingly.

In FY78-82, the total number of samples (domestic and 
import) analyzed per year ranged from 8859 in FY78 to 
11 302 in FY80 (average 9975) (1). During FY83-86, the 
number ranged from 11 766 in FY83 to 12 911 in FY85 
(Table 2) (average 12 264), a 23% increase over the FY78- 
82 average.

Table 3 lists the 135 different pesticides that were found in 
domestic and import commodities during the 4-year period 
FY83-86. As noted in the companion paper (1), it is not 
possible to develop a table that would accurately reflect all 
the pesticides detectable during this time period. In the 5- 
year FY78-82 survey (1), 128 pesticides were found.

Table 4 lists the selective surveys conducted in FY83-86, 
mostly using single residue methods. As is usual, some of 
these involved a single residue in 1 commodity (e.g., cyhexa- 
tin in strawberries), while others targeted a number of relat
ed chemicals in several commodities (e.g., various fumigants 
in grain products). As in the selective surveys conducted in 
FY78-82 (1), violative residues were rarely found.

During FY83-86, several episodes occurred that warrant
ed intensive monitoring efforts. The approximately 11 500 
samples that were analyzed in response to these special situa
tions are not included in the tabulations of domestic and 
import samples provided elsewhere in this report. These epi
sodes are briefly described below.

In FY84, EPA revoked the exemption from the require
ment of a tolerance for the fumigant ethylene dibromide 
(EDB). From FY83 through FY86, FDA collected and ana
lyzed approximately 9000 samples for EDB to gather infor

mation on its levels in foods and then to enforce the new 
tolerances established for that chemical.

In FY85 and FY86, FDA participated, in conjunction with 
EPA and the National Marine Fisheries Service, in a Con- 
gressionally mandated survey of polychlorinated biphenyls 
(PCBs) in Atlantic coastal bluefish. FDA analyzed approxi
mately 800 samples collected in the 2-year survey not only for 
PCBs, which are industrial chemicals, but also for pesticides.

Findings of illegal residues of aldicarb in FY85 prompted 
widespread monitoring for that chemical in domestic pro
duce. Approximately 700 samples were collected and ana
lyzed.

In FY86, findings of illegal organochlorine pesticides, such 
as heptachlor epoxide residues, in animal feed led FDA to 
conduct intensive monitoring of milk and cheese. Approxi
mately 1000 samples were analyzed.

T o ta l  D ie t  S t u d y

Since it was initiated in 1961, there have been many 
changes, refinements, and expansions in the Total Diet Study 
regarding diet basis, population groups covered, collection 
sites, foods collected, analytes, and analytical methodology. 
The Total Diet Study underwent its most extensive changes

Tab le  2. Dom estic and Import sam p les co lle c ted  and 
ana lyzed  In FY 8 3 -8 6

Samples

Year

Total1983 1984 1985 1986

Domestic 6664 7061 7306 6669 27700
Import 5102 4928 5605 5720 21355
Total 11766 11989 12911 12389 49055



YESS ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 275

Tab le  3. P e s tic ide s  found a s  residues in F Y 8 3 -8 6  regulatory monitoring

Acephate
Aldicarb
Aldoxycarb
Aldrin
Allethrin
Anilazine
Atrazine
Azinphos-ethyl
Azinphos-methyl
Benomyl
BHC
Bromide, inorganic
Bromophos-ethyl
Bromopropyiate
Captafol
Captan
Carbaryl
Carbofuran
Carbon disulfide
Carbon tetrachloride
Carbophenothion
Chlordane
Chlordecone
Chlorfenvinphos
Chlorobenzilate
Chloroform
Chloropicrin

Chloropropylate
Chlorothalonil
Chlorpi opham
Chlorpyrifos
Chlorthiophos
Coumaphos
Cyhexatin
Cypermethrin
Daminozide
DCPA
DDT
DEF
Demeton
Diazinon
Dichlofluanid
1,3-Dichloropropene
Dichlorvos
Dicloran
Dicofol
Dicrotophos
Dieldrin
Dimethoate
Dinocap
Dioxathion
Diphenylamine
Disulfoton
Diuron

EBDCs3
Endosulfan
Endrin
EPN
Ethion
Ethoprop
Ethylene dibromide
Ethylene dichloride
Fenbutatin oxide
Fenitrothion
Fensulfothion
Fenthion
Fenvalerate
Folpet
Fonofos
Gardona
Heptachlor
Hexachlorobenzene
Imazalil
Iprodione
Lindane
Linuron
Maiathion
Metalaxyl
Methamidophos
Methidathion
Methiocarb

Methomyl
Methoxychlor
Methyl bromide
Metolachlor
Mevinphos
Mirex
Monocrotophos
Nicotine
Norea
Omethoate
Oxamyl
Paraquat
Parathion
Parath ion-methyl
Pentachlorophenol
Permethrin
Perthane
Petroleum oils
Phenthoate
Phenylphenol, o
Phorate
Phosalone
Phosmet
Phosphamidon
Phosphine
Picloram
Pirimicarb

Pirimiphos-ethyl
Pirimiphos-methyl
Procymidone
Profenofos
Pronamide
Propargite
Propoxur
Prothiofos
Pyrethroids, synthetic
Quintozene
Rotenone
Simazine
Sulfotep
Sulfur dioxide
TDE
Tecnazene
Terbufos
Tetradifon
Thiabendazole
Toxaphene
Triadimefon
Triadimenol
Triallate
Triazophos
Trlchloronat
Trlfluralln
Vinclozolin

Includes amobam, mancozeb, maneb, metiram, nabam, and zineb.

in mid-1982. A t that time, data from the U .S. Department of 
Agriculture’s (U SD A ) 1977-1978 Nationwide Food Con
sumption Survey (12) and the National Center for Health 
Statistics’ Second National Health and Nutrition Examina
tion Survey of 1976-1980 (13) became available and were 
used to select a group of commonly consumed foods and to 
develop nationally representative diets for 8 age/sex groups 
based on these foods (14). The caloric content of these diets 
represents typical intakes according to age and sex. From 
1975 to m id-1982, the bases for the Study had been 1965 
USD A /H ousehold Food Consumption Survey data (15), 3 
age/sex groups, and a food commodity group composite sys
tem for analysis o f samples chosen in 4 regions o f the country
(14). The extensive m id-1982 revisions resulted in the use of 
an updated diet basis; expansion of the age/sex groups from 3 
to 8 to include 60-65-year-old females and males, 25-30- 
year-old females and males, 1 4 -16-year-old females and 
males, 2-year-old toddlers, and 6 -1 1 -month-old infants; and 
analysis o f 234 individual representative foods.

Under the revised plan, foods are collected 4 times per 
year, once from each of 4 geographical areas of the United 
States. Each collection consists of identical foods purchased 
from grocery stores in 3 cities within a geographical area. 
The 3 subsamples of each food (from the 3 cities) are pre
pared table-ready, then combined to form a laboratory sam
ple, which is analyzed for pesticide residues as well as indus
trial chemicals, radionuclides, essential minerals, and toxic 
elements. The results of these analyses are summarized and 
published in the Journal of the Association of Official Ana
lytical Chemists.

Table 5 lists the most frequently found of the residues from 
62 different pesticides detected in the Total Diet Study anal
yses for FY 82-86. These data reflect the time period from 
mid-1982 through m id-1986 because modifications in the

Total Diet Study were put into effect in April 1982. Several 
residues, maiathion, dieldrin, diazinon, and DDT, remain 
among the most frequently found over a number of years, 
including FY78 (1) through FY86. Although DDT and diel
drin were no longer registered for use on foods in the United 
States during the time covered by these reports, residues 
continued to occur because of their slow degradation in the 
environment. Residue levels and dietary intakes, however, 
have shown a decrease with time. For example, dieldrin, the 
only pesticide whose estimated dietary intake ever ap
proached its Acceptable Daily Intake (ADI) (5), in 1986

Tab le  4. S e le c tiv e  su rveys conducted  in F Y 8 3 -8 6

Pesticide Commodity

Aldicarb canned tomatoes, potatoes
Captan, folpet grapes, strawberries
Cyhexatin strawberries
Daminozide/UDMH 
Disulfoton, phorate, terbufos

apples and apple products

(including metabolites) various
Ethylene dibromide various
EBDCsa/ethylenethiourea various vegetables
Fluazifop-butyl potatoes
Fumigants, various grain products
Methiocarb wine
Methyl bromide citrus products, grain, and 

grain products
Paraquat various
Pentachlorophenol food-grade gelatine
Permethrin (including metabolites) tomato products
Vinclozolin (including metabolites) green beans, kiwi fruit, 

strawberries

a Includes amobam, mancozeb, maneb, metiram, nabam, and zineb.
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Tab le  5. Frequency  of occu rrence  of pestic ides In adult 
Tota l D iet Study in F Y 8 2 -8 6 8

Pesticlde6
Total no. 

of findings0
Percent

occurrence

DDT, total 910 24
Malathion 824 22
Dieldrin 521 14
Pentachlorophenol 471 13
BHC, alpha & beta 441 12
Diazinon 378 10
Hexachlorobenzene 352 9
Chlorpyrifos 295 8
Heptachlor, total 270 7
Chlordane, total 218 6
Dicloran 209 6
Lindane 189 5
Endosulfan, total 178 5
Methamidophos 144 4
Chlorpropham 137 4
Carbaryl 135 4d
Dicofol, total 109 3
Dimethoate 99 3
Parathion 98 3
Ethion 89 2
Toxaphene 74 2
DCPA 72 2
Quintozene, total 65 2
Phosalone 63 2
Tecnazene 61 2
TDE, total 60 2

a Reflects the 16 market basket collections made between April 1982 
and April 1986. See text for explanation of mid-year starting date. 

b “Total” designates the finding of any isomers, metabolites, or alter
ation products of that pesticide. 

c Based on 3744 samples.
d Reflects overall incidence; however, only 1152 foods were analyzed 

for W-methyl carbamates.

occurred at a level one-twentieth that found 20 years earlier
(14).

Sum m ary

This article, together with the companion paper (1), com
pletes the reporting of pesticide residues in the U .S. food 
supply from FY78 through FY86 [the data for FY87 (9), 
FY88 (10), and FY89 (11) have also been published]. Dur
ing FY 83-86, residues o f 135 different pesticides were found 
in 49 055 samples of various commodities. N o residues were 
found in 60% of the domestic and 48% of the import samples

compared with 55 and 44% in FY 78-82. In the Total Diet 
Study, residues from 62 different parent pesticides were 
found. The results from the Total Diet Study, which was 
considerably revised in mid-1982, continued to demonstrate 
that the levels o f pesticide residues found in the diet were well 
below the ADIs set by the World Health Organization (5).
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Commodity group

Append ix A . A na ly s is  of dom estic sam p les by com m odity group in F Y 8 3 -8 6
Year

1983-86 1983 1984 1985 1986
Percent Percent Percent Percent Percentsamples samples samples samples samples

Total with no Total with no Total with no Total with no Total with nono. of residues Percent no. of residues no. of residues no. of residues no. of residues
samples found viol.a samples found samples found samples found samples found

A. Grains and Grain Products
Corn, popcorn 150 42 5 11 36 29 45 73 37 37 51
Rice 268 69 1 65 78 118 58 68 81 17 65
Soybeans 145 72 1 62 69 36 69 33 82 14 71
Wheat 420 28 5 56 34 99 39 162 22 103 25
Other whole grains 55 56 11 17 47 17 47 10 90 11 55
Bakery & cereal products/snack foods 48 56 2 21 86 23 26 2 100 2 50
Grain products 153 43 4 33 36 70 27 29 86 21 48

Total 1239 48 4 265 58 392 46 377 48 205 40
B. Milk/Dairy Products/Eggs 
Butter/butter products 76 37 0 27 11 22 45 17 35 10 90
Cheese/cheese products 441 67 <1 123 49 103 65 134 75 81 83
Eggs 1651 82 3 434 79 401 77 470 84 346 87
Ice cream/ice cream products 55 89 0 28 79 20 100 7 100 - -

Milk & cream 1974 69 <1 529 64 448 62 519 75 478 73
Filled & imitation milk 23 96 0 2 100 3 100 16 94 2 100

Total 4220 73 1 1143 68 997 69 1163 78 917 79
C. Fish/Seafoods/Other Meats 
Fish & shellfish 1759 33 7 511 40 353 24 494 34 401 32
Other meats 70 49 11 38 37 12 58 17 65 3 67

Total 1829 34 8 549 39 365 25 511 35 404 32
D. Fruits 
Blackberries 12 58 0 1 100 8 50 3 67
Blueberries 71 82 0 14 93 11 91 22 82 24 71
Boysenberrles 17 71 0 8 88 7 43 1 100 1 100
Cranberries 116 17 <1 18 33 35 17 15 27 48 8
Grapes 253 68 0 64 64 72 76 58 71 59 59
Raspberries 126 49 0 24 42 56 41 9 56 37 65
Strawberries 874 29 3 185 28 200 34 229 35 260 19
Other berries 75 73 0 36 78 21 71 16 63 2 100
Grapefruit 116 33 0 22 18 42 52 30 27 22 18
Lemons 80 56 0 12 17 25 92 25 68 18 17
Oranges 334 65 0 51 47 96 69 119 71 68 60
Other citrus fruits 71 46 0 9 22 29 52 23 48 10 50
Apples 1259 44 1 221 45 245 56 342 47 451 36
Pears 268 51 0 80 51 53 45 62 69 73 41
Other core frults/mixed fruits 11 27 0 - - - - 1 100 10 20
Apricots 115 63 0 18 72 50 72 23 65 24 33
Cherries 288 41 1 81 41 85 36 36 64 86 35
Nectarines 141 67 0 16 38 66 79 32 94 27 26
Peaches 443 44 1 105 23 160 63 71 51 107 31
Plums & prunes 190 85 0 22 91 74 84 52 90 42 76
Other pit fruits 46 91 0 9 78 18 100 12 92 7 86
Papaya 34 88 0 2 100 25 84 5 100 2 100
Pineapples 50 92 0 9 100 22 95 10 90 9 78
Other tropical fruits 48 83 10 1 100 24 71 17 94 6 100
Cantaloupe 277 84 <1 41 80 43 93 89 96 104 72
Honeydew 61 75 0 14 64 8 67 14 79 25 80
Watermelon 143 92 2 14 100 9 100 71 85 49 98
Other vine fruits 55 75 0 10 20 9 78 6 100 30 87
Other fruits 26 92 0 - - - - 22 95 4 75
Fruit jams & toppings 166 71 0 15 33 72 74 65 86 14 36
Fruit juices 119 87 0 7 86 36 100 40 98 36 61
Fruits, dried or paste

Total
120

6005
89
54

<1
1

39
1148

79
48

52
1645

94
62

27
1552

100
64

2
1660

0
43

E. Vegetables
Blackeyed peas 28 96 0 20 95 1 100 6 100 1 100
Corn 308 97 <1 108 97 87 98 58 93 55 98
Garden/green/sweet peas 512 73 3 47 74 261 73 100 71 104 77
String beans 276 66 4 71 75 90 52 47 70 68 74
Other beans, peas, & corn 272 86 1 82 78 65 85 79 90 46 93

298 66 2 108 67 57 67 73 59 60 73
Eggplant 78 85 4 23 78 21 95 20 80 14 86

50 94 2 21 100 10 70 10 100 9 100
Peppers 371 66 3 85 68 96 71 102 64 88 60
Pumpkins 21 67 0 7 86 4 75 4 50 6 50

420 75 1 132 71 82 76 111 74 95 80
Tomatoes 671 73 <1 167 65 193 88 162 70 149 68

Artichokes 87 67 1 29 45 29 62 14 86 15 100
149 97 0 36 97 42 100 19 95 52 96
524 84 0 68 91 134 83 159 91 163 76

Broccoli raab 25 72 0 10 80 8 75 3 67 4 50
Brussels sprouts 71 94 0 1 100 27 96 30 93 13 92
Cabbage 561 79 1 150 80 135 86 141 83 135 65
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Append ix A . (continued)
_________________________________ Year_________________________________

1983-86______  1983_____  1984_____  1985_____  1986____
Percent Percent Percent Percent Percent
samples samples samples samples samples

Total with no Total with no Total with no Total with no Total with no
Commodity group no. of residues Percent no. of residues no. of residues no. of residues no. of residues

samples found vlol.a samples found samples found samples found samples found
Cauliflower 364 96 <1 60 97 109 96 95 98 100 95Celery 331 24 <1 82 22 80 31 86 27 83 16Chinese cabbage 98 81 3 26 77 23 70 22 95 27 81Collards 200 36 35 38 34 32 63 42 33 88 27Dandelion greens 31 39 48 5 40 6 33 9 22 11 55Endive/chicory 135 51 10 25 32 53 53 36 58 21 57Kale 98 38 21 12 33 10 60 22 32 54 37Lettuce 2579 45 4 772 33 655 54 639 50 513 46Mustard greens 148 52 9 30 50 42 55 32 59 44 45Parsley 127 54 13 20 70 15 53 40 50 52 50Spinach 324 52 11 82 60 68 51 95 47 79 51Swiss chard 44 43 30 4 100 6 33 19 32 15 47Turnip greens 108 53 8 21 62 25 72 28 43 34 41Other leaf/stem vegetables 215 69 15 43 79 44 70 56 61 72 69
Mixed vegetables 4 75 0 _ _ _ _ 1 100 3 67Mushroom/truffle products 109 63 0 43 58 27 56 30 67 9 100
Carrots 554 53 4 137 55 132 45 163 60 122 52Leeks 41 83 2 2 100 11 82 15 80 13 85Onions 281 70 1 77 62 55 75 64 73 85 72
Parsnips 73 36 29 13 38 12 33 26 27 22 45Potatoes 1130 60 1 324 61 228 54 366 67 212 53Radishes 157 62 6 28 50 48 73 44 64 37 54
Red beets 109 53 19 36 50 27 63 28 50 18 50Rutabagas 56 38 4 6 67 14 14 19 37 17 47Sugar beets 71 90 0 19 95 10 100 27 96 15 67Sweet potatoes 227 74 0 46 57 52 75 44 80 85 79Turnips 93 41 2 19 47 19 32 22 59 33 30Other root/tuber vegetables 49 80 2 4 50 12 92 18 94 15 60
Vegetable juices 35 54 9 11 27 14 79 7 43 3 67Vegetables, dried or paste 194 73 2 62 81 60 60 32 81 40 73Vegetables with sauce 315 73 4 41 63 120 78 118 74 36 61Other vegetable-related products 70 91 1 13 85 19 89 27 100 11 82

Total 13092 63 4 3266 59 3370 67 3410 66 3046 61
F. Other
Spices & flavorings 191 68 22 21 90 35 100 55 84 80 38
Peanuts 233 37 <1 47 21 77 30 56 52 53 45Pecans 45 89 9 16 69 9 100 8 100 12 100Sunflower seeds 59 90 0 6 100 23 83 13 100 17 88Other nuts, seeds, & related products 236 90 <1 79 94 76 82 53 92 28 96
Refined vegetable oil 23 87 0 5 100 13 85 3 67 2 100Vegetable oil seed stock 54 59 2 25 52 6 83 11 91 12 33Other vegetable oil products 18 83 6 10 90 5 80 5 80 1 100
Alcoholic beverages 180 36 0 10 20 4 0 15 47 151 36Bottled water, other waters, & soft

drinks 64 98 3 14 93 8 100 13 100 23 100
Chocolate & cocoa products 3 100 0 1 100 _ _ 1 100 _
Food sweeteners 77 74 6 12 67 15 93 46 70 4 75
Other food products 129 64 1 44 66 21 52 14 100 54 59
Unspecified 3 100 0 3 100

Total 1315 65 4 293 69 292 69 293 78 437 52
A-F Total 27700 60 3 6664 57 7061 63 7306 65 6669 56

Classified as violative by laboratory performing analysis; does not necessarily represent final agency conclusion on compliance status of sample.
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Commodity group

Append ix B. A na lys is  of Import sam p les by com m odity group in F Y 8 3 -8 6
Year

1983-86 1983 1984 1985 1986
Percent Percent Percent Percent Percentsamples samples samples samples samples

Total with no Total with no Total with no Total with no Total with no
no. of residues Percent no. of residues no. of residues no. of residues no. of residuessamples found viol.3 samples found samples found samples found samples found

A. Grains and Grain Products
Rice
Wheat
Other whole grains
Bakery & cereal products/snack foods 
Grain products 
Pasta products

Total
B. Mllk/Dairy Products/Eggs 
Butter/butter products 
Cheese/cheese products 
Eggs & egg products 
Milk & cream

Total
C. Flsh/Seafood8/0ther Meats 
Fish & shellfish 
Other meats

Total
D. Fruits
Blackberries
Blueberries
Boysenberries
Cranberries
Grapes
Raspberries
Strawberries
Other berries
Grapefruit
Lemons
Limes
Oranges
Tangerines
Other citrus fruits
Apples
Pears
Other core fruits/mixed fruits
Apricot8
Cherries
Nectarines
Olives
Peaches
Plums & prunes 
Other pit fruits
Bananas
Mangoes
Papaya
Pineapples
Plantains
Other tropical fruits
Cantaloupe 
Honeydew 
Watermelon 
Bitter melons 
Other vine fruits
Other fruits
Fruit jams & toppings 
Fruit juices 
Fruits, dried or paste

Total
E. Vegetables 
Blackeyed peas 
Corn
Garden/green/sweet peas 
Mung beans 
String beans
Other beans, peas, & corn
Cucumbers
Eggplant
Okra
Peppers
Pumpkins
Squash
Tomatoes
Other fruits used as vegetables

26 73 8 2 0 6 67 1 100 17 82
10 60 0 - - - - 5 60 5 60
47 79 9 9 78 10 70 13 54 12 92
23 91 0 1 100 8 100 8 75 5 100

101 74 2 26 69 32 88 27 70 20 70
61 54 0 11 73 25 44 20 45 5 100

268 71 3 49 69 81 74 74 61 64 81

7 43 0 2 50 4 50 1 0 - -

262 76 2 74 68 62 68 63 83 63 86
266 47 12 63 38 100 44 65 62 38 47
21 100 0 12 100 4 100 2 100 3 100

556 63 7 151 58 170 54 131 72 104 72

379 52 1 121 65 79 51 68 40 111 47
37 24 24 9 22 12 17 15 27 1 100

416 50 3 130 62 91 46 83 37 112 47

62 24 35 18 33 16 13 25 24 3 33
78 62 3 11 64 8 38 37 54 22 82
16 13 13 3 33 3 33 6 0 4 0
15 13 0 1 100 4 0 7 14 3 0

1500 54 5 330 50 181 68 131 60 858 52
166 46 7 10 50 28 50 89 48 39 36
281 12 5 28 14 93 9 73 10 87 17
93 22 2 19 26 12 17 22 32 40 15
24 58 0 2 100 7 43 4 100 11 45
15 33 20 - - 8 63 - - 7 0
82 84 0 23 96 17 76 16 81 26 81

158 50 1 18 67 51 59 23 57 66 36
112 47 0 15 100 35 31 15 87 47 30
21 86 5 3 100 " - 3 33 15 93

168 49 2 45 47 37 59 44 52 42 40
129 53 5 10 70 23 39 53 74 43 33
11 55 0 1 0 4 25 4 75 2 100
28 71 0 4 100 7 100 6 83 11 36
25 40 0 2 100 6 0 9 33 8 63
79 25 1 23 30 21 29 15 20 20 20
30 63 0 7 71 7 43 4 25 12 83
92 50 1 16 56 23 52 22 32 31 58
73 49 0 17 59 13 77 19 32 24 42
13 85 0 3 100 3 33 3 100 4 100

181 96 0 65 95 68 99 21 100 27 85
335 33 28 55 95 32 78 219 10 29 38
16 94 0 6 100 2 100 2 50 6 100

231 44 18 31 68 59 41 36 36 105 42
12 83 0 4 100 6 83 - - 2 50

122 61 7 23 39 31 52 26 85 42 67
735 26 2 132 22 181 19 227 21 195 42
263 26 3 40 23 61 21 61 18 101 35
321 75 2 107 70 34 82 37 100 143 70
55 80 7 20 75 18 89 10 70 7 86
64 48 5 5 40 23 22 18 67 18 67
27 44 0 4 25 3 100 11 64 9 11
86 81 5 9 89 33 70 28 89 16 88

335 87 0 10 100 48 98 263 84 14 93
139 78 2 49 71 25 76 26 73 39 90

6193 50 5 1169 56 1231 50 1615 47 2178 50

34 56 3 15 47 1 0 18 67 - -
38 87 5 14 100 14 79 2 100 8 75

487 63 6 105 68 130 65 119 62 133 59
71 63 4 8 63 18 61 26 65 19 63

453 51 5 92 65 134 44 125 49 102 48
392 65 11 174 61 84 63 93 71 41 76

1300 21 7 399 24 318 12 298 21 285 29
415 38 4 116 40 93 44 111 32 95 38
300 69 10 61 74 64 56 109 67 66 80

2557 24 8 617 20 610 24 719 24 611 28
18 94 0 4 100 8 100 2 100 4 75

1316 57 3 330 54 338 49 360 65 288 60
2768 29 <1 862 38 656 28 663 24 587 24

60 85 5 13 69 15 80 16 94 16 94

13 92 0 6 83 1 100 2 100 4 100Artichokes



280 YESS ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991)

Append ix B. (continued)

_________________________________Year_________________________________
1983-86______  1983_____  1984_____  1985_____  1986____

Percent Percent Percent Percent Percent
samples samples samples samples samples

Total with no Total with no Total with no Total with no Total with no
Commodity group no. of residues Percent no. of residues no. of residues no. of residues no. of residuessamples found viol.a samples found samples found samples found samples found

Asparagus 117
Bamboo sprouts 15
Broccoli 108
Broccoli raab 18
Brussels sprouts 150
Cabbage 278
Cauliflower 85
Celery 25
Chinese cabbage 44
Endlve/chicory 96
Lettuce 193
Parsley 29
Spinach 48
Other leaf/stem vegetables 158
Mixed vegetables 6
Mushroom/truffle products 117
Carrots 105
Leeks 11
Onions 181
Potatoes 60
Radishes 134
Red beets 29
Shallots 15
Sweet potatoes 21
Turnips 28
Other root/tuber vegetables 160
Vegetable juices 8
Vegetables, dried or paste 347
Vegetables with sauce 127
Other vegetable-related products 22

Total 12957
F. Other
Whole coriander 164
Other whole spices 197
Ground spices 26
Other spices & flavorings 65
Peanuts 32
Other nuts & related products 122
Sesame seeds 20
Other seeds & related products 29
Refined vegetable oil 9
Other vegetable oil products 9
Alcoholic beverages 23
Beverage bases 39
Coffee & tea 80
Bottled spring & mineral water 9
Other waters & soft drinks 16
Chocolate & cocoa products 9
Food sweeteners 90
Other food products 26

Total 965
A-F Total 21355

92 0 35 89 13
93 0 5 80 6
73 1 23 61 40
67 0 2 50 -

77 6 26 77 42
48 15 32 53 192
87 0 24 83 25
16 0 1 0 -

73 0 11 91 10
61 0 12 17 8
51 3 36 50 28
62 3 11 55 1
50 17 6 50 3
53 11 35 60 25
67 0 2 50 177 5 69 83 21
50 1 18 44 16
91 0 - - 183 <1 23 83 57
77 0 8 50 6
69 8 29 41 24
69 10 2 50 6

100 0 4 100 2
100 0 6 100 2
82 0 3 100 5
92 1 39 87 25
88 0 1 0 376 3 86 65 108
65 4 9 56 36
73 5 8 75 744 5 3382 44 3197

72 10 34 41 34
62 13 37 62 1746 23 9 56 3
34 48 6 83 9
28 47 11 73 1794 2 63 100 21
55 5 5 60 9
69 0 6 67 6
78 0 3 100 256 0 4 50 1
91 0 1 100 167 0 - - 571 4 27 44 1756 11 - _ _

75 0 - - 2
44 0 4 50 191 1 2 100 9
46 4 9 33 468 11 221 68 158
48 5 5102 49 4928

85 41 93 28 100
100 2 100 2 100
68 29 76 16 100

- 9 67 7 71
83 59 81 23 57
38 36 83 18 83
92 24 88 12 83
- 9 22 15 13

30 10 80 13 85
63 27 48 49 80
68 93 42 36 64

100 6 67 11 64
100 20 55 19 37
52 57 39 41 66
0 2 100 1 100

71 9 67 18 67
50 32 44 39 56

100 3 100 7 86
82 51 90 50 76

100 19 68 27 85
75 45 78 36 75
50 15 73 6 83

100 3 100 6 100
100 7 100 6 100
80 13 85 7 71
88 49 96 47 94

100 3 100 1 10074 80 86 73 8172 51 53 31 81
71 3 67 4 75
41 3470 45 2908 46

88 45 84 51 71
59 26 88 117 5633 6 33 8 3822 5 40 45 31
0 2 0 2 50

81 21 86 17 100
67 2 0 4 50100 8 63 9 56

100 1 100 3 330 2 50 2 100
100 _ _ 21 90
80 26 69 8 5094 14 79 22 82- - - 9 56100 3 100 11 64

100 3 0 1 100100 68 93 11 73
50 _ _ 13 5469 232 80 354 61
45 5605 48 5720 49

Classified as violative by laboratory performing analysis; does not necessarily represent final agency conclusion on compliance status of
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DAIRY PRODUCTS

Direct and Indirect Determination of True Protein Content of Milk by Kjeldahl Analysis: 
Collaborative Study

DAVID M. BARBANO and JOANNA M. LYNCH
Cornell University, Department of Food Science, Ithaca, NY 14853
J. RICHARD FLEMING1
Texas Milk Market, PO Box 110939, Carrollton, TX 75011

Collaborating laboratories: Cornell University and Northeast Dairy Herd Improvement Cooperative; and laboratories 
operated by or under contract to the following Federal Milk Markets: Chicago Regional; Eastern Ohio/Western 
Pennsylvania; Greater Kansas City; New England; New York/New Jersey; Texas; Upper Midwest

Currently, the re fe rence  procedure for determ ination of the 
“ prote in”  content of m ilk  Is based  on m easurem ent of the 
tota l n itrogen content of m ilk  by the K je ldah l method (AO AC  
method, 920.105). About 6%  of the tota l nitrogen content of 
m ilk  is  nonprotein nitrogen. Therefore, to ta l nitrogen m ulti
p lied  by the convers ion  factor 6.38 overestim ates the true 
protein content of m ilk  on average by about 6% . In the 
present study, new  d irect and ind irect m ethods w ere  deve l
oped for m easurem ent of the true protein content of w hole 
m ilk  by K je ldah l nitrogen determ ination. Both new  m ethods 
are  sam p le  preparation  p rocedures used to fractionate  the 
n itrogen-conta in ing com pounds in m ilk  prior to m easurem ent 
of the nitrogen content of these fractions by K je ldah l ana ly 
s is. The co llabora tive  study consisted  of 9 pa irs of blind 
dup lica te  m ilk  sam p les that w ere  ana lyzed  for to ta l n itrogen, 
nonprotein nitrogen, and protein n itrogen by each  of 10 labo
ratories. Both m ethods for true protein m easurem ent (direct 
and indirect) gave  a ccep tab le  s ta tis tica l perform ance char
a c te r is t ic s  and good agreem ent between methods. The new 
d irect m ethod requ ires about half the laboratory ana lys is  
w ork of the ind irect method (i.e., to ta l m inus nonprotein 
nitrogen). The m ethods have been adopted o ffic ia l first action  
by A O A C  as ( 1) a  new  m ethod for nonprotein nitrogen deter
m ination in m ilk, (2) a  new  method (d irect) for determ ination 
of protein nitrogen content of m ilk, and (3 ) an a lternative 
m ethod (indirect) for determ ination of protein nitrogen con 
tent of m ilk.

As the value of milk fat decreases because of lower consumer 
demand for high fat dairy products and the value of milk 
protein increases, the importance of milk protein measure
ment will increase. Historically, total nitrogen (determined 
by Kjeldahl analysis) has been used as a reference method for 
measurement of the “protein” content of milk. However, 
when the “protein” content of milk is based on Kjeldahl total 
nitrogen multiplied by 6.38, it assumes that all nitrogen 
present in milk is associated with protein. It has been docu
mented that this assumption is not correct and that approxi- * 1991
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1 J. Richard Fleming is Chairman, Test Procedures Committee of the 
Federal Milk Marketing Orders.

mately 6 % of the nitrogen content of milk ( 1 ) is present in the 
form of nonprotein nitrogen (NPN). The NPN content of 
milk varies from farm-to-farm and has been reported to 
range from about 2  to 1 0 % of the total nitrogen content (2 -
4). The major NPN components of milk are urea, creatine, 
creatinine, amino acids, and other minor nitrogen-containing 
compounds (1,5). It has been estimated that urea contributes 
about half of the NPN content of milk (1,5).

NPN and true protein components in milk are not of equal 
value nutritionally for the consumer or functionally for the 
dairy product manufacturer. In the future, the dairy industry 
may need to place more emphasis on the protein content of 
milk as an index of the relative values of milks produced by 
different farms. The true protein nitrogen content of milk is a 
more correct basis for establishing the protein value of differ
ent milks than is the total nitrogen content of milk because 
the proportion of total nitrogen that is due to NPN varies 
from farm to farm (3,4).

The Kjeldahl method for measurement of the total nitro
gen content of milk was recently optimized and collabora- 
tively studied (6 ). This nitrogen measurement method (6 ), 
which received AOAC interim official first action approval 
and has been adopted by AOAC, was utilized in the present 
study for measurement of the nitrogen content of fractions 
prepared from milk.

Development of sample preparation procedures for stan
dardized NPN and standardized true protein nitrogen deter
minations in the present study were based on the fundamen
tal work done by Rowland (7) on fractionation of nitrogen- 
containing compounds of milk. Trichloroacetic acid (TCA) 
was used to selectively precipitate the proteins in milk. Two 
approaches, an indirect and a direct method, were investigat
ed for determination of true protein content of milk. In the 
indirect method, total nitrogen and NPN contents of a milk 
sample are determined and the true protein nitrogen content 
is obtained by difference. In the direct method, the milk 
protein is precipitated, collected, and analyzed directly for 
nitrogen content.

The objectives of the present research were to (1) develop, 
optimize, and standardize the sample preparation procedures 
for determination of the NPN and true protein nitrogen 
contents of milk and (2 ) collaboratively study the within- and 
between-laboratory performance of the indirect and direct 
methods of measurement of the true protein content of milk.

Method Developm ent

Traditionally, when analysts measured the NPN or true 
protein content of milk, a final concentration of 12% TCA in 
solution with milk was used to precipitate protein. The fil
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trate contained the NPN compounds. The total nitrogen 
content of the original milk and the nitrogen content of the 
TCA filtrate (i.e., nonprotein nitrogen) obtained from the 
same milk sample were measured. The true protein content 
of milk was calculated by difference between total nitrogen 
and NPN. There has never been an AOAC method for 
determination of NPN in milk. Therefore, the first phase of 
our work was to develop a standardized procedure for mea
surement of NPN in milk.

The general approach for the NPN determination was as 
described by Rowland (7), using a 15% TCA solution mixed 
with milk to obtain a final concentration of TCA in the 
mixture of approximately 12%. Other concentrations of TCA 
and different volume ratios of milk to TCA solution have 
been used over the years and were evaluated in preliminary 
work by the Associate Referee prior to the collaborative 
study. Higher concentrations of TCA mixed with smaller 
volumes of milk gave consistently lower values for NPN than 
did the classical method developed by Rowland (7). There
fore, the 15% solution described by Rowland was selected as 
the standard TCA concentration.

All of the NPN contained in 10 mL of milk was collected in 
the TCA filtrate, which resulted from mixing 10 mL of milk 
with 40 mL of 15% TCA solution. However, only a 20 mL 
aliquot of that filtrate was used for NPN measurement. An 
equation for calculation of the NPN content of milk was 
developed based on the assumption that milk contains about 
3.5% fat and 3.0% true protein. The denominator of the 
equation (shown in the method) for calculation of the NPN 
content of milk represents the weight of milk in the 20 mL 
aliquot of the TCA filtrate. The 0.065 constant factor in the 
denominator was used as an estimate of the weight of the fat/ 
protein precipitate that was removed from the filtrate. If the 
0.065 constant factor were used for a milk sample that had 
1.0% higher or lower total fat plus protein (i.e., 7.5 or 5.5% 
instead of 6.5%), then the final result would be lower or 
higher by 0.0004%, respectively, on a protein basis (nitrogen 
X 6.38). This error is extremely small and is of no practical 
significance for most purposes. In the present study, the sum 
of true protein and fat for the 9 individual sample materials 
ranged from 6.04 to 7.17%, with an average of 6.51%.

Measurement of both total nitrogen and NPN to deter
mine the true protein content of milk doubles the amount of 
analysis work compared with only measuring the total nitro
gen. The additional work and expense to determine true 
protein has been one of the reasons the dairy industry has 
preferred the use of total nitrogen to estimate the protein 
content of milk. Therefore, a method was developed for di
rect determination of the true protein nitrogen content of 
milk by the Kjeldahl method. The principle is exactly the 
same as for the measurement of NPN. The most important 
detail of the new method is that coagulation of milk protein 
with TCA must be done in the Kjeldahl flask that will be used 
for analysis of that sample. This allows for complete recovery 
of the precipitated milk protein. The direct approach is half 
the work and cost for true protein determination compared to 
the more traditional indirect approach.

Co llabora tive  Study

Each of 10 laboratories received 2 sets of 18 raw milk 
samples (9 pairs of blind duplicates). Each pair of blind 
duplicates represented milk from 1 farm. One set of samples 
was used for determination of total nitrogen and NPN (indi
rect method); the other set of samples was used for the direct

protein nitrogen determination method. The sample number
ing on the 2  sets of samples received by each laboratory was 
different as was the analysis order. Thus, the analyst did not 
know which samples corresponded between or within sets. 
Sample coding was designed such that all samples had differ
ent identification numbers in all laboratories. Sample testing 
order was randomized between laboratories.

A 3-digit sample coding system was used. A computer 
program was prepared to translate the codes and match blind 
duplicate test results, as well as to calculate AOAC statistical 
parameters and conduct outlier tests (8 , 9). Data collection 
forms, preprinted with sample code numbers listed in the 
order of sample analysis, were sent to each laboratory to 
minimize data recording errors. Each laboratory submitted a 
copy of final test values, plus a copy of all raw data (i.e., 
weights and titration volumes). All calculations were 
checked by the staff in the Associate Referee’s laboratory.

A form was provided for the analyst to comment about 
each individual sample, and a questionnaire was provided for 
each test method. Information, such as sample arrival time 
and actual testing conditions during the analysis, was re
quested to help assure that analysts followed all details of the 
procedures.

Raw milks (5 L) were collected from 9 different farms on 
Monday (day 1) and transported on ice to the central labora
tory. On day 2, milk samples were cold-split in the central 
laboratory: milk from each farm was mixed in 1 large plastic 
container, agitated continuously with a motor-driven stirrer, 
and milk was drawn from a spout directly into coded 6 -oz 
Whirl-Pak sample bags. Forty-six or more 6 -oz Whirl-Pak 
bags of milk were prepared (80 mL/bag). Samples were 
refrigerated immediately after splitting. Sample splitting 
uniformity was verified with a Dairylab 2 infrared milk ana
lyzer (972.16) (10) by assaying fat and protein content of 
milk in the first, middle, and last sample bag.

On Tuesday afternoon, when milk from all 9 farms had 
been split, the samples were put into appropriate groupings, 
packed in ice, placed in insulated shipping containers, and 
sent by overnight air delivery to participating laboratories. 
On Wednesday (day 3), samples arrived at the laboratories 
and testing was initiated as soon as possible. Arrival tempera
ture of the milks was always <4°C. All testing was complet
ed by Monday (day 8 ). Test results and completed question
naires arrived at the Associate Referee’s laboratory by 
Wednesday (day 10). All data were summarized and re
turned to individual testing laboratories by day 16. Collabo
rators verified that the data used by the Associate Referee for 
the statistical analysis for their laboratory were entered into 
the computer correctly. Milk quality was verified as de
scribed previously ( 1 1 ).

991.21 Nonprotein N itrogen in W hole M ilk  

K je ldah l Method 

F irst A ction  1991

Method Performance:
sr = 0.006; sR = 0.012; RSDr = 2.817%; RSDr = 5.707%

A. Principle

Protein is precipitated from milk by addition of trichloro
acetic acid (TCA) solution. Final concentration of TCA in 
the mixture is ca 12%. Precipitated milk protein is removed 
by filtration. Filtrate contains nonprotein nitrogen compo
nents of milk. Nitrogen content of filtrate is determined as in 
991.20.
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B. Apparatus

See 991.20B or 991.201.

C. Reagents

See 991.20C or 991.20J and in addition:
(a) Trichloroacetic acid solution.— 15% w/v, analytical 

grade CCl3COOH. (Caution: See safety note on trichloro
acetic acid.) TCA is soft, white, deliquescent crystal, which 
should be stored in container protected from light and mois
ture.

(b) Hydrochloric acid standard solution.—0.01 ON HC1. 
Prepare as in 936.15. Alternatively, use premade solution of 
certified specification range 0.0101-0.0099N and use 0.010 
for calculation.

D. Preparation of Sample

Warm milk to 38 ±  Io. Mix milk as in 925.21. Immediate
ly pipet milk (10 ±  0.1 mL) into preweighed 125 mL Erlen- 
meyer flask and weigh. Record all weights to nearest 0.0001 
g. Add 40 ±  0.5 mL 15% TCA solution to flask. Weigh flask 
and contents. Swirl to mix. Let precipitate settle (ca 5 min). 
Filter (Whatman No. 1 paper, 15 cm, N-free; or equivalent) 
and collect entire filtrate. Filtrate should be clear and free of 
particulate matter; if it is not, repeat sample preparation. 
Swirl filtrate to mix. Pipet 20 ±  0.2 mL filtrate into a 50 mL 
beaker and weigh. Pour filtrate from beaker into Kjeldahl 
digestion flask that contains boiling chips, K2S 0 4, and 
CuS04 • 5H20  catalyst solution as in 991.20D or 991.20K. 
Immediately reweigh empty beaker. Add H2S 0 4 as in 
991.20D or 991.20K. Flask may be stoppered and held for 
digestion at later time. Digest and distill a blank solution (16 
±  0.5 mL 15% TCA and no sample) each day samples are 
analyzed. Keep record of blank values. If blank values 
change, identify cause.

E. Determination

Proceed as in 991.20E or 991.20L, substituting 0.010N 
HC1 solution for 0.100N HC1 solution as titran t in 
991.20E(c) or 991.20L(b).

F. Calculation

Calculate results as follows:

Nitrogen, % =
[1.4007 X(KS-  Kb) X N ]/

((Wr X Wm)/[WX ~ ( W m X 0.065)])

where Vs and Kb = mL titrant used for sample and blank, 
respectively; N = normality of HC1 solution; Wr = weight, g, 
of 20 mL filtrate; Wm = weight, g, of milk; and Wt = weight, 
g, of milk plus 40 mL 15% TCA solution. Note: Factor 0.065 
in denominator assumes that milk contains about 3.5% fat 
and 3.0% true protein (i.e., 0.035 + 0.030). Factor may need 
to be adjusted if liquid dairy products of different composi
tion are analyzed (i.e., concentrated or fractionated skim or 
whole milk products, etc.).

“Protein equivalent,” % = % nitrogen X 6.38

which is nonprotein nitrogen expressed as protein equivalent.

G. Repeatability and Reproducibility
For method performance parameters obtained in collabo

rative study of this method, r value = 0.016 and R value = 
0.033.

Ref.: JAOAC 74, March/April issue (1991).

991.22 Prote in  N itrogen Content of M ilk  

K je ldah l Method 

F irst A ction  1991 

Direct Method

Method Performance:
sr = 0.008; sR = 0.021; RSDr = 0.285%; RSDr = 0.702%

A. Principle

Protein is precipitated from milk by trichloroacetic acid 
(TCA) solution. Precipitation m u st be done in Kjeldahl flask 
or tube. Final concentration of TCA in mixture is ca 12%. 
The 12% TCA solution, which contains nonprotein nitrogen 
components of sample, is separated from protein precipitate 
by filtration. Nitrogen content of protein precipitate is deter
mined as in 991.20.
B. Apparatus

S ee  991.20B or 991.201.
C. Reagents

S ee  991.20C or 991.20J and in addition:
(a) T richloroacetic ac id  so lu tion .—15% w/v, analytical 

grade CCI3 COOH. (Caution: See safety note on trichloro
acetic acid.) TCA is soft, white, deliquescent crystal, which 
should be stored in container protected from light and mois
ture.
D. Preparation of Sample

Warm milk to 38 ± 1°. Mix milk as in 925.21. Immediate
ly place weighed sample (5 ±  0.1 mL) in Kjeldahl digestion 
flask. Record all weights to nearest 0.0001 g. Add 5 ±  0.1 mL 
H2 0 , rinsing any milk on neck of flask into bulb. Add 40 ± 
0.5 mL 15% TCA solution to flask. Swirl mixture. Let precip
itate settle (ca 5 min). Pour mixture from Kjeldahl flask 
through filter paper (Whatman No. 1, 15 cm, N-free; or 
equivalent) and collect filtrate. (Some protein precipitate 
will remain in Kjeldahl flask and some will be collected on 
paper. It is not necessary to remove precipitate from flask.)

Immediately after pouring mixture (do not let precipitate 
dry on neck of Kjeldahl flask), use pump dispenser to add 10 
± 0.5 mL 15% TCA to Kjeldahl flask and rinse any precipi
tate on neck of flask down into bulb. Swirl to mix. Pour 
mixture from Kjeldahl flask through same filter paper, and 
add filtrate to that previously collected. Immediately rinse 
neck of Kjeldahl flask with another 10 ± 0.5 mL rinse of 15% 
TCA solution. Swirl to mix and pour mixture from flask 
through same filter paper used earlier. Collect entire filtrate. 
Filtrate should be clear and free of particulate matter. At this 
point, filtrate is no longer needed and may be discarded in an 
appropriate manner.

Wearing TCA-resistant gloves, pick up filter paper; take 
care not to lose any precipitate. Pinch paper at top and twist 
sides and bottom to form oblong shape. If any precipitate 
remains on either inner or outer lip of Kjeldahl flask, wipe 
with filter paper so precipitate adheres to paper. Drop filter 
paper into Kjeldahl flask. Add boiling chips, K2S04, Cu- 
S0 4 -5H20  catalyst solution, and H2S 0 4  as in 991.20D or 
991.20K. Flask may be stoppered and held for digestion at 
later time. Digest and distill a blank (filter paper) each day 
that samples are analyzed. Keep record of blank values. If 
blank values change, identify cause.
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E . D e t e r m i n a t i o n

Proceed as in 991.20E or 991.20L.

F . C a l c u l a t i o n

Calculate protein nitrogen in milk as in 991.20G.

G . R e p e a t a b i l i t y  a n d  R e p r o d u c i b i l i t y

For method performance parameters obtained in collabo
rative study of this method, r value = 0.024 and R value = 
0.059.

Ref.: JAOAC 74, March/April issue (1991).

991.23 Protein Nitrogen Content of Milk 

Kjeldahl Method 

First Action 1991 

I n d i r e c t  M e t h o d

Method Performance:
sr = 0.014; sR = 0.031; RSDr = 0.483%; RSDr = 1.051%

A .  P r in c ip l e

Total nitrogen and nonprotein nitrogen contents of milk 
sample are determined separately. Difference between re
sults of these 2 determinations is protein nitrogen content of 
milk.

B . D e t e r m i n a t i o n

(a) Total nitrogen.—Determine as in 991.20.
(b) Nonprotein nitrogen.—Determine as in 991.21.

C. C a l c u l a t i o n

Subtract nonprotein nitrogen content from total nitrogen 
content of milk sample and multiply result by 6.38.

D . R e p e a t a b i l i t y  a n d  R e p r o d u c i b i l i t y

For method performance parameters obtained in collabo
rative study of this method, r value = 0.040 and R value = 
0.088.

Ref.: JAOAC 74, March/April issue (1991).

Results and Discussion

The data for determination of total nitrogen, NPN, pro
tein nitrogen determined indirectly, and protein nitrogen de
termined directly are presented in Tables 1, 2, 3, and 4, 
respectively. Invalid data and statistical outliers are identi
fied in these tables. The total amount of invalid and outlier 
data for this study are within the acceptable limits for collab
orative studies (9).

The AOAC statistical parameters for repeatability and 
reproducibility were summarized by sample material. In gen
eral, the statistical parameters for total nitrogen determina
tion (Table 5) were similar to those reported in an earlier 
study (6). The between-laboratory agreement for total nitro
gen in this study was not quite as good as that observed in the 
previous study (6); sr = 0.026 and 0.017, R SD r = 0.822 and 
0.504%, respectively.

Statistical performance characteristics for determination 
of the NPN content of milk have not been reported previous
ly. The concentration of NPN in milk is low, about 6% of the 
total nitrogen (1). Therefore, it was expected (and observed) 
that values for RSDr and RSDr would be much larger for 
NPN than for total nitrogen. Statistical parameters for milk 
NPN determination are presented in Table 6. The average 
value for NPN as a percent of total nitrogen for the milk 
samples used in this study was 6.4%.

Statistical performance characteristics of indirect and di
rect methods of determination of true protein content of milk 
are shown in Tables 7 and 8, respectively. The repeatability 
and reproducibility of the direct method for true protein 
(Table 8) were better than these values for the indirect meth
od (Table 7). This was expected because the indirect method 
requires 2 separate measurements (total and nonprotein ni
trogen), which will increase within-laboratory and between- 
laboratory variation of results. The indirect method would be 
useful when separate direct determination of the NPN con
tent of milk is required in addition to the protein content.

The mean test values for true protein in milk by the indi
rect and direct methods were similar (2.976 and 2.995%, 
respectively). The difference in mean protein concentration

Table 1. Total nitrogen In raw milk (blind duplicates) expressed on % protein basis (nitrogen X 6.38)

Laboratory

Material A B C D E F G H I J

1 3.206 3.176 3.216 3.151 3.199 3.160 3.181 3.226 3.148 3.182
3.204 3.178 3.224 3.183 3.213 3.170 3.198 3.222 3.148 3.175

2 3.197 3.203 3.203 3.166 3.213 3.159 3.200 3.224 3.146 3.099
3.184 3.182 3.210 3.173 3.182 3.158 3.204 3.225 3.131 3.110

3 3.132 3.121 3.145 3.105 3.086 3.127 3.135 3.121 3.076 3.110
3.142 3.114 3.135 3.107 3.132 3.099 3.128 3.153 3.102 3.032

4 3.180 3.153 3.098 3.154 2.952a 3.139 3.172 3.197 3.133 3.171
3.172 3.123 3.174 3.143 3.168a 3.133 3.162 3.185 3.121 3.121

5 3.127 3.119 3.154a 3.120 3.145 3.097 3.144 3.119 3.097 3.120
3.137 3.132 3.038a 3.130 3.111 3.106 3.162 3.156 3.092 3.125

6 3.492 3.483 3.471 3.445 3.505 3.439 3.478 3.493 3.437 3.452
3.487 3.481 3.492 3.463 3.478 3.454 3.474 3.513 3.432 3.426

7 2.950 2.933 2.944 2.902 2.934 2.913 2.946 2.971 2.920 2.926
2.941 2.926 2.921 2.894 2.935 2.906 2.949 2.949 2.908 2.910

8 3.181 3.180 3.204 3.167 3.186 3.156 3.188 3.200 3.140 3.161
3.177 3.151 3.182 3.146 3.186 3.145 3.195 3.196 3.126 3.126

9 3.316 3.294 3.329 3.290 3.315 3.264 3.322 3.336 3.271 3.281
3.308 3.303 3.342 3.267 3.320 3.274 3.317 3.328 3.262 3.281

Invalid data (Incorrect amount of NaOH delivered).
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Tab le  2. Nonprotein nitrogen In raw  m ilk  (b lind dup lica tes) expressed  on % protein ba s is  (n itrogen X  6.38)

Laboratory

Material A B C D E F G H I J

1 0.206 0.206 0.183 0.199 0.163a 0.189 0.194 0.201 0.215 0.212
0.218 0.209 0.198 0.200 0.193s 0.201 0.192 0.208 0.209 0.206

2 0.230 0.228 0.213 0.216 0.183a 0.213 0.221 0.245 0.236 0.269* *
0.226 0.234 0.216 0.236 0.233a 0.234 0.226 0.220 0.232 0.256*

3 0.241 0.238 0.217 0.228 0.151a 0.224 0.228 0.227 0.256 0.259
0.242 0.242 0.213 0.228 0.224a 0.225 0.227 0.234 0.243 0.266

4 0.203 0.192 0.192c 0.187 0.186 0.186 0.190 0.194 0.208 0.199
0.200 0.195 0.173c 0.190 0.180 0.187 0.192 0.196 0.205 0.204

5 0.211 0.207 0.196 0.206 0.197 0.197 0.201 0.203 0.223 0.215
0.213 0.213 0.184 0.198 0.210 0.195 0.200 0.207 0.230 0.228

6 0.197 0.187 0.164 0.179 0.179a 0.175 0.187 0.178 0.202 0.199
0.193 0.185 0.170 0.192 0.178a 0.182 0.187 0.193 0.198 0.191

7 0.195 0.194 0.177 0.183 0.183a 0.178 0.186 0.187 0.210 0.219
0.197 0.199 0.181 0.187 0.179a 0.181 0.191 0.197 0.212 0.236

8 0.206 0.197 0.180 0.194 0.183a 0.185 0.189 0.196 0.213 0.210
0.202 0.205 0.186 0.187 0.184a 0.212 0.186 0.197 0.205 0.224

9 0.197 0.198 0.177 0.184 0.182a 0.183 0.182 0.202 0.205 0.206
0.198 0.193 0.174 0.192 0.168a 0.186 0.187 0.193 0.212 0.218

s Invalid data (analysis performed on twice warmed samples).
* Statistical outlier (Grubbs test).
* Statistical outlier (Cochran test).

between the 2 methods is even smaller when the data are 
recalculated to include only laboratories (n = 5) where com
plete data were available for both the indirect and direct 
methods (2.983 and 2.987%, respectively). The difference in 
mean test value between methods is much smaller than the 
difference in mean test value between laboratories within 
either method. Therefore, the small difference in mean test 
value between methods is of little practical significance.

S u m m a r y  a n d  C o n c l u s i o n s

Results from the indirect and direct methods for measure

ment of true protein in milk are in good agreement. The 
repeatability and reproducibility of both methods are accept
able. Within- and between-laboratory performance for the 
true protein determination was slightly better using the di
rect method. Repeatability and reproducibility of the direct 
method for true protein nitrogen determination compared 
very favorably with performance of method 991.20 for deter
mination of total nitrogen. Therefore, there would not be a 
significant change in within- and between-laboratory agree
ment of test results if the basis for estimation of the protein 
content of milk were changed from total nitrogen to protein

Tab le  3. True protein n itrogen In raw  m ilk  (b lind dup lica tes) determ ined by I n d i r e c t  m ethod (TN m inus N PN ) and
expressed  on % protein bas is  (nitrogen X  6.38)

Laboratory

Material A B C D E F G H I J

1 3.000 2.970 3.033 2.952 3.036a 2.972 2.988 3.025 2.933 2.970
2.986 2.969 3.026 2.983 3.020s 2.969 3.006 3.014 2.940 2.969

2 2.967 2.975 2.990 2.950 3.031s 2.945 2.978 2.979 2.909 2.830*
2.958 2.948 2.995 2.937 2.949s 2.924 2.978 3.005 2.900 2.853*

3 2.891 2.882 2.928 2.877 2.935s 2.902 2.907 2.894 2.819 2.852
2.900 2.873 2.922 2.879 2.908s 2.875 2.900 2.920 2.858 2.766

4 2.977 2.961 2.906* 2.967 2.766* 2.953 2.982 3.003 2.925 2.972
2.972 2.927 3.002* 2.953 2.988* 2.946 2.971 2.989 2.916 2.917

5 2.916 2.911 2.958* 2.914 2.947 2.900 2.944 2.917 2.874 2.904
2.923 2.919 2.854* 2.932 2.901 2.912 2.962 2.949 2.862 2.897

6 3.295 3.296 3.308 3.266 3.326s 3.264 3.291 3.316 3.235 3.252
3.294 3.296 3.321 3.271 3.300s 3.272 3.287 3.320 3.234 3.235

7 2.756 2.739 2.767 2.719 2.751s 2.734 2.761 2.785 2.710 2.707
2.743 2.727 2.740 2.706 2.756s 2.724 2.757 2.752 2.695 2.674

8 2.975 2.983 3.024 2.973 3.003s 2.971 2.999 3.005 2.927 2.950
2.975 2.946 2.996 2.959 3.002s 2.932 3.010 2.999 2.920 2.902

9 3.120 3.097 3.152 3.106 3.133s 3.081 3.139 3.135 3.066 3.075
3.111 3.110 3.168 3.076 3.152s 3.088 3.130 3.136 3.050 3.063

a Invalid nonprotein nitrogen data. 
b Nonprotein nitrogen statistical outlier. 
c Invalid total nitrogen data.



2 8 6 BARBANO ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991)

Table 4. True protein nitrogen in raw milk (blind duplicates) determined by direct method and expressed on % protein
basis (nitrogen X 6.38)

Laboratory

Material A B C D E F G H la J

1 3.001 3.000 3.030 2.980 2.994 2.960 2.982 3.022 2.949 3.021
3.011 2.993 3.027 2.989 3.005 2.969 2.996 3.032 2.983 3.028

2 2.973 2.970 2.980 2.980 2.987 2.934 2.981 2.998 2.936 2.995
2.975 2.962 2.981 2.953 2.995 2.951 2.999 3.004 2.911 2.989

3 2.914 2.895 2.929 2.880 2.932 2.866 2.913 2.917 2.873 2.910
2.897 2.912 2.920 2.890 2.917 2.847 2.911 2.928 3.052 2.908

4 2.975 2.979 3.003 2.961 3.001 2.950 2.986 3.002 2.919 2.982
2.971 2.971 2.990 2.958 3.007 2.942 2.991 2.989 2.933 2.980

5 __b 2.930 2.952 2.893 2.946 2.900 2.934 2.928 2.874 2.946
2.926b 2.921 2.943 2.917 2.955 2.899 2.955 2.944 2.856 2.937

6 3.303c 3.299 3.316 3.283 3.328 3.271 3.305 3.324 3.258 3.303
3.137c 3.308 3.316 3.285 3.327 3.251 3.313 3.331 3.259 3.301

7 2.749 2.751 2.757 2.719 2.786 2.725 2.759 2.721 2.708 2.775
2.753 2.755 2.749 2.739 2.775 2.722 2.764 2.756 2.736 2.765

8 2.990 2.975 2.986 2.962 3.023 2.955 2.981 2.995 2.937 3.000
2.994 2.974 3.012 2.976 3.000 2.931 2.979 2.992 2.943 2.986

9 3.125 3.116 3.127 3.116 3.140 3.082 3.131 3.145 3.096 3.145
3.123 3.109 3.138 3.099 3.145 3.081 3.122 3.142 3.065 3.123

a Invalid data (distillate diluted and transferred for titration). 
b Invalid data (laboratory accident). 
c Statistical outlier (Cochran test).

Table 5. AOAC statistical parameters by sample material for total nitrogen expressed on % protein basis

Material

Statistic 1 2 3 4 5 6 7 8 9 Mean

No. of labs 10 10 10 9 9 10 10 10 10
No. of accepted 

values 20 20 20 18 18 20 20 20 20 —

Mean, % 3.188 3.179 3.115 3.152 3.124 3.470 2.929 3.170 3.301 3.181

Sr 0.009 0.010 0.023 0.024 0.014 0.012 0.009 0.013 0.007 0.014
RSDr, % 0.292 0.316 0.753 0.745 0.432 0.340 0.315 0.412 0.224 0.425
Sr 0.026 0.037 0.028 0.027 0.020 0.026 0.020 0.025 0.026 0.026
RSDr, % 0.815 1.155 0.900 0.865 0.644 0.737 0.693 0.787 0.799 0.822
r value 0.026 0.028 0.066 0.066 0.038 0.033 0.026 0.037 0.021 0.038
R value 0.074 0.104 0.079 0.077 0.057 0.072 0.057 0.071 0.075 0.074

Table 6. AOAC statistical parameters by sample material for nonprotein nitrogen expressed on % protein basis

Material

2 4

Statistic 1
All

data
Outlier

removed 3
All

data
Outlier

removed 5 6 7 8 9 Mean3

No. of labs 9 9 8 9 10 9 10 9 9 9 9
No. of accepted 

values 18 18 16 18 20 18 20 18 18 18 18 _
Mean, % 0.203 0.231 0.227 0.236 0.193 0.194 0.207 0.187 0.195 0.199 0.194 0.204

Sr 0.006 0.010 0.010 0.004 0.005 0.002 0.006 0.006 0.005 0.008 0.005 0.006
RSDr, % 3.065 4.262 4.378 1.731 2.514 1.158 2.758 3.066 2.747 4.060 2.391 2.817
SR 0.009 0.015 0.009 0.015 0.009 0.008 0.012 0.011 0.016 0.012 0.012 0.012
RSDr, % 4.653 6.527 4.121 6.224 4.621 4.095 5.736 5.721 8.297 6.121 6.399 5.707
r value 0.018 0.028 0.028 0.012 0.014 0.006 0.016 0.016 0.015 0.023 0.013 0.016
R value 0.027 0.043 0.026 0.041 0.025 0.023 0.034 0.030 0.046 0.034 0.035 0.033

a Mean values only include data for sample materials 2 and 4 with outliers removed.
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Material

T a b le  7 .  A O A C  s t a t i s t i c a l  p a r a m e t e r s  b y  s a m p le  m a te r ia l  fo r  t r u e  p r o te in  n i t ro g e n  d e t e r m in e d  b y  in d irec t  m e th o d  (TN
m in u s  N P N ) a n d  e x p r e s s e d  o n  %  p ro te in  b a s i s

Statistic 1 2 3 4 5 6 7 8 9 Mean

No. of labs 9 8 9 8 9 9 9 9 9 _
No. of accepted 

values 18 16 18 16 18 18 18 18 18 _

Mean, % 2.984 2.959 2.880 2.958 2.916 3.281 2.733 2.969 3.106 2.976

Sr 0.010 0.012 0.024 0.017 0.015 0.006 0.014 0.019 0.010 0.014
RSDr, % 0.327 0.399 0.840 0.586 0.528 0.177 0.522 0.636 0.333 0.483
Sr 0.030 0.031 0.040 0.027 0.026 0.030 0.029 0.035 0.035 0.031
RSDr, % 0.999 1.060 1.382 0.901 0.887 0.899 1.048 1.172 1.110 1.051
r value 0.028 0.033 0.069 0.049 0.044 0.017 0.040 0.053 0.029 0.040
R value 0.084 0.089 0.113 0.075 0.073 0.084 0.081 0.099 0.098 0.088

Table 8. AOAC statistical parameters by sample material for true protein nitrogen determined by direct method and
expressed on % protein basis

Material

6

All Outlier
Statistic 1 2 3 4 5 data removed 7 8 9 Mean3

No. of labs 9 9 9 9 8 9 8 9 9 9 __
No. of accepted 

values 18 18 18 18 16 18 16 18 18 18 —

Mean, % 3.002 2.978 2.905 2.980 2.931 3.294 3.304 2.751 2.984 3.123 2.995

sr 0.007 0.009 0.009 0.006 0.010 0.039 0.006 0.011 0.011 0.008 0.008
RSDr, % 0.222 0.310 0.314 0.184 0.349 1.196 0.186 0.381 0.372 0.242 0.285
Sr 0.022 0.019 0.023 0.019 0.021 0.045 0.023 0.020 0.021 0.020 0.021
RSDr, % 0.738 0.647 0.796 0.642 0.712 1.357 0.693 0.725 0.719 0.650 0.702
r value 0.019 0.026 0.026 0.016 0.029 0.111 0.017 0.030 0.031 0.021 0.024
R value 0.063 0.055 0.065 0.054 0.059 0.127 0.065 0.056 0.061 0.057 0.059

3 Mean values only Include data for sample material 6 with outlier removed.

nitrogen. Protein values based on true protein nitrogen con
tent of milk will be lower than those based on total nitrogen.

Milk “protein” measured using total nitrogen multiplied 
by 6.38 may be the same for 2 farms (e.g., 3.2%). However, if 
the portion of total nitrogen present as NPN in milk from one 
farm is 3% and from the other farm 8%, then the true protein 
content of these 2 milks will differ (i.e., 3.104 vs 2.944%, 
respectively). On a total nitrogen basis for payment, the same 
value would be placed on these 2 milks. However, on a true 
protein nitrogen basis the milks would have different values. 
The difference in true protein nitrogen content of milk from 
these 2 farms reflects more correctly the relative differences 
in their protein values (i.e., for dairy product manufacture 
and nutritional value) than the “protein” based on measure
ment of total nitrogen.

Recommendations
The Associate Referee recommends the following: (7) the 

new method for determination of the nonprotein nitrogen 
content of milk be adopted official first action, (2) the new 
direct method for measurement of true protein nitrogen con
tent of milk be adopted official first action, and (3) the new 
indirect method for measurement of the true protein nitrogen 
content of milk be adopted official first action method as an 
alternative method.
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DRUG FORMULATIONS

Liquid Chromatographic Determination of Six Sympathomimetic Drugs in Dosage Forms
MICHAEL J. SMELA, Jr
F o o d  a n d  D ru g  A d m in is tra tio n , C en ter f o r  D ru g  E va lu a tio n  an d  R esearch , D iv ision  o f  G eneric D rugs, 
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A  s im p le  and rap id stab ility-ind ica ting  liqu id chrom atograph
ic  m ethod is  described  for quantitative determ ination of 6 
sym pathom im etic drugs in various liqu id and so lid  form ula
tions. A n a ly se s  w ere  ca rr ied  out on a C 18 reverse  phase 
co lum n using 0 .01M 1-octanesu lfon ic ac id , sodium  sa lt in 
0.2%  a ce t ic  ac id -m e thano l (70 +  30) a s the m ob ile  phase 
w ith photom etric detection  at 220 nm. Coeffic ien ts of va ria 
tion for 5 consecu tive  Injections of a m ixed standards so lu 
tion ranged from  0.62%  for m etaram inol to 1.40%  for ep i
nephrine. S tandard recove rie s  ranged from  98.8%  for m etar
am inol to 100.8%  for epinephrine. The method w as linear 
between 0.2 and 10 pg of drug in jected and w as used su c 
ce ssfu lly  to ana lyze  17 com m erc ia l products In a varie ty  of 
dosage forms.

The sympathomimetic or adrenergic drugs affect those cell 
chemicals that mediate sympathetic nerve transmissions (1). 
They have clinical application primarily as vasoconstrictors, 
bronchodilators, and nasal decongestants.

Liquid chromatographic (LC) methods have been de
scribed for determination of sympathomimetic compounds in 
pharmaceutical preparations. These methods determine a 
single compound (2), resolve enantiomers (3-6), or separate 
various formulations in combination with other drug sub
stances (7-10). Official United S ta tes Pharmacopeia meth
ods (11) for each drug involve LC analysis with ultraviolet 
detection.

The present paper describes a single, stability-indicating 
LC method that can be applied to the sympathomimetics and 
can distinguish them on the basis of differing retention times. 
In addition, the method eliminates the time-consuming pro
cess of changing chromatographic conditions between sam
ples when a variety of these products are to be tested. The 
present method is useful for both identification and assay of 
commercial products.

Experim enta l

Apparatus
(a) Liquid chromatograph .—Tracor model 950 pump, 

equipped with variable wavelength detector (Tracor Inc., 
Austin, TX 78725), Spectra Physics model 4100 computing 
integrator (Spectra Physics, Santa Clara, CA 95051), Rheo- 
dyne model 7125 injector valve with 20 pL  sample loop 
(Rheodyne Inc., Cotati, CA 94928), and Whatman Partisil- 
5, ODS-3, 25 cm X 4.6 mm column, 5 pm  particle size 
(Whatman, Inc., Clifton NJ 07014). Operating condi
tions.—Column temperature, ambient; mobile phase flow 
rate, 1.0 mL/min; detection wavelength, 220 nm; range, 0.32 
AUFS; recorder range, 1 mV; chart speed, 1 cm/min.

Received October 19, 1989. Accepted September 1, 1990.
1 Address correspondence to this author.

Reagents
(a) Chemicals and solvents.—LC or analytical reagent 

grade. 1-Octanesulfonic acid, sodium salt (Eastman Kodak 
Co., Rochester, N Y  14650).

(b) M obile phase.—0.01 M 1-Octanesulfonic acid, sodi
um salt in 0.2% glacial acetic acid-methanol (70 +  30) (8), 
filtered through a 0.45 /tm filter and degassed under vacuum.

(c) Standards.—USP reference standards, norepineph
rine (NE) bitartrate, epinephrine (EPI) bitartrate, phenyl
ephrine (PHE) hydrochloride, and levonordefrin (LEV) (US 
Pharmacopeial Convention, Inc. Rockville, MD 20853). Iso
proterenol (ISO) hydrochloride and metaraminol (MET) 
bitartrate were in-house working reference standards. All 
were dried according to USP specifications.

(d) Standard solutions.—Prepare solutions in 0.01N HC1 
in which final concentration of free base is 100 ¿ig/mL for 
EPI (182 pg /m L EPI bitartrate), NE (199 p g /m L  NE bitar
trate), and LEV; and 200 p g /m L  for ISO (234 p g /m L  ISO 
hydrochloride), PHE (244 ¿tg/mL PHE hydrochloride), and 
MET (380 p g /m L  MET bitartrate).

Samples
Injections of norepinephrine bitartrate (1 mg norepineph- 

rine/mL), epinephrine hydrochloride (1 mg epinephrine/ 
mL), isoproterenol hydrochloride (1 mg isoproterenol HC1/5 
mL), metaraminol bitartrate (10 mg metaraminol/mL), 
phenylephrine hydrochloride (1% phenylephrine HC1) as 
well as tablets of isoproterenol hydrochloride (10 mg isopro
terenol HCl/mL) and phenylephrine hydrochloride ophthal
mic solution (10% phenylephrine HC1) were obtained from 
commercial sources.

Sample Preparation
Tablets.—Weigh and finely powder not less than 20 tab

lets. Transfer an accurately weighed quantity of powder to a 
suitable volumetric flask, dissolve in 0 .0IN HC1 to a concen
tration equivalent to that of the respective standard solution 
and filter if necessary.

Injections, ophthalmic solutions, and inhalation solu
tions.—Transfer an accurately measured volume of liquid 
from a composite of the pooled contents of not fewer than 3 
containers to a suitable volumetric flask and dilute in 0.0IN  
HC1 as for tablets.

Samples for Recovery Study
Samples and standards were prepared as described above. 

Equal volumes of corresponding solutions were mixed and 
aliquots of mixtures were injected into chromatograph.

Determination
Equilibrate LC column with mobile phase for ca 1 h. 

Proceed with analysis by injecting equal volumes of the cor
responding standard and sample preparations.
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UJ

Figure  1. L C  separation  of a  m ixture of sym pathom im etic drugs (0.32 AUFS). Tartaric  a c id  e lu tes at the so lvent front. N E  = 
norepinephrine, EPI = epinephrine, L E V  = levonordefrin, ISO = isoproterenol, PH E  = phenylephrine, and M ET = m etaram inol.

S e e  text for chrom atograph ic conditions.

Calculation
Calculate quantity of drug using a comparison of peak 

responses of samples to those of corresponding standards as 
follows:

Tablets.—

m g/tab. =  (Ru/Rs)(Q(T/S)(D)(F)

where Ru and Rs =  peak height responses for the sample 
preparation and standard preparation, respectively; C = con
centration of standard, mg/m L; T =  average tablet weight; S  
=  weight of sample composite taken for analysis, mg; D =  
sample dilution; and F =  ratio of formula weight o f free base 
to its salt. F =  (169.18/319.26) for NE; (183.21/333.29) for 
EPI; (167.21/317.29) for MET; and 1 for LEV, PHE, and 
ISO.

Injections, ophthalmic solutions or inhalation solu
tions.—

m g/m L  =  (Ru/Rs)(C)(D/V)(F)

where V =  volume of sample taken; other symbols have the 
same meanings as above.

Resu lts and D iscussion

A typical chromatogram is presented in Figure 1. Tartaric 
acid from the 3 bitartrate salts elutes at the solvent front. The 
drugs are baseline separated except for epinephrine and le
vonordefrin. Because this pair is not a commercially pro
duced combination, the lack of complete resolution is not a 
practical problem. They are, however, sufficiently well re
solved that the presence of at least 10% of one in the other is 
detectable.

Chromatographic conditions were selected on the basis of 
applicability to all compounds. A  detection wavelength of 
265 nm is suitable for each; detection in this region is com
monly used for these drugs. However, 220 nm was selected 
because sensitivity is approximately 4-fold that in the longer 
wavelength region. Thus, lower limits o f detection may be 
attained, enabling detection of cross contamination.

Results o f precision and sensitivity testing are shown in 
Table 1. Reproducibility of the chromatographic system was 
determined on the basis of peak area measurements for 5 
replicate injections of mixed standards solutions. Sensitivity 
was determined by establishing the minimum concentration 
of drug needed to produce a peak twice the amplitude of the 
baseline noise.

Calibration curves for the sympathomimetics were linear 
over a range of 0.2 to 10.0 ug o f drug injected. The correla
tion coefficient for each was 0.9996 or greater.

Work was done to determine whether the procedure was 
stability indicating. Forced degradation of the individual 
pure drug substances was accomplished by dilution with IN  
N aO H  for 1 h followed by neutralization with HC1 (9). Base 
degradation was used because these drug substances undergo 
oxidation at an elevated pH. Discolored solutions were inject
ed with the result that extra peaks appeared only in the region 
of the solvent front. A  decrease in peak responses for the 
drugs was observed.

Four known impurities were also tested on the system. 
Their names and retention times relative to the correspond
ing parent peak are: (7) adrenalone, impurity of EPI (11), 
relative retention time (RRT) =  1.23; (2) adrenochrome, 
oxidation product of EPI (12), RRT =  0.29; (5) benzalde- 
hyde, hydrolysis product of PHE (13), RRT =  0.50; and (4) 
w-hydroxybenzaldehyde, degradation product of PHE (13), 
RRT = 0.30.

The USP establishes a limit for norepinephrine, a bio-

Tab le  1. P rec is ion  and sensitiv ity  of 6 sym pathom im etics

Compound RSD, % ± Sensitivity, ng

EPI 1.40 33
NE 0.65 27
LEV 0.73 36
ISO 0.81 53
PHE 0.93 40
MET 0.62 50



SMELA & STROMBERG: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 291

Tab le 2. A na lys is  of com m ercia l products and sp ike  recoveries*

Compound Manuf. Dosage form
Spike

recovery, %

Declared, %

LC assay6 USP limit

EPI A Inj 100.8 105.1 90.0-115.0
A Inj 111.3
B Inj 99.1 107.8
B Inj 107.3

NE C Inj 100.2 112.0 90.0-115.0
C Inj 110.8

ISO B Inj 99.5 104.5 90.0-115.0
B Inj 104.3
C Inhal soln 99.2 105.9 90.0-115.0
C Inhal soln 110.1
C Tablets 99.6 99.2 93.0-107.0
C Tablets 96.9

PHE C Inj 99.4 100.4 90.0-115.0
C Inj 98.8
C Ophth soln 102.6 90.0-115.0

MET D lnjc 98.8 102.7 90.0-110.0
D Inj 101.3

a Levonordefrin is not commercially available as a single component drug. 
6 Average of duplicate assays.
c Methyl paraben In the injections eluted just before the peak of interest.

chemical precursor of epinephrine, in epinephrine bulk drug 
of not more than 4.0%. Although no such requirement exists 
for the epinephrine dosage forms, work was done to deter
mine its detectability. The limit of detection of norepineph
rine in epinephrine solutions was 5 m g/m L, corresponding to 
0.5% of the epinephrine concentration. Norepinephrine was 
not detected in any epinephrine injectable solutions.

Commercially available products were assayed for drug 
content by the proposed LC method. Recoveries on those 
products were determined for mixed portions of samples and 
corresponding standards. Recoveries ranged from 98.8% for 
MET to 100.8% for EPI (Table 2).

In conclusion, this method offers a significant advantage in 
that it provides a single, accurate, and precise means o f assay 
for sympathomimetic drugs in dosage forms. Because it can 
be used interchangeably on a variety of these drugs, it elimi
nates the time normally required to change chromatographic 
systems.
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DRUG RESIDUES IN ANIMAL TISSUES

Matrix Solid Phase Dispersion (MSPD) Isolation and Liquid Chromatographic 
Determination of Furazolidone in Pork Muscle Tissue
AUSTIN R. LONG, LILY C. HSIEH, MARSHA S. MALBROUGH, CHARLES R. SHORT, and 
STEVEN A. BARKER1
Louisiana State University, School of Veterinary Medicine, Department of Veterinary Physiology, 
Pharmacology and Toxicology, Baton Rouge, Louisiana 70803

A  m ethod for the Isolation and liqu id chrom atograph ic (LC ) 
determ ination of furazo lidone in pork m uscle  tissue  is  pre
sented. B lank  or furazo lidone-fortified pork m uscle  tissue 
sam p les (0.5 g) w ere  b lended w ith o c tadecy ls lly i ( C 18, 18% 
load, endcapped, 2 g) deriva tized  s ilica . A  co lum n made 
from  C i8/po rk  m atrix w as first washed w ith hexane (8 mL), 
fo llow ed  by elution of furazo lidone w ith ethyl aceta te . The 
e thy l a ce ta te  extract w as  then passed through an activated 
alum ina co lum n. The e luate  conta ined furazo lidone that w as 
free  from  interfering com pounds when ana lyzed  by LC  with 
UV  detection  (photodiode array, 365 nm). Detector response 
w ith in creasing  concentra tions of furazo lidone iso lated from 
fortified sam p les w as linear (r = 0.998 ±  0.002) w ith an 
average percentage recovery  of 89.5 ±  8.1%  for the con
centration range (7 .8 -250  ng/g) exam ined and resu lted in a 
m inimum detectab le  lim it of 390 pg on co lum n, and a de tec
tor response of more than 5 tim es base line  noise. The inter
a ssay  variab ility  w as 9.9 ±  5.4%  w ith an in tra-assay vari
ab ility  of 1.5% .

Furazolidone, a nitrofuran, has been used in animal produc
tion as an antimicrobial agent. As a feed additive, it can 
increase animal vigor and aid in growth promotion. It is an 
effective therapeutic drug used to treat bacterial scours, en
teritis, and bloody dysentery in swine (1). It can also be used 
topically to treat bacterial infections resulting from wounds, 
abrasions, or lacerations as well as generalized and chronic 
infections of the skin.

Use of furazolidone in food producing animals has been 
restricted because evidence indicates it is a mutagenic (2) 
and carcinogenic (3) agent. Furazolidone can be present as a 
residue in animal-derived pork products from its intentional 
or inadvertent use. An additional concern relates to the inter
national import/export trade of pork products from coun
tries where furazolidone is not restricted or may be improper
ly monitored. Thus, the U. S. Department of Agriculture/ 
Food Safety Inspection Service (USDA/FSIS) has included 
furazolidone as a residue of concern in the Compound Evalu
ation and Analytical Capability National Residue Program 
Plan (4).

Methods for extracting and analyzing residues should be 
rapid, specific, and sensitive enough to allow for isolation and 
detection of target residues below the action level established 
by regulatory agencies. The U.S. Food and Drug Adminis
tration (FDA) has established a zero tolerance for residues of 
furazolidone in edible tissues of swine. However, for regula
tory purposes, FDA has defined a level of 100 ppb (100 ng/g) 
as the limit of quantification in approving uses of this drug in 
food producing animals (4). The 100 ppb level is used by 
FDA for enforcement purposes and the USDA/FSIS uses

'Address inquiries to this author.
Received September 11, 1989. Accepted June 10, 1990.

the identical level for its role in residue monitoring programs
(4).

We can improve residue monitoring programs by introduc
ing residue isolation methods that have short sample prepa
ration times and minimize the use of expendable materials, 
especially solvents. Ideally, these sample preparation proto
cols should involve few steps and result in extracts that con
tain the target residue(s) with high recoveries and a mini
mum of background interference. In this regard, classical 
isolation techniques for furazolidone have included sample 
homogenization in large volumes of extracting solvents, back 
washing, additional solvent partitioning steps, and evapora
tion of large volumes of extracting solvents (5 -7 ). Thus, the 
need for simplified furazolidone residue isolation techniques 
exists.

We recently developed a method for the multiresidue/ 
multiclass extraction of drugs from biological matrixes (8 -  
12) [known as matrix solid phase dispersion (M SPD)] that 
overcomes many complications associated with classical iso
lation techniques. We report here the first use of M SPD  
methodology for isolation of furazolidone from pork muscle 
tissue.

Experim enta l 

Apparatus and Reagents

(a) Solvents.— (LC grade) highest purity available from 
commercial sources; use without further purification.

(b) Water.— For LC analyses; triple-distilled and passed 
through Modulab Polisher I (Continental Water Systems 
Corp., San Antonio, TX) water purification system.

(c) Furazolidone.— Sigma Chemical Co., St. Louis, MO.
(d) Column material.— Bulk Ci8 (40 pm, 18% load, end- 

capped; Analytichem International, Harbor City, CA). 
Clean by making a column (50 mL syringe barrel) of bulk 
C]8 material (22 g) and sequentially washing with 2 column 
volumes each of hexane, dichloromethane (DCM ), and 
methanol. Vacuum-aspirate washed C |8 until dry. Prepare 
activated alumina (80-200 mesh Type F-20; Alltech, Inc., 
Deerfield, IL) columns by placing 0.5 g activated alumina 
into a 10 mL plastic syringe barrel plugged with a filter paper 
disc (No. 1; Whatman, Clifton, N J). Cover column head 
with filter paper disc (N o. 1), compress, and wash with 4 mL 
ethyl acetate just before use.

(e) Stock furazolidone solutions.— 1 m g /m L (l +  l ,v /v ) .  
Prepare by dissolving standard compound with LC grade 
methanol-dichloromethane (1 +  1, v /v). Dilute to desired 
Mg/mL levels (0.39, 0 .78 ,1 .56, 3.13, 6.25, and 12.5 Mg/m L ) 
with methanol. Place a 10 pL  portion of each of these stock 
solutions into LC vials and add a solution (0.1 mL methanol- 
0.3 mL 0.015M H 3PO4 , v/v) to each vial to make a final 
volume of 400 pL.

(f) Sample extraction columns.— Ten mL syringe barrels
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(Becton-Dickinson, Rutherford, NJ); thoroughly wash and 
dry before use.

(g) P ro tective  h ood .—Use during extraction and drying 
steps.

S a m p le  P r e p a ra tio n , F o rtif ic a tio n , a n d  E x tra c tio n  P r o c e d u r e

Fresh pork muscle tissue samples were obtained from a 
local market. Random 0.5 g tissue samples were excised from 
whole pork tissue and samples were randomized. No attempt 
was made to select lean tissue only. Sampling was carried out 
by randomly slicing sections of tissue at various locations 
within the whole sample and using 0.5 g subsections of the 
randomized tissue for fortification studies. Two grams Cig 
were placed in a glass mortar. Standard furazolidone (10 fiL  
of 0.39, 0.78, 1.56, 3.13, 6.25, and 12.5 n g /m L  stock solu
tions) was randomly injected into tissue (0.5 g of the previ
ously excised tissue samples) and fortified samples were al
lowed to stand for 4 min before blending into the Cig. Blank 
tissue control samples were prepared similarly except that 1 0  

nL  methanol containing no furazolidone was added to the 
sample. Blank control tissues contained no incurred furazoli
done residue.

Samples were gently blended into the Cig with a glass 
pestle until the mixture was homogenous in appearance. A 
gentle circular motion with very little pressure produced a 
homogenous mixture. The resultant Cig/tissue matrix was 
placed into a 10 mL plastic syringe barrel plugged with a 
filter paper disc (Whatman No. 1). The column head was 
covered with a filter paper disc and the column contents were 
then compressed to a final volume of 4.5 mL with a syringe 
plunger that had the rubber end and pointed plastic portion 
removed. A pipette tip (100 p L  plastic Flex Tips; Brinkmann 
Instruments, Inc., Westbury, NY) was placed on the column 
outlet to increase residence time of the eluting solvents on the 
column. The resulting column was first washed with 8  mL of 
LC grade hexane. If the initial solvent flow through the 
column was hindered, positive pressure was applied to the 
column head (pipette bulb) to initiate gravity flow, after 
which flow was gravity controlled. When flow ceased, excess 
hexane was removed from the column with positive pressure 
as described above.

Furazolidone was then eluted with 8  mL ethyl acetate 
collected in a 10 mL conical glass test tube. The ethyl acetate 
eluate was passed through a prewashed (ethyl acetate) acti
vated alumina column. The ethyl acetate eluate was collected 
in a 10 mL conical glass test tube and then dried under a 
steady stream of dry nitrogen gas. A solution (0.1 mL metha
nol and 0.3 mL 0.015M H3PO4) was added to the test tube 
contents. The sample was then sonicated (5-10 min) to dis
perse the residue, which resulted in a suspension. The con
tents of the tube were then transferred to a microcentrifuge 
tube and centrifuged (IEC Centra M, International Equip
ment Company, Needham Hts., MA) at 17 000 X g  for 5 
min. The resultant clear supernatant was filtered through a 
0.45 p m  filter (Prep Disc, Bio Rad Inc., Richmond, CA) and 
a portion ( 2 0  p L )  was analyzed by liquid chromatography.

L iq u id  C h r o m a to g r a p h ic  A n a ly s i s

Analyses of extracted sample and standard furazolidone 
were conducted with a Hewlett Packard HP 1090 liquid 
chromatograph (HP 79994A Chemstation) equipped with a 
photodiode array detector set at 365 nm with a bandwidth of 
20 nm and spectrum range of 200-450 nm. The solvent 
system was 0.015M HjPCL-acetonitrile (60 + 40, v/v) at an

isocratic flow rate of 1 mL/min. A reverse-phase octadecylsi- 
lyl (ODS) derivatized silica column (10 pm , 30 cm X 4 mm 
id, Micro Pak, Varian, Sunnyvale, CA) maintained at 45°C 
was used for all determinations.

R e c o v e r y  E x p e r im e n ts  a n d  S t a t i s t i c a l  T r e a tm e n t

Standard curves were obtained by plotting integrated peak 
areas of standards and standards extracted from fortified 
samples (n = 5 replicates) at each respective concentration (rt 
= 6  levels: 7.8,15.6,31.3,62.5,125, and 250 ng/mL furazoli
done). A comparison of extracted furazolidone-fortified 
sample areas to areas of pure standards run under identical 
conditions gave absolute percent recoveries [mean of 30 sam
ples plus or minus the standard deviation (SD)]. Interassay 
variability was determined as follows: The mean of the areas 
for 5 replicates of each concentration (7.8,15.6, 31.25, 62.5, 
125, and 250 ng/mL or ng/g pork tissue) was calculated. The 
standard deviation corresponding to each mean was divided 
by its respective mean and multiplied by 1 0 0 , which resulted 
in the coefficient of variation (CV) for each concentration. 
The mean of these CVs was calculated along with its SD and 
was defined as the interassay variability plus or minus the 
SD. Intra-assay variability was determined as the coefficient 
of variation (standard deviation of the mean divided by the 
mean) of the mean area of 5 replicates of an identical sample 
(125 ng furazolidone/g pork tissue).

Discussion
Isolation of chemical residues from a complex biological 

matrix such as tissue can be time-consuming and require 
large quantities of materials. Isolation techniques that serve 
to minimize labor and materials, especially solvents, are ad
vantageous because the cost of each analysis can be reduced 
and sample throughput can be increased.

Sample preparation steps used to isolate a given residue 
from an animal matrix can consume the majority of the time 
and materials during total analysis. Further, analytical capa
bility is highly dependent on the cleanliness of the sample 
extract, which is a direct consequence of the procedure used 
to isolate the residue. Classical residue isolation techniques 
(5-7) have traditionally involved extractions of the matrix 
with large volumes of solvents, solvent backwashing, pH 
adjustments, additional backwashing, and evaporation of 
large volumes of extracting solvents to facilitate the isolation 
of residues free from interferences.

The technique we describe to isolate furazolidone from 
pork muscle tissue produced extracts that were free from 
interferences, as can be seen in the LC chromatograms of an 
extract of a blank control pork muscle sample [Figure 1 (A)] 
and of a furazolidone-fortified pork muscle extract [Figure 
1 (B)]. Some potential interferences are eliminated by using a 
UV photodiode array detector set at 365 nm, making many 
compounds present in the extract transparent to the detector. 
However, a photodiode array detector allows one to obtain a 
characteristic UV spectrum of furazolidone (Figure 2), 
which can serve to further confirm the presence of this com
pound in the extract.

Table 1 shows recoveries of furazolidone at each concen
tration. The standard curve correlation coefficients (0.998 ± 
0.002) and intra- (1.5%, 125 ppb) and interassay (9.9 ± 
5.4%) variabilities were acceptable. Recoveries were consis
tent at each concentration examined; and standard curves 
were linear, indicating that this extraction procedure is suit
able for furazolidone isolations from tissue. The minimum
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Figure 1. Representative LC chromatograms (UV, photodi
ode array set at 365 nm) of (A) ethyl acetate extract of blank 
pork muscle tissue control and (B) furazolidone-fortified 
(31.3 ng/gm, 782.5 pg on column) (18) pork muscle tissue. 

Peak number 1 is furazolidone.

Figure 2. UV spectrum scan (290-400 nm) of furazolidone 
obtained from LC analysis (UV photodiode array set at 365 
nm, 250 ng/g tissue) of ethyl acetate extract of furazolidone- 

fortified pork muscle tissue.

detectable limit was 195 pg (7.8 ng/g tissue, 20 p L  injection 
volume from a total final volume of 0.4 mL) on column, and, 
therefore, provides adequate sensitivity. Because the sample 
extract is free from interferences when monitored at 365 nm, 
the sensitivity of the assay may be increased by injecting 
more sample or dissolving the extract residue in a smaller 
final volume.

The theoretical aspects of the MSPD technique have been 
the subject of previous papers (8 - 1 2 ); however, this is the 
first reported use of MSPD for isolation of furazolidone from 
pork tissue. In the MSPD technique, the sample is dispersed 
by mechanical and hydrophobic forces over a large surface 
area ( 1 0 0 0  m2 / 2  g of Qg, theoretical), exposing the entire 
sample to the extraction process. Even though the washing 
and extracting solvent volumes are small ( 8  mL), the process 
is an exhaustive extraction, whereby a thin layer of sample is

Table 1. Determination of furazolidone in pork muscle 
tissue by MSPD

Furazolidone 
added, ng/g

Amt found, 
ng/g ±  SDa Recovery, %

Coeff. of 
variation

7.8 7.56 ±  0.52 96.9 6.9
15.7 16.09 ±  1.54 102.5 9.6
31.3 26.32 ±  4.37 84.1 16.6
62.5 53.38 ±  4.64 85.4 8.7

125.0 103.38 ±  8.06 82.7 7.8
250.0 213.75 ±  6.86 85.5 3.2

Av. for
method 89.5 ±  8.1

a n = 6
extracted with a large volume of solvent. Using a sequential 
elution protocol, one may remove interferences in one solvent 
and then elute the residue of interest in a different solvent.

Use of an activated alumina column to clean the MSPD 
ethyl acetate extract after extraction is an additional step 
that removes potential interferences found in the ethyl ace
tate extract. The alumina cleanup step made the extract 
drying and residue solubilizing steps easier and provided for a 
cleaner LC analysis.

The MSPD method for isolation of furazolidone from pork 
muscle tissue is rapid, minimizes the use of expendable mate
rial (especially solvents), and provides a sample extract free 
of interferences when analyzed by UV detection at 365 nm. 
The method may be applicable to furazolidone isolations 
from other matrixes as well.
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ENVIRONMENTAL QUALITY

Capillary Column Gas Chromatography with Nitrogen-Phosphorus Detection for 
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A joint U.S. Environmental Protection Agency/AOAC interla
boratory method validation study was conducted on EPA 
Method 507, Determination of Nitrogen- and Phosphorus- 
Containing Pesticides in Finished Drinking Water by Gas 
Chromatography with a Nitrogen-Phosphorus Detector, to 
determine the mean recovery and precision for analyses of 
45 nitrogen- or phosphorus-containing pesticides in reagent 
water and finished drinking waters. The study design was 
based on Youden’s nonreplicate plan for collaborative tests 
of analytical methods. The waters were spiked with 45 nitro
gen- or phosphorus-containing pesticides at 6 concentration 
levels, prepared as 3 Youden pairs. Ten volunteer laborato
ries extracted the spiked test waters with methylene chlo
ride, performed a solvent exchange with methyl ferf-butyl 
ether, and analyzed an aliquot of each extract by gas chro
matography using a nitrogen-phosphorus detector. Results 
were analyzed using an EPA computer program, which mea
sured recovery and precision for each of the 45 pesticides 
and compared the performance of the method between wa
ter types. Method 507 was judged acceptable for all analytes 
tested except merphos, which thermally decomposed in the 
injection port of the gas chromatograph. Five compounds 
(carboxin, disulfoton, metolachlor, pronamide, and sima- 
zine) exhibited statistically significant matrix effects for the 
finished drinking water. The method has been adopted offi
cial first action by AOAC.

The widespread contamination of vulnerable groundwater 
supplies by pesticides and herbicides became a major concern 
to the U.S. Environmental Protection Agency (EPA) in the 
early 1980s. In the fall of 1983, EPA was charged by the 
Congress of the United States to monitor drinking water 
supplies in the United States to assess the degree of contami
nation by these compounds. As a result, EPA initiated the 
National Pesticide Survey (NPS) to provide a comprehensive 
assessment of ground water contamination in the 50 states. 
NPS Method 1 (1), which was developed specifically to
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mittee Statistician, and the Committee on Environmental Quality. The meth
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Annual International Meeting, September 9-13,1990, at New Orleans, LA. 
Association actions will be published in “Changes in Official Methods of 
Analysis” (1991) J . A sso c . O ff. A n a l . C h em . 74, January/February issue.

analyze the nitrogen- or phosphorus-containing pesticide 
compounds, uses capillary gas chromatography with a nitro
gen-phosphorus detector. EPA Method 507 (2), a slightly 
modified version of NPS Method 1 , was later proposed for 
measuring the regulated herbicides, alachlor and atrazine
(3), as well as 45 other unregulated pesticides and herbicides 
in vulnerable water supplies.

EPA’s Environmental Monitoring Systems Laboratory at 
Cincinnati, OH (EMSL-Cincinnati), develops or selects ana
lytical methods and provides quality assurance (QA) support 
for agency programs that involve water and wastewater regu
lations. In EMSL-Cincinnati, the responsibility for providing 
QA support is assigned to the Quality Assurance Research 
Division (QARD). QARD’s program provides the QA sup
port to establish the reliability and legal defensibility of 
water and wastewater data collected by the agency, the state 
regulating authorities, the private sector, and commercial 
laboratories that perform compliance analyses. One of 
QARD’s activities is to conduct interlaboratory method vali
dation studies to evaluate analytical methods selected for the 
agency’s operating programs. This paper describes the re
sults of an interlaboratory method validation study per
formed on EPA Method 507.

AOAC, whose mission is method validation and publica
tion, used its association with state and private laboratories to 
solicit voluntary participants on methods of common interest 
to EPA and AOAC. In the spring of 1989, the AOAC Asso
ciate Referee provided copies of Method 507 and a descrip
tion of the study requirements to over 30 laboratories with an 
invitation to participate in the interlaboratory study. Re
sponses were received from 18 laboratories interested in par
ticipating in the study. Study samples were mailed in June 
1989; data were returned from 12 laboratories in August
1989.

The study was conducted under the direction of QARD, 
EMSL-Cincinnati. As primary contractor to QARD, Bione
tics Corp. was responsible for the preparation, analysis, and 
distribution of sample concentrates, user instructions, report 
forms, review of the returned data, and submission of a final 
report. The raw data were statistically evaluated by QARD 
using a computer program, Interlaboratory Method Valida
tion Study (IMVS) (4), designed for these types of studies.

The objective of this study was to characterize multilabor
atory performance of Method 507 in terms of recovery, over
all and single-analyst precision, and the effect of water type 
on recovery and precision for 45 of the 47 compounds covered
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in the method. Prometryn was removed from the study be
cause of resolution problems with a compound in each of the
2 mixes used. Demeton-S was unavailable from commercial 
sources.

Collaborative Study
The study design was based on Youden’s nonreplicate 

design for collaborative evaluation of overall precision, sin
gle-analyst precision, and mean recovery for analytical meth
ods (5). Two samples, similar yet different in concentration 
of the 45 analytes, were analyzed as Youden pairs at each of 3 
levels to provide data for estimating single-analyst precision. 
The 45 analytes were divided into 2 mixes to minimize resolu
tion problems (see Table 991.07A). The collaborating labo
ratories were directed to extract the samples, analyze each 
extract, and report 1 value for each analyte present. Analyses 
of spiked reagent water evaluated the proficiency of the 
method on a sample free of interferences. Analyses of the 
spiked finished drinking waters were intended to demon
strate the suitability of the method on a regulated matrix and 
to compare the results with those for reagent water.

Spiking solutions, calibration standards, and quality con
trol samples were prepared and heat-sealed in ampoules, 
each containing approximately 1.5 mL solution. Prior to 
distribution, the ampoule solutions were analyzed against 
standards freshly prepared from neat materials. At the com
pletion of the study, the ampoules were analyzed again to 
verify the stability of the solutions over the time of the study.

Each participating laboratory was sent 24 sample am
poules (6 concentrations for each of 2 waters for 2 groups of 
target compounds), 4 calibration standard concentrates, 2 
internal standard concentrates, 2 surrogate standard concen
trates, 4 quality control samples with acceptance limits, a 
copy of Method 507, report forms, and a questionnaire. The 
collaborating analysts were instructed to analyze the samples 
in strict accord with the written method and to complete the 
analyses within 60 days from receipt of the samples.

T r e a tm e n t  o f  D a ta

The returned data were grouped by water type, arranged 
into 6 subsets defined by the 6 different samples, and evaluat
ed analyte by analyte using the EPA IMVS computer pro
gram. First, missing data points were replaced by values 
estimated by interpolation, and “less than” and “nondetect” 
values were converted to zero. Subsequent outlier tests were 
those suggested in the ASTM Standard Practice D2777-86
(6) . Next, Youden’s laboratory ranking procedure was used 
to reject data from laboratories that had a consistently higher 
or lower bias in their submitted data for a given analyte 
compared to that for the other laboratories. If a bias was 
determined, the 6 analyte values were rejected for that lab
oratory. This procedure was applied to each analyte data set 
for each water type at the 5% level of significance. Next, the 
zeroes and interpolated values were removed before any fur
ther analyses. Finally, Thompson’s test for individual outliers
(7) , was applied to the data using a 5% significance level. If 
an individual datum point was rejected on the basis of this 
test, it was removed from the subset, and the test was repeat
ed one more time using the remaining data in the subset.

Summary statistics were calculated for the mean recovery 
and overall method precision for each of the 6 concentration 
levels. Single-analyst precision was calculated for each of the
3 concentration pairs. The IMVS computer program used 
these summary statistics to calculate relationships between

mean recovery and true concentration and between precision 
and mean recovery in the form of linear regression equations 
using the weighted least squares technique (8). Coefficients 
of determination of the weighted regression equations 
(CODw) were also calculated to evaluate the fit of the re
tained data sets. These weighted equations tend to degrade 
the calculated CODw values, which in some cases resulted in 
very low or negative CODw values. However, these regression 
equations can be used to estimate the mean method recovery, 
overall precision, and single-analyst precision at any value 
within the concentration range studied. IMVS also deter
mined statistically significant matrix effects between water 
types for each of the 45 analytes.
991.07 Nitrogen- and Phosphorus-Containing 

Pesticides in Finished Drinking Water
Gas Chromatographic Method 

First Action 1991

(Applicable to determination of 44 nitrogen- or phosphorus- 
containing pesticides in finished drinking water)

Method Performance:
Collaborative study showed method acceptable for all ana

lytes tested except merphos, which thermally decomposed in 
GC injection port. Matrix effects were statistically signifi
cant for 5 compounds (carboxin, disulfoton, metolachlor, 
pronamide, and simazine) in finished drinking water. In re
agent water, RSDr for 44 pesticides ranged from 12.8 to 
25.4%, and exceeded 25% only for vernolate (25.4%). In 
finished drinking water, RSDr for 44 pesticides ranged from
11.5 to 42.6%, and exceeded 25% for tricyclazole (25.1%), 
terbufos (25.8%), fluridone (28.1%), terbutryn (29.1%), di
sulfoton (32.5%), and carboxin (42.6%). S ee  table of method 
performance data.
A . P r in c ip le

Measured volume of sample (1 L) is extracted with 
CH2CI2 by shaking in separatory funnel or by mechanical 
tumbling in bottle. CH2CI2 extract is separated, dried with 
anhydrous Na2SC>4, solvent-exchanged with methyl tert- 
butyl ether (MTBE), and concentrated to 5 mL. Pesticides 
are separated and measured by capillary column gas chroma
tography using a nitrogen-phosphorus detector. Estimated 
method detection limits range from 0.075 n g / L for simazine 
to 5.0 jug/L for mevinphos; estimated method detection lim
its for 36 pesticides range from 0.13 to 1.0 itg /L .

B. A p p a r a tu s

(a) G rab sam p le  b o ttles .— 1000 mL, borosilicate glass 
with TFE-fluorocarbon lined screw caps (Wheaton Media/ 
Lab bottle No. 219820 meets these specifications). Extract 
liners overnight with methanol before use.

(b) S ep a ra to ry  fu n n el.— 2000 mL, borosilicate glass with 
TFE-fluorocarbon stopcock and ground-glass or TFE-fluo- rocarbon stopper.

(c) T um bler b o ttle .— 1.7 L, low extractable borosilicate 
glass with TFE-fluorocarbon lined screw caps (Wheaton 
Roller Culture Vessel No. 348273 meets these specifica
tions). Cut liners to fit screw cap from TFE-fluorocarbon 
sheets (Pierce No. 012736 meets these specifications); ex
tract liners overnight with methanol before use.

(d) K uderna-D anish  (K -D ) appara tu s.—(7) C oncentra
tor tu be .—10 or 25 mL, borosilicate glass, graduated, T 19/ 
22. Check calibration of concentrator tube at volumes used in
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Method Performance for 991.07, Nitrogen- and phosphorus-containing pesticides in finished drinking water3

Pesticide
Concn,
m / l 6

Reagent W ater Finished Drinking W ater

Sr Sr RSDr, % RSDr, % Sr Sr RSDr, % RSDr, %

Alachlor 5.0 0.67 0.78 14.5 16.9 0.68 1.05 14.2 21.9
Ametryn 2.0 0.31 0.28 16.7 15.1 0.19 0.33 9.7 16.3
Atraton 5.0 0.89 0.87 17.8 17.3 0.40 0.62 8.8 13.6
Atrazine 2.0 0.22 0.27 11.8 14.5 0.18 0.31 9.2 15.8
Bromacil 10.0 1.66 1.60 17.4 16.7 0.95 1.84 10.1 19.5
Butachlor 10.0 1.22 1.46 13.0 15.5 1.16 1.59 12.5 17.1
Butylate 5.0 0.74 0.89 19.6 23.4 0.59 0.67 15.4 17.5
Carboxin 10.0 2.04 2.00 21.8 21.4 1.18 3.08 16.3 42.6
Clorpropham 10.0 1.77 1.78 18.2 18.2 0.94 1.87 10.0 19.8
Cycloate 5.0 0.74 0.84 17.3 19.5 0.34 0.63 8.0 14.6
Diazinon 2.0 0.21 0.34 11.8 19.2 0.31 0.44 17.6 24.9
Dichlorvos 5.0 0.74 0.76 15.3 15.6 0.35 0.64 7.8 14.2
Diphenamid 5.0 0.88 0.75 18.7 15.9 0.73 1.20 13.8 22.5
Disulfoton 2.0 0.28 0.33 16.4 19.0 0.22 0.52 14.0 32.5
Disulfoton sulfone 10.0 2.45 2.26 23.6 21.7 1.12 1.94 12.3 21.3
Disulfoton sulfoxide 10.0 1.78 1.86 18.7 19.5 1.02 1.44 10.2 14.4
EPTC 2.0 0.26 0.32 15.3 18.7 0.14 0.23 7.9 13.6
Ethoprop 2.0 0.24 0.37 12.8 20.2 0.18 0.35 9.7 18.8
Fenamiphos 20.0 2.33 3.50 12.9 19.5 2.81 4.32 15.8 24.3
Fenarimol 5.0 1.18 1.09 24.2 22.4 0.57 0.87 12.1 18.4
Fluridone 10.0 2.27 2.47 22.2 24.2 2.08 2.86 20.4 28.1
Hexazinone 5.0 1.11 1.06 22.4 21.3 0.57 0.82 12.2 17.6
Merphos 10.0 0.88 1.80 17.7 36.4 1.01 1.41 18.4 25.6
Methyl paraoxon 10.0 1.11 1.73 11.1 17.2 2.02 2.23 18.8 20.7
Metolachlor 10.0 1.06 1.22 11.4 13.2 0.84 1.24 8.3 12.4
Metribuzin 2.0 0.34 0.38 17.5 19.8 0.19 0.27 9.9 14.5
Mevinphos 10.0 1.52 1.28 15.6 13.2 0.54 1.07 5.8 11.5
MGK-264 10.0 1.48 1.66 16.0 18.0 1.34 1.80 14.4 19.4
Molinate 2.0 0.34 0.34 18.0 18.2 0.14 0.32 8.1 18.3
Napropamide 5.0 0.62 0.69 14.2 15.7 0.49 0.86 11.6 20.2
Norflurazon 5.0 1.27 1.19 26.4 24.8 0.54 0.89 11.8 19.5
Pebulate 2.0 0.32 0.39 17.8 21.8 0.15 0.33 8.8 19.5
Prometon 2.0 0.34 0.33 17.8 17.2 0.22 0.30 11.8 16.4
Proman ide 10.0 1.60 1.47 16.4 15.2 0.88 1.38 9.8 15.4
Propazine 2.0 0.32 0.32 17.4 17.2 0.19 0.26 10.4 14.3
Simazine 2.0 0.25 0.28 13.2 14.6 0.19 0.26 9.3 12.9
Simetryn 2.0 0.34 0.34 17.9 18.0 0.18 0.24 9.2 12.8
Stirofos 20.0 3.15 3.87 17.0 20.9 3.04 3.85 15.4 19.5
Tebuthiuron 10.0 1.81 1.79 18.7 18.4 0.81 1.14 8.6 12.0
Terbacil 50.0 5.03 9.35 10.1 18.8 6.41 9.93 13.4 20.7
Terbufos 10.0 0.84 1.50 10.2 18.1 1.28 2.17 15.2 25.8
Terbutryn 2.0 0.22 0.24 11.8 12.8 0.28 0.52 15.6 29.1
Triademefon 2.0 0.37 0.40 18.8 20.3 0.18 0.29 9.8 15.6
Tricyclazole 20.0 3.22 2.95 17.8 16.3 3.65 4.98 18.4 25.1
Vernolate 2.0 0.33 0.41 20.1 25.4 0.14 0.26 8.3 15.7

Average 16.8 18.8 12.0 19.2
Std. dev. 3.8 4.0 3.5 6.0

a sr and sR =  standard deviations for repeatability and reproducibility, respectively. RSDr and RSDr =  corresponding relative standard deviations. 
b Concentration value is 1 0 -1 5  times estimated method detection limit (MDL).

method. Use ground-glass stoppers to prevent evaporation of 
extracts. (2) E v a p o ra tio n  f l a s k .—500 mL, borosilicate glass, 
T 24/40 top, T 19/22 bottom, capable of attachment to 
concentrator tube with springs. (3 )  S n y d e r  co lu m n s.—3 ball 
macro, 218 mm, T 24/40 or 2-ball micro, 170 mm, T 19/22.

(e) V ia ls .—Glass, 5 to 10 mL capacity, with TFE-fluoro- 
carbon lined screw caps.(f) S e p a r a to r y  fu n n e l sh a k e r .— (Optional). Capable of 
holding 2-L separatory funnels and shaking them with rock
ing motion to thoroughly mix funnel contents (Eberbach Co., 
Ann Arbor, MI, or other suppliers).
(g) T u m b le r .—Capable of holding tumbler bottles end-

over-end at 30 rpm (Associated Design and Manufacturing 
Co., Alexandria, VA, meets these specifications).
(h) B o ilin g  s to n e s .—Carborundum, No. 12 granules. 

Heat 30 min at 400° before use. Cool and store in desiccator.
(i) W a ter  b a th .—Heated, capable of control ±2°. Use 

bath in hood.
(j) B a la n ce .—Analytical, capable of accurately weighing 

to nearest 0.0001 g.
(k) G a s c h ro m a to g ra p h .—Temperature-programmable 

system for use with capillary columns, including syringes, 
analytical columns, gases, detector, and strip chart recorder. 
Data system is recommended for measuring peak areas. Pri-
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Table 991.07A Chemical Abstracts Service Registry Numbers, Peak Identification Codes, Retention Times, and 
Estimated Method Detection Limits for 45 Pesticides

Analyte CAS No.
Peak
No.®

Retention Time, min
Estd MDL, 

/rg/LPrimary6 * * Confirmation®

Alachlor 15972-60-8 B9 35.96 34.1 0.38
Ametryn 834-12-8 A20 36.0 34.52 2.0
Atraton 111-44-4 A13 31.26 29.97 0.6
Atrazine 1912-24-9 B3 31.77 31.23 0.13
Bromacil 314-40 -9 A21 37.22 40.0 2.5
Butachlor 23184-66-9 B14 41.45 39.0 0.38
Butylate 2008-41-5 B1 22.47 18.47 0.15
Carboxin 5234-68-5 A27 42.77 42.05 0.6
Chlorpropham 101-21-3 A12 29.09 __d 0.5
Cycloate 1134-23-2 A11 28.58 29.67 0.25
Diazinon 333-41-5 B6 33.23 __d 0.25
Dichlorvos 62-73-7 A3 16.54 15.35 2.5
Diphenamid 957-51-7 A23 38.87 37.97 0.6
Disulfoton 298-04-4 A17 33.42 30.9 0.3
Disulfoton sulfone 2497-06-5 A24 41.31 42.42 3.8
Disulfoton sulfoxide® 2497-07-6 A4 19.08 __d 0.38
EPTC 563-12-2 A5 20.07 16.57 0.25
Ethoprop 13194-48-4 B2 28.58 26.42 0.19
Fenamiphos 22224-92-6 B15 41.78 41.0 1.0
Fenarimol 60168-88-9 A30 51.32 50.02 0.38
Fluridone 59 756-60-4 A31 56.68 59.07 3.8
Hexazinone 51 235-04-2 A29 46.58 47.8 0.76
Merphos' 150-50-5 B16 42.35 39.28 0.25
Methyl paraoxon 950-35 -6 B7 35.58 34.1 2.5
Metolachlor 51 218-45-2 B11 37.74 35.7 0.75
Metribuzin 21087-64-9 A 18 35.20 34.73 0.15
Mevlnphos 7786-34-7 A6 22.51 21.92 5.0
MGK-2649 113-48-4 B12 38.73 36.73 0.5
Mollnate 2212-67-1 A10 25.66 22.47 0.15
Napropamide 15299-99-7 A25 41.83 __d 0.25
Norflurazon 27 314-13-2 A28 45.92 47.58 0.5
Pebulate 1114-71-2 A8 23.41 19.73 0.13
Prometon® 1610-18-0 A14 31.58 30.0 0.3
Pronamlde® 23950-58-5 A16 32.76 32.63 0.76
Propazine 139-40-2 A15 32.01 31.13 0.13
Simazine 122-34-9 B4 31.49 31.32 0.075
Simetryn 1014-70-6 A19 35.72 34.55 0.25
Stirofos 22248-79-9 B13 41.27 39.65 0.76
Tebuthiuron 34014-18-1 A9 25.15 42.77 1.3
Terbacil 5902-51-2 B8 33.79 __d 4.5
Terbufos® 13071-79-9 B5 32.57 __d 0.5
Terbutryn 886-50-0 B10 36.80 34.8 0.25
Trlademefon 43121-43-3 A22 38.12 37.0 0.65
Trlcyclazole 41814-78-2 A26 42.25 44.33 1.0
Vernolate 1929-77-7 A7 22.94 19.25 0.13

a Identification of chromatographic peaks in Figs 991.07A  and 991.07B. Letters indicate which spiking mixture (A or B) contains the analyte. 
b'c S ee method section, B(k), for column description and operating conditions. 
d Data not available.
e Compound shows instability in aqueous solutions.
'  Merphos is converted to S,S,S-tributylphosphorotrithioate (DEF) in the hot GC injection port; DEF is actually detected using the method 

conditions.
9 MGK-264 gives 2 peaks; peak identified in this table was used for quantification.

mary column: 30 m X 0.25 mm id DB-5 fused-silica capillary 
column, 0.25 /rm film thickness (J&W Scientific, Inc., meets 
these specifications). Confirmation column: 30 m X 0.25 mm 
id DB-1701 fused-silica capillary column, 0.25 f im  film 
thickness (J&W Scientific, Inc., meets these specifications). 
Operating conditions: injection volume 2 f iL  splitless with 45 
s delay; He carrier gas at 30 cm /s linear velocity; injector 
250°; detector 300°; oven programmed from 60 to 300° at 
4°/min; nitrogen-phosphorus detector.

C . R e a g e n ts

(a) S t a n d a r d  s o lu t io n s .—Use standards of test com
pounds (Table 991.07A) with purity >96% to prepare stock 
solutions at 1 mg/mL in MTBE. Commercially prepared 
stock standards may be used at any concentration if they are 
certified by manufacturer or independent source. These stock 
standards may be available from U.S. Environmental Protec
tion Agency Toxic and Hazardous Materials Repository, 
Research Triangle Park, NC. Store solutions at room tern-
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perature and protect from light. Replace stock solutions after 
2 months, or sooner if comparison with laboratory control 
standards indicates degradation.
(b) In te rn a l s ta n d a r d  so lu tio n .— Prepare 2-nitrotoluene 

(purity >98%) stock solution at 0.25 mg/mL in MTBE. Add 
50 fiL stock solution to 5 mL sample extract to give final 
internal standard concentration of 2.5 f ig /m L .

(c) S u rr o g a te  so lu tio n .— Prepare l,3-dimethyl-2-nitro- 
benzene (DMNB) (purity >98%) stock solution at 0.25 f i g /  
mL in MTBE. Add 50 f iL stock solution to 1 L sample prior 
to extraction to produce surrogate concentration of 12.5 f i g /  
L in sample and, assuming quantitative recovery, 2.5 f i g / m L  
in extract.
(d) In s tru m e n t p e r fo rm a n c e  so lu tio n .— Using standard 

solutions, (a), combine 5 fiL vernolate stock solution, 0.5 mL 
bromacil stock solution, 30 fiL prometon stock solution, and 
15 fiL atrazine stock solution in 100 mL volumetric flask, and 
dilute to volume with MTBE.
(e) S o lv e n ts .— Acetone, methylene chloride, methyl te r t-  

butyl ether (MTBE), distilled-in-glass quality or equivalent.
(f) P h o sp h a te  b u ffe r .— pH 7. Mix 29.6 mL 0.1N HC1 

and 50 mL 0.1M dipotassium hydrogen phosphate 
(K2HP04).
(g) S o d iu m  s u lfa te .— Granular, anhydrous. ACS grade. 

Heat in shallow tray for >4 h at 450° to remove interfering 
organic substances.

(h) S o d iu m  c h lo r id e .— Crystals. ACS grade. Heat in 
shallow tray for >4 h at 450° to remove interfering organic 
substances.
(i) R e a g e n t w a te r .— Water reasonably free of contami

nation that would prevent determination of any analyte of 
interest.

(j) P re se rv a tiv e .— Mercuric chloride solution. 10 mg 
HgCL (ACS grade)/mL reagent water, (i).

(k) S o d iu m  th io s u l f a te .— Na2S203. Granular, anhy
drous. ACS grade.
D. P r e p a r a t io n  o f  S a m p le  B o t t l e s

Add 1 mL preservative, C(j), to glass sample bottle. If 
residual chlorine is expected to be present in samples, add 80 
mg Na2S203, C(k), to sample bottle before collection.
E. S a m p le  C o l le c tio n

Collect 1 L grab samples in glass bottles by conventional 
sampling practices. Because bottles contain preservative and 
Na2S203, do not prerinse bottles with sample before collec
tion. Add sample to bottle containing preservative, seal sam
ple bottle, and shake vigorously 1 min. Refrigerate samples 
at 4° from time of collection until extracted. Protect from 
light. Samples are stable for 14 days when stored under these 
conditions. Extracts, stored at 4° away from light, are stable 
for 14 days.
F. S a m p le  P r e p a r a t io n

(a) A u to m a te d  e x tr a c tio n  p ro c e d u r e.— Add preservative, 
C(j), to any samples not previously preserved. Mark water 
meniscus on side of sample bottle for later determination of 
sample volume. Add 50 fiL surrogate stock solution, C(c), to 
sample. If mechanical separatory funnel shaker is used, pour 
entire sample into separatory funnel. If mechanical tumbler 
is used, pour entire sample into tumbler bottle. Adjust sample 
to pH 7 by adding 50 mL phosphate buffer, C(f). Check pH 
and add H2S04 or NaOH if necessary.
Add 100 g NaCl, C(h), to sample, seal, and shake to

dissolve salt. Add 300 mL CH2CI2 to sample bottle, seal, and 
shake 30 s to rinse inner walls. Transfer solvent to sample 
contained in separatory funnel or tumbler bottle, seal, and 
shake 10 s, venting periodically. Repeat shaking and venting 
until pressure release is not observed during venting. Reseal 
and place sample container in appropriate mechanical mix
ing device (separatory funnel shaker or tumbler). Shake or 
tumble sample for 1 h.

After extraction, pour contents of tumbler bottle into 2 L 
separatory funnel. Let organic layer separate from water 
phase for >10 min. If emulsion interface between layers is 
more than one-third volume of solvent layer, complete phase 
separation mechanically. Collect CH2C12 extract in 500 mL 
erlenmeyer flask containing ca 5 g anhydrous N a2S 0 4. Swirl 
flask to dry extract; let flask sit 15 min. Determine original 
sample volume by refilling sample bottle to mark and trans
ferring water to 1000 mL graduated cylinder. Record sample 
volume to nearest 5 mL.

(b) M a n u a l  e x tr a c t io n  m e t h o d .—Add preservative, C(j), 
to samples not previously preserved. Mark water meniscus on 
side of sample bottle for later determination of sample vol
ume. Add 50 f iL  surrogate stock solution, C(c), to sample. 
Pour entire sample into 2 L separatory funnel. Adjust sample 
to pH 7 by adding 50 mL phosphate buffer, C(f). Check pH, 
and add H2SCL or NaOH, if necessary. Add 100 g NaCl to 
sample, seal, and shake to dissolve salt. Add 60 mL CH2C12 
to sample bottle, seal, and shake bottle 30 s to rinse inner 
walls.

Transfer solvent to separatory funnel and extract sample 
by vigorously shaking funnel for 2 min with periodic venting 
to release excess pressure. Let organic layer separate from 
water phase for >10 min. If emulsion interface between 
layers is more than one-third volume of solvent layer, com
plete phase separation mechanically. Collect CH2C12 extract 
in 500 mL erlenmeyer flask containing ca 5 g anhydrous 
N a2S04. Add second 60 mL portion of CH2Cl2 to sample 
bottle and repeat extraction procedure a second time, com
bining extracts in erlenmeyer flask. Perform third extraction 
in same manner. Swirl flask to dry extract; let flask sit for 15 
min. Determine original sample volume by refilling sample 
bottle to the mark and transferring water to 1000 mL gradu
ated cylinder. Record sample volume to nearest 5 mL.

G. E x tr a c t  C o n c e n tr a t io n

Assemble K-D concentrator by attaching 25 mL concen
trator tube to 500 mL evaporation flask. Decant CH2CI2 
extract into concentrator. Rinse remaining N a2S04 with two 
25 mL portions of CH2CI2 and decant rinses into concentra
tor.

Add 1 or 2 clean boiling stones to evaporation flask and 
attach macro-Snyder column. Prewet column by adding ca 1 
mL CH2Cl2 to top. Place K-D apparatus on 65-70° water 
bath so that concentrator tube is partially immersed in hot 
water and the entire lower, rounded surface of flask is bathed 
with hot vapor. Adjust vertical position of apparatus and 
water temperature as required to complete concentration in 
15-20 min. At proper rate of distillation, balls of column will 
actively chatter, but chambers will not flood. When apparent 
volume of liquid reaches 2 mL, remove K-D apparatus, let 
drain and cool >10 min.

Remove Snyder column; rinse flask and its lower joint with
1-2 mL MTBE, collecting rinse in concentrator tube. Add 5- 
10 mL MTBE and fresh boiling stone. Attach micro-Snyder 
column to concentrator tube and prewet column by adding ca
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FIG. 991.07A—Reconstructed GC-NPD chromatogram of group A compounds analyzed on 30 m X 0.25 mm id DB-5 fused-silica 
capillary column (0.25 pm film). S e e  B(k) for operating conditions and Table 991.07A for peak identification. IS = Internal

standard; SUR = surrogate standard.

0.5 mL MTBE to top. Place micro K-D apparatus on water 
bath so that concentrator tube is partially immersed in hot 
water. Adjust vertical position of apparatus and water tem
perature as required to complete concentration in 5-10 min. 
When apparent volume of liquid reaches 2 mL, remove appa
ratus from bath and let it drain and cool. Add 10 mL MTBE 
and boiling stone and reconcentrate to 2 mL. When apparent

volume of liquid reaches 2 mL, remove apparatus from bath 
and let it drain and cool. Add second 10 mL MTBE and 
boiling stone and reconcentrate to 2 mL. When apparent 
volume of liquid reaches 2 mL, remove apparatus from bath 
and let it drain and cool. Add third 10 mL MTBE and boiling 
stone and reconcentrate to 2 mL. Remove micro K-D appara
tus from bath and let it drain and cool. Remove micro-Snyder

is BS B16

UJW
OCL«UJoc

10 20 30 40 50

TIME (Min)
FIG. 991.07B—Reconstructed GC-NPD chromatogram of group B compounds analyzed on 30 m X 0.25 mm Id DB-5 fused-sllica 
capillary column (0.25 /tm film). S e e  B(k) for operating conditions and Table 991.07A for peak Identification. IS = internal

standard; SUR = surrogate standard.
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T able  9 9 1 .0 7 B  Laboratory P erform an ce  C h eck  Solution

Test Analyte
Concn,
f i g / m L Requirements

Sensitivity

Chromatographic

Vernolate 0.05 Detection of analyte; 
S/N >  3

performance Bromacil 5.0 0.80 <  PGF <  1.20a
Column performance Prometon

Atrazlne
0.30 Resolution >  0 . 7 b

3 PGF = peak Gaussian factor. Calculate as follows:
PGF = (1.83 X W,/2)/W1/10.

where W1/2 Is the peak width at half height and W1/1° Is the peak 
width at tenth height.

6 Resolution between the 2 peaks as defined by the equation:
R = t/W

where t is the difference in elution times between the 2 peaks and W 
is the average peak width at the baseline, of the 2 peaks.

column; rinse walls of concentrator tube while adjusting vol
ume to 5.0 mL with MTBE.

Add 50 fiL internal standard stock solution, C(b), to sam
ple extract, seal, and shake to distribute internal standard. 
Transfer extract to appropriate-size TFE-fluorocarbon- 
sealed screw-cap vial. Store at 4° until analysis. A 14-day 
maximum storage time is recommended.

H. C alibra tion  o f  G a s  C h ro m a to g ra p h  w ith  N itrogen - 
P h o sp h o ru s D e te c to r

Table 991.07A summarizes retention times and estimated 
method detection limits observed using this method. Exam
ples of separations using these conditions are shown in Figs 
991.07A and 991.07B. Initially, perform 5 level calibration 
within linear range of detector, using internal standard and 
relative response factors. If response factor (RF) value over 
working range is constant (<10% RSD), average RF can be 
used for calculations. Verify calibration curve daily using 1 
or 2 calibration standards. If response of any analyte varies 
>20% from average relative response factor for initial cali
bration, analysis of single-level standard must be repeated 
with fresh standard. Alternatively, new calibration curve 
must be prepared.

I. Q u a lity  C on tro l

Minimum quality control requirements for this method 
include ( /)  initial demonstration of method performance, (2) 
analysis of surrogate standard in each sample (acceptable 
recovery is 70-130%), (5) monitoring of internal standard 
area counts in each sample (area of internal standard should 
be within 30% of area for calibration standard), (4 ) analysis 
of method blank with each set of extracted samples as con
tinuing check on sample contamination, (5) analyses of 
spiked reagent water as continuing check on method recov
ery, and (6 ) analysis of daily instrument QC standard to 
ensure acceptable instrument performance (Table 991.07B).

Demonstrate initial method performance by extracting 
four 1 L samples of spiked reagent water at concentration 
levels indicated in Table 991.07C (ca 10 times estimated 
method detection limit). Calculate average percent recovery 
and standard deviation of percent recovery. For acceptable 
performance, relative standard deviation should be <20% 
and analyte mean recoveries should be within acceptance 
limits in Table 991.07C. Demonstrate continuing check on 
method recovery by analyzing 1 reagent water sample spiked 
at concentration levels in Table 991.07C with every 20 sam-

Table 991.07C Acceptance Limits (as Percent of Mean 
Recovery) for Analysis of Laboratory Quality Control 

Sample

Analyte
Concn
Level3

Mean
Recovery6

Overall 
Std Dev.6

Acceptance 
Limits,3 %

Alachlor 5.00 4.63 0.78 49.5-150
Ametryn 2.00 1.88 0.28 55.3-145
Atraton 5.00 4.72 0.87 44.9-155
Atrazine 2.00 1.86 0.27 55.9-144
Bromacil 10.0 9.55 1.60 49.7-151
Butachlor 10.0 9.41 1.46 53.2-147
Butylate 5.00 3.81 0.89 29.9-170
Carboxin 10.0 9.37 2.00 35.0-164
Chlorpropham 10.0 9.76 1.78 45.3-155
Cycloate 5.00 4.29 0.84 41.2-159
Diazlnon 2.00 1.78 0.34 42.7-157
Dichlorvos 5.00 4.84 0.76 53.1-147
Dlphenamid 5.00 4.72 0.75 52.3-148
Disulfoton 2.00 1.73 0.33 42.9-157
Disulfoton sulfone 10.0 10.4 2.26 34.8-165
Disulfoton sulfoxide 10.0 9.51 1.86 41.3-159
EPTC 2.00 1.72 0.32 44.2-156
Ethoprop 2.00 1.84 0.37 39.7-160
Fenamiphos 20.0 18.0 3.50 41.7-158
Fenarimol 5.00 4.86 1.09 32.7-167
Fluridone 10.0 10.2 2.47 27.4-172
Hexazinone 5.00 4.96 1.06 36.1-164
Merphos d

Methyl paraoxon 10.0 10.0 1.73 48.1-152
Metolachlor 10.0 9.26 1.22 60.5-139
Metribuzin 2.00 1.94 0.38 41.2-159
Mevinphos 10.0 9.70 1.28 60.4-139
MGK-264 10.0 9.23 1.66 46.0-154
Mollnate 2.00 1.88 0.34 45.7-154
Napropamide 5.00 4.37 0.69 52.6-147
Norflurazon 5.00 4.80 1.19 25.4-174
Pebulate 2.00 1.78 0.39 34.3-166
Prometon 2.00 1.92 0.33 48.4-152
Pronamide 10.0 9.72 1.47 54.5-145
Propazine 2.00 1.86 0.32 48.4-152
Simazine 2.00 1.90 0.28 55.8-144
Simetryn 2.00 1.93 0.34 47.2-153
Stirofos 20.0 18.6 3.87 37.5-162
Tebuthiuron 10.0 9.72 1.79 44.6-155
Terbacll 50.0 49.8 9.35 43.8-156
Terbufos 10.0 8.30 1.50 45.8-154
Terbutryn 2.00 1.90 0.24 62.1-138
Trlademefon 2.00 1.96 0.40 38.8-161
Tricyclazole 20.0 18.1 2.95 51.1-149
Vernolate 2.00 1.62 0.41 24.1-176

3 Concentration level 10-15 times estimated MDL, f ig /L .  
b Calculated from the regression equations for mean recovery and 

overall standard deviation obtained in collaborative study of the 
method for reagent water matrix.

c Acceptance limits are defined as the mean recovery ±  3 standard 
deviations.

d Merphos breakdown to DEF was incomplete and resulted in poor 
recovery and precision.

pies, or 1 with each set of extracted samples, and compare 
recovery to performance-based acceptance limits in Table 
991.07C.
Ref.: JAOAC 74, March/April issue (1991).

Results and Discussion
Twelve laboratories returned data for this study. A review 

of the returned quality control data sets showed 2 laborato-
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Table 1. Total number of rejected data, by compound, by 
water type and In total

Compound
Reagent
water3

Finished
drinking
water3

Total
rejected

data6

Alachlor 3 0 3
Ametryn 13 10 23
Atraton 1 13 14
Atrazine 7 20 27
Bromacil 14 10 24
Butachlor 12 19 31
Butylate 12 8 20
Carboxin 6 18 24
Chlorpropham 5 7 12
Cycloate 8 8 16
Diazinon 12 6 18
Dichlorvos 13 19 32
Diphenamid 5 0 5
Disultoton 1 18 19
Disulfoton sulfone 9 6 15
Disultoton sulfoxide 7 13 20
EPTC 8 12 20
Ethoprop 6 1 7
Fenamiphos 3 13 16
Fenarimol 1 12 13
Fluridone 8 12 20
Hexazinone 7 6 13
Merphos 0 6 6
Methyl paraoxon 18 13 31
Metolachlor 7 14 21
Metribuzin 6 18 24
Mevinphos 19 15 34
MGK-264 6 7 13
Molinate 7 12 19
Napropamide 13 6 19
Norflurazon 5 12 17
Pebulate 13 12 25
Prometon 2 8 10
Pronamide 14 12 26
Propazine 7 12 19
Simazine 6 8 14
Simetryn 1 19 20
Stirofos 21 18 39
Tebuthiuron 3 18 21
Terbacil 21 17 38
Terbufos 12 9 21
Terbutryn 7 1 8
Triademefon 1 12 13
Tricyclazole 14 6 20
Vernolate 7 12 19

Total 371 498 869
(Percentage of total 

submitted data) (13.8%)a (18.4% )a (16.1 %)c

a Total submitted data by water type was 6 concentrations X 10 
laboratories X 45 analytes = 2700.

6 Total submitted data by analyte was 6 concentrations X 10 laborato
ries X 2 water types = 120.

6 Total submitted data for the study = 5400.

ries with a significant percentage of quality control data 
outside control limits. These 2 data sets were removed from 
the study before computer processing.

R e j e c t i o n  o f  O u t l i e r s

For the entire study, the IM VS computer program reject
ed 16.1% (869) of the 5400 data points submitted. The per
centage of rejected data in reagent water was 13.8% and in

Table 2. Total number of rejected data, by laboratory, by 
outlier test, and in total

Laboratory
code

Laboratory 
ranking test3

Thompson’s 
outlier test3

Total
rejected data6

01 222 15 237
02 102 15 117
03 24 9 33
04 138 29 167
08 114 14 128
09 78 6 84
10 48 4 52
14 6 4 10
16 6 2 8
17 24 9 33

Total 762 107 869

3 Level of significance 0.05.
6 Total submitted data by laboratory was 6 concentrations X 45 

analytes X 2 water types = 540.

finished drinking water was 18.4% (Table 1). The statistical 
procedures identified the largest number of outliers in the 
stirofos data set, 39, whereas the alachlor set produced only
3. O f the 6 compounds with the highest number of rejected 
data, the butachlor, methyl paraoxon, stirofos, and terbacil 
data sets lost a majority of their data as a result of coelution 
problems reported by several laboratories.

The number of data rejected for each laboratory is present
ed in Table 2. The laboratory ranking test accounted for 
87.7% of all rejected data. O f the 10 laboratories submitting 
data, laboratory 1 had the highest number of data rejected, 
43.9% of its total submitted data, which was very high in 
comparison with the remaining laboratories. The vast major
ity of laboratory 1 data was removed by the laboratory rank
ing procedure, which detected a systematic high bias.

M e t h o d  R e c o v e r y

The summary statistics calculated after removal of outli
ers are presented in Table 3. The coefficients of determina
tion (CODw) calculated for the weighted linear regression 
equations of mean recovery were all above 0.98, which con
firms the suitability of these equations for estimating the 
mean recovery at any concentration level within the range 
tested. The mean recoveries for the 45 pesticides, as estimat
ed from the slopes of the regression equations, were greater 
than 85% except for butylate (approximately 74%), merphos 
(approximately 52%), vernolate (approximately 79%), and 
carboxin in drinking water. The poor recoveries for butylate 
and vernolate were consistent with the single-laboratory 
evaluation data (2). The method failed to measure merphos 
adequately; decomposition to DEF in the gas chromatograph 
could not be controlled by the collaborators to produce quan
titative data.

P r e c i s i o n

The overall standard deviation ( s r ,  reproducibility) is the 
precision associated with measurements generated by a 
group of laboratories; the single-analyst standard deviation 
(sr, repeatability) is the precision associated with perfor
mance in an individual laboratory. Weighted linear regres
sion equations presented in Table 3 describe method preci
sion as a function of mean recovery. The CODw values calcu
lated for these weighted equations show them to be 
representative of the submitted data sets. Experience has
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T a b l e  3 .  S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s i o n  e q u a t i o n s  f o r  M e t h o d  5 0 7  c o l l a b o r a t i v e  s t u d y  d a t a  s e t s

Reagent Water Finished Drinkine Water

Analyte C3 Xb sRc srd Regr. Equations X sR sr Regr. Equations

Alachlor 1.50 1.48 0.40 0.46 X = 0.912C + 0.072 1.66 0.61 0.28 X = 0.902C + 0.274
2.24 2.05 0.30 sR = 0.138X + 0.142 2.25 0.59 sR = 0.155X + 0.308
5.98 5.33 1.09 0.70 sr = 0.075X + 0.325 5.45 1.14 0.94 sr = 0.139X + 0.013
7.48 6.77 1.21 6.94 0.92

12.00 11.66 1.39 1.41 11.54 2.50 1.66
15.00 13.75 2.04 13.99 2.98

Ametryn 0.60 0.60 0.13 0.09 X = 0.911C + 0.063 0.60 0.12 0.12 X = 0.863C + 0.071
0.90 0.90 0.14 sR = 0.130X + 0.040 0.82 0.14 sR = 0.181X + 0.000
2.40 2.18 0.13 0.47 sr = 0.194X -  0.051 2.17 0.49 0.20 sr = 0.073X + 0.063
3.00 2.96 0.63 2.59 0.23
4.80 4.30 0.39 0.86 4.34 1.30 0.48
6.00 5.50 1.13 5.23 0.58

Atraton 1.00 1.05 0.21 0.14 X = 0.922C + 0.107 1.01 0.17 0.12 X = 0.887C + 0.114
1.50 1.46 0.26 sR = 0.185X -  0.006 1.43 0.23 sR = 0.127X + 0.038
4.00 3.57 0.26 0.83 sr = 0.216X -  0.130 3.59 0.56 0.33 sr = 0.086X + 0.011
5.00 4.92 1.19 4.47 0.19
8.00 7.35 0.94 1.64 7.35 1.51 0.77
10.00 9.66 2.69 9.15 1.13

Atrazine 0.30 0.31 0.02 0.09 X = 0.911C + 0.036 0.42 0.17 0.04 X = 0.932C + 0.117
0.45 0.45 0.14 sR = 0.143X + 0.008 0.49 0.08 sR = 0.112X + 0.091e
1.20 1.08 0.14 0.16 sr = 0.089X + 0.057 1.21 0.39 0.22 sr = 0.12f
1.50 1.40 0.18 1.52 0.25
2.40 2.31 0.30 0.30 2.35 0.21 0.10
3.00 2.77 0.39 3.08 0.37

Bromacil 3.01 3.16 0.74 0.82 X = 0.885C + 0.702 3.18 1.04 0.41 X = 0.888C + 0.512
4.51 5.18 1.09 sR = 0.131X + 0.348 4.55 1.03 sR = 0.136X + 0.558e

12.00 10.93 1.21 2.94 sr = 0.149X + 0.241 11.14 2.77 1.30 sr = 0.096X + 0.047
15.00 14.66 3.76 13.70 1.64
24.10 21.42 2.79 2.60 21.37 4.46 2.32
30.10 26.50 2.82 28.10 3.37

Butachlor 2.00 1.77 0.44 0.34 X = 0.950C -  0.088 2.07 0.43 0.33 X = 0.907C + 0.232
3.00 2.88 0.67 sR = 0.132X + 0.223 2.88 0.42 sR = 0.166X + 0.044
8.00 7.39 1.33 0.88 sr = 0.126X + 0.034 7.66 1.31 1.17 sr = 0.121X + 0.034
10.00 9.38 1.04 9.37 2.07
16.00 15.51 2.33 2.52 13.85 1.64 1.85
20.00 18.45 2.88 19.19 3.55

Bulylate 0.80 0.57 0.24 0.11 X = 0.769C -  0.034 0.60 0.10 0.12 X = 0.759C + 0.020
1.19 0.90 0.28 sR = 0.204X + 0.115 0.98 0.10 sR = 0.182X -  0.026
3.18 2.51 0.38 0.68 sr = 0.203X -  0.028 2.46 0.59 0.60 sr = 0.152X + 0.008
3.98 2.83 1.04 3.02 0.45
6.37 5.12 1.01 0.80 4.92 0.62 0.54
7.96 5.88 1.39 5.82 1.25

Carboxin 3.00 3.36 0.82 0.70 X = 0.870C + 0.674 2.67 1.26 0.48 X = 0.664C + 0.602
4.51 4.44 0.93 sR = 0.212X + 0.017 3.45 1.54 sR = 0.386X + 0.287
12.00 10.30 0.85 3.23 sr = 0.242X -  0.223 8.01 4.60 1.24 sr = 0.173X -  0.072
15.00 14.95 4.36 11.00 4.48
24.00 20.80 3.27 5.02 15.21 6.65 3.75
30.00 27.54 8.19 22.83 6.00

Chlorpro- 2.00 2.22 0.43 0.27 X = 0.944C + 0.322 1.85 0.89 0.72 X = 0.940C + 0.049
pham 2.99 3.13 0.71 sR = 0.179X + 0.034 3.07 0.61 sR = 0.144X + 0.510

7.98 7.48 0.29 1.79 sr = 0.21 IX -0.287 7.34 2.05 0.72 sr = 0.034X + 0.621
9.98 10.40 2.59 9.19 1.02
16.00 15.08 2.26 3.03 15.12 3.45 1.53
20.00 19.29 4.89 19.18 3.72

continued
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T a b l e  3 .  S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s i o n  e q u a t i o n s  -  c o n t i n u e d

Reagent Water_______________  __________Finished Drinking Water

Analyte Ca Xb « C 
S R s r d Regr. Equations X S R S r Regr. Equations

Cycloate 0.79 0.75 0.20 0.04 X = 0.849C + 0.046 0.65 0.25 0.10 X = 0.859C -  0.018
1.19 0.99 0.19 sR = 0.185X + 0.044 1.04 0.41 sR = 0.096X + 0.216
3.17 2.58 0.44 0.60 sr = 0.202X -  0.126 2.62 0.47 0.23 sr = 0.071X + 0.039
3.96 3.58 0.91 3.37 0.47
6.34 5.28 0.94 0.95 5.49 0.61 0.51
7.92 7.14 1.37 6.85 0.90

Diazinon 0.51 0.36 0.12 0.07 X = 0.949C -  0.120 0.43 0.14 0.08 X = 0.906C -  0.034
0.77 0.60 0.14 sR = 0.160X + 0.058 0.65 0.14 sR = 0.235X + 0.025
2.03 1.78 0.34 0.16 sr = 0.106X + 0.021 1.85 0.47 0.43 sr = 0.183X -  0.013
2.54 2.40 0.42 2.18 0.48
4.06 3.70 0.57 0.60 3.74 0.84 0.62
5.08 4.61 0.97 4.55 1.36

Dichlotvos 1.00 1.00 0.09 0.10 X =  0.963C +  0.030 1.02 0.09 0.11 X =  0.883C + 0.132
1.50 1.45 0.10 sR = 0.181X -  0.119 1.45 0.18 sR = 0 .156X -0.064
4.00 3.85 0.30 0.76 sr = 0.175X- 0.106 3.61 0.53 0.22 sr = 0.076X + 0.008
5.00 4.99 1.08 4.66 0.36
8.00 7.68 1.18 1.25 7.09 1.11 0.79

10.00 9.58 1.88 9.05 1.68

Diphenamid 1.00 1.04 0.27 0.17 X =  0.916C +  0.138 1.07 0.49 0.32 X =  1.049C +  0.069
1.49 1.52 0.18 s R  =  0.144X +  0.071 1.75 0.71 sR =  0.159X +  0.351
3.98 3.68 0.24 0.96 sr =  0.204X -  0.080 4.05 0.77 0.82 sr =  0.103X +  0.184
4.98 5.20 1.35 5.59 1.58
7.97 7.37 1.29 1.33 8.24 1.64 0.92
9.% 8.62 1.20 10.33 1.71

Disulfoton 0.50 0.44 0.09 0.06 X = 0.870C -0.014 0.39 0.13 0.07 X = 0.814C -  0.042
0.76 0.61 0.11 sR = 0.192X -  0.004 0.51 0.19 sR = 0.31 IX + 0.022c
2.02 1.65 0.24 0.36 sr = 0.190X -  0.044 1.57 0.65 0.18 sr = 0.134X + 0.010
2.52 2.30 0.48 2.04 0.75
4.03 3.41 0.52 0.67 3.07 1.09 0.63
5.04 4.52 1.15 4.41 0.73

Disulfoton 1.50 1.54 0.16 0.20 X = 1.046C -  0.086 1.37 0.61 0.28 X = 0.908C + 0.008
sulfone 2.25 2.14 0.19 sR = 0.243X -  0.272 2.05 0.51 sR = 0.181X + 0.292

6.00 5.77 0.42 1.75 sr = 0.263X -  0.283 5.38 1.19 0.59 sr = 0.114X + 0.079
7.50 8.34 2.47 7.18 1.48

12.00 11.79 1.97 3.14 10.37 2.63 1.78
15.00 16.55 5.08 13.82 2.95

Disulfoton 3.00 2.98 0.31 0.31 X = 0.933C + 0.183 3.41 0.83 0.43 X = 0.946C + 0.556
sulfoxide 4.51 4.38 0.37 sR = 0.252X -  0.541 4.80 0.84 sR = 0.094X + 0.496e

12.00 11.27 1.50 3.61 sr = 0.246X -  0.558 11.59 1.95 1.86 sr = 0.096X + 0.063e
15.00 14.92 4.47 15.01 2.70
24.10 22.17 4.09 4.08 21.71 1.82 1.76
30.10 27.82 7.60 31.24 2.45

EPTC 0.50 0.45 0.13 0.04 X = 0.852C + 0.017 0.51 0.12 0.07 X = 0.813C + 0.096
0.76 0.65 0.11 sR = 0.165X + 0.038 0.69 0.10 sR = 0.106X + 0.052
2.02 1.70 0.25 0.38 sr = 0.190X -  0.064 1.70 0.24 0.14 sr = 0.064X + 0.026
2.52 2.26 0.53 2.19 0.20
4.03 3.50 0.56 0.55 3.37 0.47 0.30
5.04 4.20 0.83 4.23 0.61

Ethoprop 0.50 0.47 0.10 0.09 X = 0.908C + 0.026 0.48 0.15 0.06 X = 0.930C + 0.007
0.74 0.72 0.16 sR = 0.195X + 0.012 0.68 0.14 sR = 0.157X + 0.058
1.98 1.72 0.42 0.19 sr = 0.122X + 0.011 1.90 0.22 0.10 sr = 0.097X + 0.000
2.48 2.35 0.43 2.22 0.30
3.97 3.70 0.54 0.62 3.83 0.73 0.58
4.96 4.50 1.01 4.58 1.22

continued



EDGELL ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 305

T a b l e  3. S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s io n  e q u a t i o n s  - m m in n w l

Analyte C3

Reagent Water Finished Drinking Water

Xb C CSR ‘rd Regr. Equations X SR sr Regr. Equations

Fenamiphos 4.00 4.43 1.35 1.00 X = 0.855C + 0.865 3.38 0.86 0.70 X = 0 .898C -0.190
6.01 5.74 1.14 sR = 0.166X + 0.515 5.31 1.40 sR = 0.239X + 0.068
16.00 13.33 4.23 1.50 sr = 0.106X + 0.421 14.23 3.97 2.83 sr = 0.156X + 0.041
20.00 18.26 2.65 16.80 2.95
32.00 30.52 4.38 4.85 27.87 6.98 4.53
40.00 34.85 6.68 37.97 9.85

Fenariraol 1.00 1.17 0.34 0.29 X = 0.933C + 0.194 1.12 0.36 0.18 X = 0.902C + 0.213
1.50 1.52 0.31 sR = 0.218X + 0.030 1.59 0.54 sR -  0.134X + 0.237
4.00 3.53 0.40 1.18 sr = 0.251X -  0.043 3.58 0.62 0.37 sr = 0.120X + 0.007
5.00 5.27 1.55 4.54 0.49
8.00 7.37 1.20 1.96 7.49 1.93 1.27

10.00 10.13 3.14 9.90 1.34

F'l undone 3.00 3.35 1.20 0.70 X = 0.971C + 0.489 3.54 1.16 1.45 X = 0.928C + 0.899
4.50 5.05 0.34 sR = 0.245X -  0.029 5.53 2.79 sR = 0.216X + 0.659
12.00 11.15 1.64 3.07 sr = 0.262X -  0.402 11.20 2.36 1.61 sr = 0.123X + 0.829
15.00 15.44 4.56 14.21 2.37
24.00 23.28 4.62 6.76 22.64 6.65 5.40
30.00 31.10 11.8 31.07 7.85

Hexazinone 1.00 1.20 0.27 0.24 X = 0.943C + 0.250 1.13 0.35 0.13 X = 0.881 C + 0.254
1.51 1.67 0.33 sR = 0.217X -  0.020 1.61 0.45 sR = 0.132X + 0.206
4.02 3.64 0.41 1.19 sr = 0.242X -  0.091 3.65 0.73 0.45 sr = 0.13 4 X - 0.055
5.02 5.27 1.53 4.62 0.50
8.03 7.43 1.13 1.74 7.29 1.73 1.16

10.00 10.47 2.97 9.46 1.16

Merphos 1.66 0.76 0.27 0.30 X = 0.499C -  0.036 0.93 0.46 0.23 X = 0.556C -  0.044
2.48 1.30 0.47 sR = 0.366X -  0.008 1.21 0.48 sR = 0.212X + 0.243
6.62 3.08 1.14 0.44 sr = 0.150X + 0.132 3.58 0.98 0.86 sr = 0.176X + 0.044
8.28 4.02 1.51 4.54 0.98

13.20 6.57 2.71 1.66 7.77 1.84 1.35
16.60 8.49 2.55 9.05 2.72

Methyl 1.99 2.20 0.47 0.61 X = 0.977C + 0.270 2.62 0.65 0.48 X = 1.019C + 0.582
paraoxon 2.99 3.30 0.78 sR = 0.155X + 0.175 3.65 0.60 sR = 0.204X + 0.031

7.97 7.35 1.35 0.88 sr = 0.071X + 0.402 8.10 1.57 2.47 sr = 0.196X -  0.089
9.96 10.09 1.84 10.98 2.70

15.90 15.63 2.28 1.95 16.74 2.89 2.58
19.90 21.01 3.30 21.64 4.94

Metolachlor 3.00 2.85 0.42 0.39 X = 0.919C + 0.070 3.46 0.84 0.37 X = 0.939C + 0.657
4.51 4.17 0.60 sR = 0.124X + 0.073 4.91 0.92 sR = 0.063X + 0.609

12.00 10.97 1.68 1.32 sr = 0.11 8 X -0.035 12.27 1.14 1.17 sr = 0.079X + 0.045
15.00 13.84 1.60 14.29 1.73
24.00 22.71 2.33 3.11 22.04 1.63 1.97
30.00 27.28 3.94 30.22 3.14

Metribuzin 060 0.66 0.15 0.07 X = 0.920C + 0.097 0.63 0.15 0.07 X = 0.896C + 0.096
0.90 0.91 0.14 sR = 0.203X -  0.010 0.92 0.16 sR = 0.103X + 0.079
2.40 2.16 0.19 0.54 sr = 0.229X -  0.104 2.19 0.30 0.23 sr = 0.107X -  0.015
3.00 3.10 0.82 2.82 0.20
4.80 4.37 0.69 0.98 4.32 1.00 0.55
6.00 5.71 1.62 5.59 0.40

Mevinphos 1.50 1.47 0.17 0.15 X = 0.973C -  0.027 1.51 0.42 0.32 X = 0.927C + 0.053
2.25 2.06 0.23 sR = 0.137X -  0.045 1.99 0.17 sR = 0.095X + 0.183e
6.00 5.73 0.32 1.15 sr = 0 .171X -0.142 5.39 1.04 0.40 sr = 0.030X + 0.261
7.50 7.61 1.67 7.20 0.80

12.00 11.59 0.70 1.82 10.84 2.07 0.72
15.00 14.45 2.68 14.88 0.25

continued
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T a b l e  3 .  S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s i o n  e q u a t i o n s  -  c o n t i n u e d

Reagent Water_______________  __________Finished Drinking Water

Analyte Ca Xb SRC Sr“ Regr. Equations X SR sr Regr. Equations

MGK-264 2.36 2.02 0.58 0.62 X = 0.937C -  0.144 2.31 0.79 0.44 X = 0.915C + 0.127
3.55 3.36 1.21 sR = 0.138X + 0.392 3.34 1.07 sR = 0.137X + 0.532
9.46 8.26 0.96 1.04 sr = 0.134X + 0.241 8.83 2.14 1.59 sr = 0.138X + 0.059

11.80 10.59 1.70 10.68 2.15
18.90 18.41 2.49 3.77 17.04 1.70 2.47
23.60 22.01 4.47 22.67 3.79

Molinate 0.50 0.51 0.11 0.06 X = 0.922C + 0.033 0.51 0.23 0.08 X = 0.839C + 0.086
0.75 0.69 0.14 sR = 0.172X + 0.018 0.71 0.21 sR = 0.084X + 0.174
2.00 1.82 0.16 0.39 sr = 0.215X -  0.065 1.77 0.31 0.16 sr = 0.056X + 0.044
2.50 2.47 0.53 2.23 0.27
4.00 3.60 0.48 0.84 3.35 0.53 0.25
5.00 4.76 1.23 4.30 0.67

Naprop- 0.80 0.76 0.20 0.20 X = 0.857C + 0.086 0.64 0.36 0.18 X = 0.868C -  0.075
amide 1.19 1.12 0.32 sR = 0.130X + 0.119 0.90 0.47 sR = 0.134X + 0.290e

3.18 2.69 0.32 0.62 sr = 0.122X + 0.088 2.59 0.48 0.28 sr = 0.090X + 0.109
3.98 3.70 0.73 3.48 0.46
6.37 5.40 0.84 0.62 5.46 1.84 0.84
7.96 6.93 0.96 6.97 0.94

Norflurazon 1.00 1.35 0.50 0.34 X = 0.877C + 0.418 1.10 0.35 0.19 X = 0.867C + 0.226
1.50 1.63 0.35 sR = 0.227X + 0.103 1.54 0.47 sR = 0.149X + 0.209
4.00 3.64 0.63 1.32 sr = 0.275X -  0.051 3.50 0.87 0.43 sr = 0.109X + 0.040
5.00 4.79 1.66 4.45 0.61
8.00 7.48 1.29 1.99 6.93 1.50 1.02

10.00 9.97 2.95 9.73 1.41

Pebulate 0.49 0.51 0.16 0.08 X = 0.858C + 0.069 0.51 0.20 0.06 X = 0.790C + 0.114
0.74 0.64 0.21 sR = 0.166X + 0.092 0.68 0.20 sR = 0.117X + 0.132
1.97 1.84 0.45 0.49 sr = 0.195X -  0.030 1.64 0.25 0.19 sr = 0.077X + 0.018
2.46 2.22 0.55 2.03 0.44
3.94 3.40 0.42 0.52 3.24 0.51 0.24
4.92 4.28 0.79 4.14 0.68

Prometon 0.50 0.47 0.13 0.05 X = 0.969C -  0.014 0.42 0.14 0.17 X = 0.938C -  0.031
0.75 0.72 0.09 sR = 0.154X + 0.035 0.71 0.15 sR = 0.118X + 0.085
2.00 1.79 0.17 0.45 sr = 0.215X -  0.072 1.85 0.35 0.17 sr = 0.041X + 0.142
2.50 2.59 0.58 2.27 0.12
4.00 3.73 0.44 0.78 3.80 0.96 0.41
5.00 4.92 1.24 4.54 0.50

Pronamide 2.00 2.44 0.74 0.30 X = 0.913C + 0.586 1.81 0.47 0.38 X = 0.894C -  0.026
3.00 3.24 0.44 sR = 0.121X + 0.299 2.54 0.85 sR = 0.115X + 0.352
8.00 7.56 0.82 1.38 sr = 0.190X -  0.248 7.09 1.04 0.68 sr = 0.075X + 0.208

10.00 10.46 2.07 8.99 0.92
16.00 15.43 1.25 3.06 14.00 3.01 1.64
20.00 18.16 3.88 18.45 1.75

Propazine 0.30 0.29 0.08 0.04 X = 0.917C + 0.021 0.31 0.06 0.06 X = 0.891 C + 0.043
0.45 0.44 0.08 sR = 0.159X + 0.024 0.44 0.08 sR = 0.132X + 0.020
1.20 1.10 0.12 0.23 sr = 0.189X -  0.027 1.09 0.18 0.14 sr = 0.092X + 0.021
1.50 1.49 0.33 1.42 0.11
2.40 2.19 0.31 0.42 2.14 0.45 0.24
3.00 2.67 0.60 2.74 0.34 '

Simazine 0.49 0.48 0.07 0.14 X = 0.928C + 0.041 0.55 0.15 0.07 X = 0.964C + 0.075
0.74 0.77 0.22 sR = 0.126X + 0.037 0.78 0.16 sR = 0.078X + 0.102
1.97 1.80 0.25 0.25 sr = 0.089X + 0.081 1.98 0.22 0.13 sr = 0.094X -  0.002
2.46 2.29 0.26 2.39 0.25
3.94 3.78 0.44 0.48 3.88 0.32 0.53
4.92 4.60 0.62 4.92 0.73

continued



EDGELL ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 307

T a b l e  3 .  S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s i o n  e q u a t i o n s  -  c o n t i n u e d

Reagent Water_______________  __________Finished Drinking Water

Analyte C3 Xb SRC *rd Regr. Equations X SR sr Regr. Equations

Simetryn 0.50 0.53 0.15 0.07 X = 0.925C + 0.076 0.56 0.10 0.07 X = 0.897C + 0.114
0.74 0.77 0.12 sR = 0.163X + 0.032 0.78 0.07 sR = 0.115X + 0.024e
1.98 1.81 0.10 0.40 sr = 0.212X -  0.063 1.86 0.34 0.18 sr = 0.085X + 0.014
2.48 2.53 0.59 2.33 0.22
3.97 3.61 0.45 0.82 3.58 0.78 0.39
4.96 4.74 1.32 4.74 0.14

Stirofos 4.00 3.97 1.09 0.63 X = 0.914C + 0.286 4.07 1.39 0.69 X = 0.987C -  0.018
6.01 5.82 1.41 sR = 0.187X + 0.402 5.59 1.38 sR = 0.163X + 0.633
16.00 13.36 5.31 2.19 sr = 0.187X -  0.317 15.91 2.80 2.66 sr = 0.158X -  0.081
20.00 18.97 1.61 19.33 3.92
32.00 32.13 4.57 6.94 31.80 5.76 5.72
40.00 36.09 8.22 40.40 8.23

Tebuthiuron 1.99 2.18 0.64 0.27 X = 0.944C + 0.280 2.44 0.46 0.27 X = 0.881 C + 0.647
2.99 3.07 0.65 sR = 0.163X + 0.207 3.19 0.41 sR = 0.103X + 0.164
7.97 7.22 0.47 1.76 sr = 0.217X -  0.295 7.49 0.94 0.71 sr = 0.081X + 0.043
9.96 10.20 2.35 9.57 0.90

15.90 15.17 2.04 3.19 14.40 2.36 1.43
19.90 19.54 5.46 18.83 1.76

Terbacil 10.00 9.66 3.84 4.39 X = 0.986C + 0.514 10.04 0.63 2.17 X = 0.939C + 0.977
15.00 17.30 6.58 sR = 0.124X + 3.170e 16.00 2.37 sR = 0.239X -  1.520
40.00 38.44 11.2 4.84 sr = 0.018X + 4.136 37.54 10.3 8.23 sr = 0.117X + 0.799
50.00 46.81 11.0 46.69 13.8
80.00 84.00 4.54 5.92 76.02 11.4 6.67
100.0 97.26 11.6 96.81 14.4

Terbufos 3.00 2.10 0.47 0.28 X = 0.885C -  0.547 2.07 0.72 0.37 X = 0.885C -  0.445
4.50 3.47 0.62 sR = 0.169X + 0.099 3.90 0.52 sR = 0.250X + 0.070
12.00 9.85 2.24 0.82 sr = 0.105X -  0.029 9.95 2.63 1.82 sr = 0 .166X -0.118
15.00 12.57 2.01 12.52 3.04
24.00 21.72 2.70 3.02 21.57 5.64 3.64
30.00 25.41 5.17 25.23 8.03

continued

shown that a CODw <0.5 indicates that the study has failed 
to establish a definitive linear relationship in the retained 
data set. For overall precision, S r ,  only 8 of 90 precision 
equations had CODw < 0.50 (see footnote e, Table 3). For the 
90 single-analyst precision regression equations, sr, only the 
terbacil precision equation yielded a CODw <0.50. These 
equations can be used effectively to derive performance- 
based quality control limits for this method.

To establish performance-based quality control limits, es
timates of the mean recovery, overall precision, and single
analyst precision were calculated using a concentration value 
10 to 15 times the estimated M D L  using the regression 
equations reported. The precision estimates at this concen
tration level, expressed as both absolute and percent relative 
standard deviation, are presented as method performance 
parameters in the method. The average overall standard 
deviation (R S D r) for all 45 pesticides in reagent water was 
18.8%, and individually ranged from 12.8% for terbutryn to 
36.4% for merphos, with only 2 analytes exceeding R S D r of 
25%. For finished drinking water, the average R S D r was 
19.2%, and ranged from 11.5% for mevinphos to 42.6% for 
carboxin. Seven compounds exceeded an R S D r of 25% for 
finished drinking water: carboxin (42 .6 % ), disulfoton

(32.5%), fluridone (28.1%), merphos (25.6%), terbufos 
(25.8%), terbutryn (29.1%), and tricyclazole (25.1%). The 
average single-analyst standard deviation (R SD r) for all 45 
pesticides in reagent water was 16.8%; individual estimates 
ranged from 10.1% for terbacil to 26.4% for norflurazon. For 
finished drinking water, the average R SD r was 12.0%, and 
individual values ranged from 5.8% for mevinphos to 20.4% 
for fluridone.

The precision estimates obtained from this study, as RSDs, 
were compared with those obtained from the collaborative 
study of EPA Method 508 (9). That collaborative study 
resulted in adoption of the method by AOAC as method 
990.06, which uses the same extraction procedures as well as 
the same GC column, temperature program, and carrier gas 
flow rates. The only difference is in GC detectors: Method
990.06 uses an electron capture detector; the present method 
uses a nitrogen-phosphorus detector. The average overall 
standard deviation of results for reagent water was similar 
for the 2 methods, with only slightly poorer precision for 
Method 507. The average R S D r for reagent water was 
18.8% for Method 507 and ranged from 12.8 to 36.4%. For 
method 990.06, the average R S D r for reagent water was 
15.5% and ranged from 12.3 to 27.6%. However, the average
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T a b l e  3 .  S u m m a r y  s t a t i s t i c s  a n d  r e g r e s s io n  e q u a t i o n s  -  c o n t in u e d

Analyte Ca

Reagent Water Finished Drinkine Water

Xb c  C
S R srd Regr. Equations X S R sr Regr. Equations

Terbulryn 0.60 0.60 0.10 0.10 X = 0.934C + 0.028 0.60 0.21 0.10 X = 0.853C + 0.079
0.91 0.87 0.15 sR = 0.102X + 0.049 0.84 0.28 sR = 0.260X + 0.055
2.42 2.20 0.30 0.26 sr = 0.109X + 0.018 2.11 0.52 0.43 sr = 0.164X -  0.015
3.02 2.81 0.28 2.63 0.71
4.83 4.75 0.49 0.64 4.30 1.16 0.67
6.04 5.70 0.69 5.23 1.65

Triademe- 0.50 0.57 0.12 0.11 X = 0.937C + 0.090 0.51 0.12 0.06 X = 0.881C + 0.078
fon 0.74 0.75 0.17 sR = 0.204X -  0.001 0.75 0.13 sR = 0.134X + 0.041

1.98 1.82 0.19 0.43 sr = 0.199X -  0.022 1.79 0.33 0.20 sr = 0.102X- 0.007
2.48 2.59 0.61 2.26 0.18
3.97 3.75 0.64 0.81 3.54 0.79 0.41
4.% 4.83 1.35 4.54 0.53

Tricyclazole 5.00 5.72 0.47 0.91 X =  0.841C +  1.284 5.38 1.92 0.53 X =  0.979C +  0.290
7.49 7.10 2.15 sR = 0.160X +  0.054 7.29 2.22 sR = 0.215X + 0.710

20.00 17.26 0.92 3.84 sr = 0.197X -  0.341 18.16 4.18 4.86 sr =  0.228X -  0.876
25.00 22.71 5.05 25.57 6.41
40.00 35.79 4.71 7.16 39.19 10.0 8.25
50.00 44.50 8.60 52.48 11.6

Vernolate 0.50 0.43 0.14 0.07 X =  0.798C +  0.029 0.49 0.13 0.06 X =  0.795C +  0.080
0.75 0.61 0.18 sR =  0.229X +  0.040 0.64 0.12 sR =  0.120X +  0.061
2.00 1.66 0.20 0.40 sr =  0.231X -  0.049 1.66 0.28 0.15 sr =  0.072X +  0.018
2.50 2.10 0.61 2.10 0.23
4.00 3.30 0.62 0.74 3.21 0.52 0.28
5.00 3.75 1.35 4.17 0.58

a Spike concentration. //g/L. 
b Mean recovery concentration, //g/L. 
c Overall standard deviation, //g/L. 
d Single-analyst standard deviation, //g/L.
e CODw < 0.50. Do r.ot use regression equation outside of study concentration range. 
1 CODw = 0. Average precision is reported.

single-analyst standard deviations for reagent water were 
significantly different between the 2 methods. For Method 
507, the average R SD r for reagent water was 16.8% and 
ranged from 10.1 to 26.4%; whereas for method 990.06, the 
comparable average RSDr was 7.5% and ranged from 4.2 to 
15.4%. The slight degradation of the average overall stan
dard deviation and the significant degradation of the average 
single-analyst standard deviation for Method 507 must be 
related to the differences in the detectors because all other 
conditions were the same. Independent observations from the 
N PS participating laboratories (R. Maxey, USEPA, Bay St. 
Louis, MS, 1989, personal communication) also suggested 
that the instability of the nitrogen-phosphorus detector was 
the major factor related to precision.

E f f e c t  o f  W a te r  T y p e

The data across water types were subjected to an analysis 
o f variance test to determine the effect of water type on 
recovery and precision. Matrix effects due to water type were 
statistically significant for 5 compounds (carboxin, disulfo- 
ton, metolachlor, pronamide, and simazine). Many of the 
laboratories had clearly lower recoveries for carboxin and 
disulfoton in finished drinking water samples than in reagent 
water. Metolachlor and simazine were apparently recovered 
more effectively from finished drinking water than from

reagent water, although most of the difference appeared to 
be anomalies in the study data set. The matrix effect ob
served for pronamide was due to unusually high recoveries in 
the reagent water matrix reported by the laboratories.

C o n c l u s i o n s  a n d  R e c o m m e n d a t i o n s

Method 507, which was developed for determination of 45 
nitrogen- and phosphorus-containing pesticides in waters, 
was shown to be accurate and precise in a collaborative study 
involving 10 laboratories. Weighted linear regression equa
tions presented for method recovery, overall precision, and 
single-analyst precision can be used to estimate method per
formance at any concentration value within the study range. 
The recovery, overall precision, and single-analyst precision 
values were comparable in reagent water and finished drink
ing water except for carboxin, disulfoton, metolachlor, pron
amide, and simazine, which were found to have statistically 
significant matrix effects in finished drinking water.

The data are suitable for use in the development of perfor
mance-based quality control limits. It is recommended that 
users of this method routinely test a quality control sample 
prepared in reagent water and compare the results with per
formance-based acceptance limits derived from this study 
(Table 991.07C).

Use of DEF, the breakdown product of merphos, was
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unacceptable for quantitation of merphos in water samples.
On the basis of this interlaboratory method validation 

study, it is recommended that the method be adopted official 
first action.
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An Interlaboratory method validation study was conducted 
on EPA Method 531.1, Measurement of W-Methylcarbamoyl- 
oxlmes and Af-Methylcarbamates In Water by Direct Aque
ous Injection HPLC with Post Column Derivatization, to de
termine the precision and mean recovery for determination 
of 10 carbamate pesticide compounds in reagent water and 
in finished drinking waters. The study design was based on 
Youden’s nonreplicate plan for collaborative tests of analyti
cal methods. The waters were spiked with 10 carbamate 
pesticides at 6 concentration levels, as 3 Youden pairs. Eight 
laboratories analyzed the samples by direct aqueous injec
tion, with separation by reverse-phase liquid chromatogra
phy and post-column hydrolysis of the carbamates and car- 
bamoyloximes to methylamine, followed by reaction of the

Received for publication August 3, 1990.
This report was presented at the 104th AOAC Annual International Meet

ing. September 9-13, 1990, at New Orleans, LA.
The report was evaluated and approved by the General Referee, the Com

mittee Statistician, and the Committee on Environmental Quality. The meth
od was approved interim official first action by the Chairman of the Official 
Methods Board and was adopted official first action at the 104th AOAC 
Annual International Meeting, September 9-13, 1990, at New Orleans, LA. 
Association actions will be published in “Changes in Official Methods of 
Analysis” (1991) J. A sso c . O ff .  A n a l . C h em . 74, January/February issue.

methylamine with o-phthalaldehyde and 2-mercaptoethanol 
using fluorescence detection. Results were analyzed using 
an EPA computer program, which measured precision and 
recovery for each of the 10 compounds and compared the 
performance of the method between water types. The meth
od was acceptable for all analytes tested. After removal of a 
nonrepresentative data set for aldicarb sulfoxide, no matrix 
effects were observed; the statistics for the pooled drinking 
waters were not significantly different from the statistics for 
the reagent waters. The method has been adopted official 
first action by AOAC.

The widespread contamination of vulnerable groundwater 
supplies by aldicarb and other pesticides became a major 
concern to the U .S. Environmental Protection Agency 
(EPA) in the early 1980s. In the fall of 1983, EPA was 
charged by the Congress of the United States to monitor the 
drinking water supplies in the state of Florida and to assess 
the degree of contamination by aldicarb and related com
pounds. A liquid chromatographic procedure (LC), EPA 
Method 531, was developed to measure aldicarb and related 
compounds in this groundwater survey (1). As concerns over
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possible g roundw a te r con tam ina tion  grew, the E P A  in itia te d  
a N a tio n a l Pesticide Survey (N P S ) to  provide a com prehen
sive assessment o f  con tam ina tion  in  the 50 states. E P A  M e th 
od 531 was m od ified  fo r use in  N P S  to  inc lude add itiona l 
analytes (N P S  M ethod  5) (2 ).

The Safe D r in k in g  W a te r A c t  o f 1986 charged the E P A  
w ith  the establishm ent o f d r in k in g  w ate r regulations fo r  a 
num ber o f previously unregulated compounds. N P S  M ethod  
5, now E P A  M ethod  531.1 (3 ), was proposed fo r  m easuring 
the  regulated contam inants a ld ica rb , a ld ica rb  sulfoxide, a ld i- 
carb sulfone, and carbofuran, as w e ll as the unregulated 
contam inants Baygon (p ropoxu r), ca rbary l, 3 -hydroxycar- 
bo furan , m eth iocarb , m ethom yl, and oxam yl in  vulnerable 
w a te r supplies (4 ).

The  E P A  E nv ironm enta l M o n ito r in g  Systems Labo ra to ry , 
C in c in n a ti, O H  (E M S L -C in c in n a ti) ,  is responsible fo r con
ducting  in te rla bo ra to ry  m ethod va lida tion  studies o f a n a ly ti
ca l m ethods selected fo r the agency’s opera ting program s. 
T he  objective o f  th is  study was to  characterize the m u lt i
la bo ra to ry  perform ance o f M e thod  531.1 in  term s o f mean 
recovery, overa ll and single-analyst precision, and the e ffect 
o f w a te r type on recovery and precision. The study was con
ducted w ith  the  cooperation o f 8 p a rtic ip a tin g  laboratories 
evaluated and selected by E M S L -C in c in n a ti. The Bionetics 
C orpo ra tion , as p r im a ry  con tracto r to E M S L -C in c in n a ti, 
was responsible fo r  the co llection  and cha racte riza tion  o f the 
test waters, p repara tion  and testing o f the sample concen
trates, w r it in g  user instructions, designing report form s, and 
screening o f re turned data. The raw  data were s ta tis tica lly  
evaluated by E M S L -C in c in n a ti using a com puter program
(5 ) designed fo r these types o f studies.

Collaborative Study
The study design was based on Y ouden ’s nonreplicate 

design fo r the co llabora tive  evaluation o f precision and recov
ery fo r an a ly tica l methods (6 ). In  th is  design, 2 s im ila r, yet 
d iffe re n t samples o f the 10 compounds were analyzed in  pairs 
to  provide data fo r  estim ating  single-opera tor precision ra th 
er than m aking  these estimates fro m  dup lica te  analyses o f  the 
same sample. F o r th is  study, 3 such Youden pairs were used, 
resu lting  in  6 concen tra tion  levels. The 8 co llabora ting  labo
ratories were directed to analyze the spiked samples and 
repo rt 1 value fo r a ll analytes in  each sample. Analyses o f the 
spiked reagent w a te r evaluated the p ro fic iency o f the m ethod 
on a sample free o f  in terferences; analyses o f the various 
fin ished d rin k in g  waters (provided by each p a rtic ip a tin g  lab
o ra to ry ) were in tended to reveal the effects o f m a tr ix  in te r
ferences on the m ethod. A l l  analyses were to be completed 
w ith in  60 days fro m  rece ip t o f the samples.

The carbam ate pesticides used in  th is  study were obtained 
fro m  the E P A  Pesticide R epository, Research T rian g le  Park, 
N C . S p ik ing  solutions, c a lib ra tio n  solutions, and q u a lity  con
tro l samples were prepared in  m ethanol and heat-sealed in 
ampoules, each con ta in ing  approx im ate ly  1.5 m L  solution. 
P rio r to  d is tr ib u tio n , am poule solutions were analyzed 
against standards fresh ly  prepared from  neat m ateria ls. A t  
the com ple tion  o f  the study, the ampoules were analyzed 
again to  v e rify  the s ta b ility  o f  the solutions over the tim e  o f 
the study. Each p a rtic ip a tin g  labo ra to ry  received 12 concen
trates in  ampoules (6 concentrations fo r each o f 2 water 
m atrixes), 2 ca lib ra tio n  standard concentrates, 2 q u a lity  con
tro l samples w ith  acceptance lim its , a copy o f  the m ethod, 
report form s, and a questionnaire. A n  externa l standard was 
used because the com pound specified in the m ethod was not

com m erc ia lly  ava ilab le  fo r  use as an in te rna l standard a t the 
tim e  th is  study was conducted.

P re lim in a ry  an a ly tica l w o rk  by the p r im a ry  con trac to r 
revealed decom position o f several carbam ate pesticides in  the 
presence o f residual chlorine. C h lo rina ted , fin ished d rin k in g  
w ate r supplies w ou ld  not be expected to conta in  a ll 10 carba
m ate pesticides covered in th is  m ethod. T o  avoid loss o f 
compounds, in  accordance w ith  the m ethod the laboratories 
were required to  dechlorinate th e ir  fin ished d rin k in g  w ate r 
m a tr ix  w ith  sodium  th iosu lfa te  p r io r  to  spik ing . A lso , the 
re ten tion  tim es o f the analytes were not always reproducib le 
among sample and ca lib ra tion  standard in jections. These 
differences were traced to  the am ount o f m ethano l in tro 
duced in to  the  samples and standards d u rin g  the sp ik ing 
procedure. A s a resu lt, the p a rtic ip a tin g  laboratories were 
instructed to  fo llow  sp ik ing  procedures tha t ensured a con
stan t m ethano l concentra tion in  a ll samples and standards.

T r e a t m e n t  o f  D a ta

The returned data were grouped by w ate r type, arranged 
as 6 subsets defined by the 6 d iffe re n t samples, and evaluated 
analyte  by analyte  using the E P A  IM V S  com puter program . 
F irs t, m issing data po in ts were replaced by values estim ated 
by in te rpo la tion , and “ less than”  and “ nondetect”  values 
were converted to  zero. Subsequent o u tlie r tests were those 
suggested in  the A S T M  Standard P ractice D 2777-86 (7 ). 
N e x t, Y ouden ’s la bo ra to ry  rank ing  procedure was used to 
re ject laboratories th a t had a consistently h igher o r lower 
bias in th e ir  subm itted  data fo r  a given analyte  com pared to 
the o ther laboratories. I f  a bias was determ ined, the 6 analyte 
values were rejected fo r th a t labo ra to ry . T h is  procedure was 
applied to  each analyte  data set, fo r each w a te r type, a t the 
5% level o f significance. N e x t, the zeroes and in te rpo la ted 
values were removed before any fu rth e r analyses. F in a lly , 
Thom pson’s test fo r in d iv id u a l ou tlie rs  (8 ) was applied to  the 
data at the 5% s ignificance level. I f  an in d iv id u a l data po in t 
was rejected on the  basis o f th is  test, i t  was removed fro m  the 
subset and the test was repeated 1 m ore tim e  using the 
rem a in ing  data in  the subset.

S um m ary sta tistics were calcula ted fo r the mean recovery 
and overa ll m ethod precision fo r each o f the 6 concentra tion 
levels. S ing le-analyst precision was calcula ted fo r each o f the 
3 concen tra tion  pairs. The IM V S  com puter program  used 
these sum m ary sta tistics to  ca lcu la te  re lationships between 
mean recovery and true  concen tra tion  and between precision 
and mean recovery as linea r regression equations using the 
weighted least squares technique (9 ). C oeffic ien ts o f deter
m in a tio n  o f  the weighted regression equations (C O D w) were 
also ca lcu la ted to  evaluate the f i t  o f  the reta ined data sets. 
These weighted equations tend to  degrade the calcula ted 
C O D w values, w h ich  in  some cases resulted in  very low  o r 
negative C O D w values. However, these regression equations 
can be used to  estim ate the mean m ethod recovery, overall 
precision, and single-analyst precision a t any value w ith in  the 
concentra tion range studied. IM V S  also determ ined s ta tis ti
ca lly  s ig n ifica n t m a tr ix  effects between w ater types fo r each 
o f the 10 pesticides.

991.06 AFMethylcarbamoyloximes and
AFMethylcarbamates In Finished Drinking Water

Liquid Chromatographic Method 

First Action 1991

(A p p lica b le  to  de te rm ina tion  o f 10 A -m e thy lca rb am oy l-
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Method Performance for 991.06, AAmethylcarbamoyloximes and AAmethylcarbamates in finished drinking water3

Pesticide
Concn,
P Q / L b

Reagent W ater Finished Drinking W ater

Sr S r RSDr, % RSDr, % Sr S r RSDr, % RSDr, %

Aldicarb 10.0 0.32 0.58 3.4 6.1 0.46 1.00 4.4 9.7
Aldicarb sulfone 20.0 0.86 1.33 4.5 6.9 0.43 0.87 2.2 4.5
Aldicarb sulfoxide 20.0 0.89 1.35 4.5 6.9 0.52 0.85 2.7 4.4
Baygon

(propoxur) 10.0 0.47 0.78 5.0 8.2 0.46 0.75 4.6 7.5
Carbaryl 20.0 0.79 1.35 4.1 6.9 0.93 1.35 4.8 6.9
Carbofuran 20.0 0.74 0.68 3.9 3.6 0.47 1.00 2.4 5.1
3-Hydroxycarbofuran 20.0 0.95 1.31 4.9 6.8 0.98 1.72 5.0 8.7
Methiocarb 50.0 2.07 3.93 4.4 8.4 1.69 3.08 3.5 6.4
Methomyl 5.0 0.33 0.37 6.7 7.5 0.14 0.20 2.8 4.0
Oxamyl 20.0 1.04 1.44 5.4 7.4 0.55 1.13 2.7 5.7

Average 4.7 6.9 3.5 6.3
Std dev. 0.91 1.34 1.07 1.92

a sr and sR =  standard deviations for repeatability and reproducibility, respectively. RSDr and RSDr =  corresponding relative standard 
deviations.

b Concentration value is 1 0 -1 5  times estimated method detection limit (MDL).

oxime and iV-methylcarbamate pesticides in finished drink
ing water)

Method Performance:
Collaborative study showed method acceptable for all ana

lytes tested. No matrix effects were observed. In reagent 
water, RSDr for 10 pesticides ranged from 3.6 to 8.4%. In 
finished drinking water, RSDr for 10 pesticides ranged from
4.0 to 9.7%. See table of method performance data.

A .  P r in c ip l e

Water sample is filtered and measured volume (400 p L )  is 
directly injected onto reverse-phase LC column. Analytes are 
separated by gradient elution chromatography. After elution 
from LC column, analytes are hydrolyzed with NaOH at 
95°. Methylamine formed during hydrolysis is reacted with
o-phthalaldehyde and 2 -mercaptoethanol to form highly flu
orescent derivative, which is detected by fluorescence detec
tor. Estimated method detection limits range from 0.5 p g/L 
for methomyl to 4.0 /j.g/ L for methiocarb; estimated method 
detection limits for 8  other compounds range from 1 . 0  to 2 . 0  

Mg/L.

B . A p p a r a t u s

(a) Grab sample bottle.— 60 mL, borosilicate glass, 
screw-cap vials (Pierce No. 13075 meets these specifications) 
and caps with PTFE-faced silicone septa (Pierce No. 12722 
meets these specifications). Before use, wash vials and septa 
with soap and water, followed by 3 tap water rinses and 3 
deionized water rinses.

(b) Balance.— Analytical, capable of accurately weighing 
to nearest 0 . 0 0 0 1  g.

(c) Macrofilters.— 47 mm, 0.45 /¿m, nongridded, cellu
lose acetate filters for water phases; 47 mm, 0.5 jitm, nongrid
ded, PTFE filters for organic phases.

(d) Microfilters.— 13 mm stainless steel filter holder and 
13 mm diameter, 0.2 jam polyester filters (Nucleopore No. 
180406 meets these requirements).

(e) Hypodermic syringe.— 10 mL, glass, with Luer-Lok 
tip.

(f) Syringe valve.— 3-way.
(g) Syringe needle.— 7-10 cm long, 17 gauge, with blunt 

tip.

(h) M ic r o s y r in g e s .— Various sizes.
(!) S o lu t io n  s to r a g e  b o t t l e s .— Amber glass, 10-15 mL 

capacity with TFE-fluorocarbon-lined screw cap.
(j) LC s y s t e m .— Capable of injecting 200-400 jaL ali

quots and performing binary linear gradients at constant 
flow rate. Data system is recommended for measuring peak 
areas. Primary column: 250 mm X 4.6 mm id stainless steel 
packed with 5 p m  Beckman Ultrasphere ODS. Mobile phase 
linear gradient from methanol-water (15 +  85) to methanol 
in 32 min at 1.0 m L/m in. Confirmation column: 250 mm X
4.6 mm id stainless steel packed with 5 p m  Supelco LC-1. 
Mobile phase linear gradient from methanol-water (15 +  
85) to methanol in 32 min at 1.0 m L/m in.

(k) P o s t c o l u m n  r e a c t o r .— Reactor constructed with 
PTFE tubing and equipped with pumps capable of mixing 0.5 
m L/m in OPA reaction solution, C(i), and 0.5 m L/m in  
NaO H , C(f), into mobile phase. Reactor must contain mix
ing tees and two 1.0 mL delay coils, one thermostated at 95°.

(l) F lu o r e s c e n c e  d e te c to r .— Capable of excitation at 230 
nm and detection of emission energies >418 nm.

C . R e a g e n t s

(a) S t a n d a r d  s o lu t io n s .— Use standards of test com
pounds with purity >96% to prepare stock solutions at 1.00 
p g / p L  in methanol. Commercially prepared stock standards 
may be used at any concentration if they are certified by 
manufacturer or independent source. Transfer stock stan
dard solutions into TFE-fluorocarbon-sealed screw-cap vials. 
Store at room temperature protected from light. Replace 
stock standard solutions after 2 months, or sooner if compari
son with laboratory control standards indicates degradation.

(b) I n s tr u m e n t  p e r f o r m a n c e  s o lu t io n .—Combine 20 p L
3-hydroxycarbofuran stock solution, (a), and 1.0 mL aldi
carb sulfoxide stock solution, (a), in 10 mL volumetric flask 
and dilute to volume with methanol.

(c) R e a g e n t  w a te r .— Water reasonably free of contami
nation that would prevent determination of analytes.

(d) W a te r .— LC grade.
(e) M e th a n o l .— LC grade. Filter, B (c), and degas with 

helium before use.
(f) S o d iu m  h y d r o x id e .— 0.05N . 2.0 g N aO H /l.O  L re

agent water, (c). Filter, B(c), and degas with helium before 
use.
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(g) M e r c a p to e th a n o l- a c e to n i t r i l e .— (1 + 1). Mix 10.0 
mL 2-mercaptoethanol and 10.0 mL CH 3CN. Store in boro- 
silicate glass vial or bottle with PTFE-lined cap. (C a u t io n : 
Strong odor. Store in hood.)

(h) S o d iu m  b o r a te .— 0.05N. 19.1 g Na 2 B4 O vl 0 H 2 O/
1.0 L reagent water, (c). Sodium borate dissolves completely 
at room temperature if prepared day before use.

(i) O P A r e a c t io n  s o lu t io n .— 100 ± 10 mg o-phthalalde- 
hyde (mp 55-58°)/10 mL CH 3 OH, (e). Add to 1.0 L 0.05N 
Na 2 B4 0 7 solution, (h). Mix, filter, B(c), and degas with 
helium. Add 100 p L  2-mercaptoethanol, (g), and mix. Pre
pare solution fresh daily.

(j) H e l iu m .— For degassing solutions and solvents.
(k) M o n o c h lo r o a c e t ic  a c id  b u f f e r .— pH 3. Mix 156 mL 

2.5M monochloroacetic acid and 100 mL 2.5M potassium 
acetate.

(l) S o d i u m  t h i o s u l f a t e .— Na 2 S 2 0 3. Granular, anhy
drous. ACS grade.

(m) B u f f e r e d  r e a g e n t  w a te r .— Mix 10 mL monochloro
acetic acid buffer, (k), and 1 L reagent water, (c).

(n) I n te r n a l  s t a n d a r d  s o lu t io n .— Prepare 4-bromo-3,5- 
dimethylphenyl A-methylcarbamate (BDM C) (purity 
>98%, Aldrich Chemical Co.) stock solution at 0.1 mg/mL 
in methanol.

D . P r e p a r a t i o n  o f  S a m p l e  B o t t l e s

Add 1. 8  mL monochloroacetic acid buffer, C(k), to sample 
bottle, B(a). If residual chlorine is expected, add 5 mg 
Na 2 S 2C> 3 to bottle before sample collection.

E . S a m p l e  C o l l e c t i o n

Collect 60 mL grab samples in glass bottles by convention
al sampling practices. Because bottles contain buffer and 
Na 2 S 2C>3 , do not prerinse with sample before collection. Add 
sample to bottle, seal, and shake vigorously 1 min. Refriger
ate samples at 4° from time of collection until storage. Store 
at —10° until analyzed. Analyze samples within 28 days of 
collection.

F . S a m p l e  P r e p a r a t i o n

Adjust pH of sample or standard to pH 3 ± 0.2 by adding
1.5 mL 2.5M monochloroacetic acid buffer, C(k), to 50 mL 
sample. This step should not be necessary if sample pH was 
adjusted during sample collection. Fill 50 mL volumetric 
flask to mark with sample. Add 5 p L  internal standard stock

solution, C(n), to the 50 mL of sample (final concentration 10 
Pg/L). Affix 3-way valve to 10 mL syringe. Place clean filter 
in filter holder, B(d), and affix filter holder and 7-10  cm 
syringe needle to syringe valve. Rinse needle and syringe with 
reagent water, C(c). Prewet filter by passing 5 mL reagent 
water through filter. Empty syringe and check for leaks. 
Draw 10 mL sample into syringe and expel through filter. 
Draw another 10 mL sample into syringe, expel through 
filter, and collect last 5 mL for analysis. Rinse syringe with 
reagent water. Discard filter. Inject 400 pL of collected 
sample into LC system under conditions in B(j).

G . C a l ib r a t io n  o f  L C  S y s t e m

Table 991.06A presents retention times observed using this 
method. Fig. 991.06 shows chromatographic separation of 
the pesticides studied. Initially, perform 5-level calibration 
using calibration standards prepared in buffered reagent wa
ter, C(m), within linear range of detector. Use calibration 
curve or ratio of response to concentration (calibration fac
tor). If calibration factor values are constant over working 
range (<20% R SD ), average calibration factor may be used 
for calculations. Verify calibration curve daily using 1 or 2 
calibration standards. If response of any analyte varies >20%  
from average calibration factor for initial calibration, repeat 
analysis o f single-level standard with fresh standard. Alter
natively, prepare new calibration curve.

H . Q u a l i t y  C o n t r o l

Minimum quality control requirements for this method 
include (1) initial demonstration of laboratory capability, (2) 
analysis of a sample blank with each set of extracted samples 
as continuing check on sample contamination, (3) analysis of 
a spiked reagent water sample as continuing check on method 
recovery, and (4) analyses of daily instrument QC standards 
to ensure acceptable instrument performance (see Table 
991.06B).

Demonstrate initial method performance by analyzing 4 
reagent water samples spiked at concentration levels indicat
ed in Table 991.06C (ca 10 times estimated method detection 
limit). Calculate average percent recovery and standard de
viation of percent recovery. For acceptable performance, 
relative standard deviation should be <20% and mean recov
ery should be within performance-based acceptance limits in 
Table 991.06C. Demonstrate continuing check on method 
recovery by analyzing 1 reagent water sample spiked at con-

Tab le  991.06A. Re la tive  Retention T im es for P rim ary and Confirm ation Co lum ns and ED Ls for 10 Carbam ate  Pestic ide s

Analyte CAS No. Primary3

Retention Time, min 

Confirmation6 EDLC

Aldicarb 116-06-3 27.0 21.4 1.0
Aldicarb sulfone 1646-88-4 15.2 12.2 2.0
Aldicarb sulfoxide 1646-87-3 15.0 17.5 2.0
Baygon 114-26-1 29.6 23.4 1.0
Carbaryl 63-25-2 30.8 25.4 2.0
Carbofuran 1563-66-2 29.3 24.4 1.5
3-Hydroxy carbofuran 16655-82-6 23.3 19.0 2.0
Methiocarb 2032-65-7 34.9 28.6 4.0
Methomyl 16752-77-5 18.4 14.8 0.50
Oxamyl 23 135-22-0 17.4 14.6 2.0

a Primary column, see  B(j).
6 Confirmation column, see  B(j). 
c Estimated method detection limit in pg/L.



11

EDGELL ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 313

T IM E  (M in )
FIG. 991.06— Reconstructed liquid chromatogram of 10 carbamate pesticides separated on primary column, B(j). 1, aldlcarb 
sulfoxide; 2, aldlcarb sulfone; 3, oxamyl; 4, methomyl; 5, decomposition product of aldlcarb sulfoxide; 6 ,3-hydroxycarbofuran; 7, 

aldlcarb; 8, carbofuran; 9, Baygon; 10, carbaryl; 11, decomposition product of carbaryl; 12, methiocarb.

centration levels in Table 991.06C every 20 samples or one 
with each set of extracted samples, and compare recovery to 
performance-based acceptance limits in table.

Ref.: JAOAC 74, March/April issue (1991).

Results and Discussion
Each study participant analyzed a quality control sample 

of known concentration after each 6 spiked samples and 
compared the recovery of each analyte to acceptance limits 
provided. The laboratories were instructed to take corrective 
action if analyte spike recoveries were outside 99% confi
dence limits derived from the method development project
(3). Repeat analysis of the quality control sample was re
quired to confirm corrective action. The final quality control 
data reported by each laboratory were reviewed, and all were 
within the control limits established for the study.

The 10 pesticides were not resolved under the conditions of 
the method by the participating laboratories. Minor adjust-

Table 991.06B. Instrument Quality Control Standard

Test Analyte
Concn,
iig /L Requirements

Sensitivity 3-Hydroxy- 2 Detection of analyte:
carbofuran S/N >  3

Chromatographic Aldicarb
performance sulfoxide 100 0.90 <  PGF <  1.1s

a PGF = peak Gaussian factor =  (1.83 X w 1/2)/W1/10 where W1/2 is 
the peak width at half height, and W1/1° is the peak width at tenth 
height.

ments to the mobile phase conditions were reported by all 
participants to effect adequate resolution of the compounds.

R e j e c t i o n  o f  O u t l i e r s

For the entire study, the EPA computer program rejected 
14.4% of the 960 data points submitted. The percentage of 
rejected data was 8.2 for reagent water and 20.6 for finished 
drinking water (Table 1). The largest number of outliers, 21, 
was for carbofuran determinations; the least, 7, occurred for

Table 991.06C. Acceptance Limits for Analysis (as 
Percent of Mean Recovery) of Laboratory Quality Control 

Sample

Analyte
Concn
Level3

Mean
Recovery6

Overall 
Std Dev.6

Acceptance 
Limits,6 %

Aldicarb 10.0 9.46 0.58 81.6-118
Aldicarb sulfone 20.0 19.3 1.33 79.3-121
Aldicarb sulfoxide 20.0 19.6 1.35 79.3-121
Baygon 10.0 9.52 0.78 75.4-124
Carbaryl 20.0 19.5 1.35 79.2-121
Carbofuran 20.0 19.1 0.68 89.3-111
3-Hydroxy carbofuran 20.0 19.2 1.31 79.5-120
Methiocarb 50.0 47.0 3.93 74.9-125
Methomyl 5.00 4.92 0.37 77.4-122
Oxamyl 20.0 19.4 1.44 77.7-122

a Concentration level ca 10 times the estimated method detection 
limit.

b Calculated from the mean recovery and overall standard deviation 
regression equations from the collaborative study.

c Acceptance limits are defined as the mean recovery ±  3 standard 
deviations, as percent.
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Table 1. Total number of rejected data by compound by 
water type and In total

Compound
Reagent
water3

Finished
drinking
water3

Total
rejected

data"

Aldicarb 8 7 15
Aldicarb sulfone 7 13 20
Aldicarb sulfoxide 6 12 18
Baygon 1 9 10
Carbaryl 6 9 15
Carbofuran 9 12 21
3-Hydroxy carbofuran 0 7 7
Methiocarb 0 13 13
Methomyl 2 9 11
Oxamyl 0 8 8

Total 39 99 138
(Percentage of total 

submitted data) (8.2 %)c (20.6 %)c (14.4%)rf

3 Total submitted data per analyte by water type was 6 concentrations 
X 8 laboratories =  48.

6 Total submitted data by compound was 6 concentrations X 8 labora
tories X  2 water types =  96.

c Total submitted data by water type was 6 concentrations X  8 
laboratories X  10 analytes =  480. 

d Total submitted data for the study =  960.

3-hydroxycarbofuran. Three compounds had 10 or fewer 
outliers, 6 compounds had between 11 and 20 outliers, and 
only 1 compound had over 20 outliers.

The number of rejected data points for each laboratory is 
presented in Table 2. The laboratory ranking test accounted 
for 82.6% of all rejected data. Of the 8 laboratories that 
submitted data, laboratories 2 and 3 accounted for more 
rejected data (62.3% of the total rejected) than did the re
maining 6 laboratories combined. The laboratory ranking 
test detected a negative bias in the data submitted by labora
tory 2 and a positive bias in the data submitted by laboratory
3. Laboratories 2 and 3 used Cs columns instead of the C|8 
column recommended in the method and used by the other 6 
laboratories. These 2 laboratories also used a ternary pump
ing system with the addition of acetonitrile by the third 
pump. The initial operating conditions were 15 + 85 + 0 
(methanol-water-acetonitrile) programmed to final condi
tions of 0 + 30 + 70. The other 6 laboratories used binary 
pumping systems with initial conditions approximately 15 + 
85 (methanol-water) programmed to final conditions of ap
proximately 80 +  20. The data from laboratories 2 and 3 
were retained because it was not clear whether their poorer 
data were method-related or laboratory-related. No signifi
cant difference was observed when the summary statistics 
were calculated both with and without these data. This veri
fies the effectiveness of the outlier routines incorporated in 
the EPA computer program to remove errant data points.

M e t h o d  R e c o v e r y

The summary statistics calculated after removal of outli
ers are presented in Table 3. Where applicable, linear regres
sion equations are presented to describe the mean recovery as 
a function of the spike concentration. Coefficients of deter
mination (CODw), calculated for these weighted regression 
equations, show that the equations fit the data sets very well; 
CODw values for all 20 equations were above 0.98. These 
values confirm the acceptability of these equations for esti-

Table 2. Total number of rejected data by laboratory by 
outlier test and in total

Laboratory
code

Laboratory 
ranking test3

Thompson’s 
outlier test3

Total
rejected data"

01 0 10 10
02 54 0 54
03 24 8 32
04 18 1 19
06 12 1 13
07 0 3 3
09 6 0 6
10 0 1 1

Total 114 24 138

a Level of significance 0.05.
"Total submitted data by laboratory was 6 concentrations X 10 

analytes X 2 water types =  120.

mating the mean recovery at any concentration level within 
the range tested.

P r e c i s i o n

Because an external standard was used to quantify the 
analytes in this study, it is viewed that the precisions obtained 
would represent a conservative estimate of the performance 
of the method. It is anticipated that method precision would 
improve with use of the internal standard specified in the 
method and now commercially available.

The overall standard deviation ( s r )  is the precision associ
ated with measurements generated by the 8 laboratories, 
whereas the single-analyst standard deviation (sr) is the pre
cision associated with performance in an individual laborato
ry. The overall and single-analyst precisions were calculated 
using a value about 10 times the estimated method detection 
limit (EDL) in the precision regression equations presented 
in Table 3. Because the concentration ranges studied for the 
analytes were narrow (just under 1 order of magnitude), it 
was difficult to reliably correlate the expected increase in 
overall precision to increases in concentration levels. The 
correlations for 9 of the 20 overall precision regression equa
tions were weak (CODw < 0.5) and extrapolation of these 
relationships outside the study range is not recommended. 
The average overall precision for the 10 analytes in reagent 
water at about 10 times the EDL, expressed as R S D r , was 
6.9%, ranging from 3.6% for carbofuran to 8.4% for methio- 
carb. In finished drinking water, the average overall precision 
was 6.3%, ranging from 4.0% for methomyl to 9.7% for 
aldicarb. As seen from these statistics, there were no differ
ences between the reagent water matrix and the various 
finished drinking water matrixes. The average single-analyst 
precision, expressed as RSDr, for the 10 analytes in reagent 
water at about 10 times the EDL, was 4.7%, ranging from 
3.4% for aldicarb to 6.7% for methomyl. In finished drinking 
water, the average single-analyst precision was 3.5%, ranging 
from 2.2% for aldicarb sulfone to 5.0% for 3-hydroxycarbo
furan.

E f f e c t  o f  W a t e r  T y p e

The data across water types were subjected to an analysis 
of variance test using the EPA computer program to deter
mine the effect of water type on recovery and precision. Only 
aldicarb sulfoxide was found to have method performance 
characteristics that are influenced by the sample matrix. The
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Table 3. Summa ry statistics and regression equations for Method 531.1 collaborative study data sets

R e a g e n t  W a t e r F in i s h e d  D r in k in g  W a t e r

A n a ly te C a X b SRC ‘ rd R e g r .  E q u a t io n s X SR sr R e g r .  E q u a t io n s

A ld ic a rb 3 .2 4 3 .2 4 0 .3 3 0 .3 7 X  =  0 .9 2 6 C  +  0 .2 0 2 3 .2 7 0 .2 4 0 .2 2 X  =  1 .0 3 2 C  +  0 .0 3 1
4 .8 4 4 .5 6 0 .6 9 s R =  0 .0 2 2 X  +  0 .3 7 0 f 5 .0 9 0 .4 0 s R =  0 .1 0 1 X  -  0 .0 4 2 f
9 .7 0 9 .2 6 0 .91 0 .1 5 s r =  0 .3 2 e 10 .8 7 2 .1 0 0 .51 s r =  0 .0 4 0 X  +  0 .0 4 6

1 2 .9 0 1 2 .3 7 0 .5 7 13 .8 4 1 .73
1 9 .4 0 1 8 .1 2 0 .1 2 0 .4 4 19 .0 8 0 .4 3 1 .0 4
2 7 .4 0 2 5 .3 0 0 .7 2 2 6 .7 7 1 .9 0

A ld ic a rb 6 .4 4 6 .71 0 .6 3 0 .5 8 X  =  0 .9 4 2 C  +  0 .4 4 6 6 .1 8 0 .3 0 0 .3 5 X  =  0 .9 6 8 C  -  0 .0 9 7
s u lfo n e 9 .6 8 9 .11 0 .3 7 s R =  0 .0 6 2 X  +  0 .1 3 2 9 .2 4 0 .5 3 s R =  0 .0 3 9 X  +  0 .1 1 9 f

1 9 .3 0 1 8 .26 2 .2 4 0 .9 8 s r =  0 .0 2 5 X  +  0 .3 8 2 1 8 .4 2 1 .34 0 .3 8 s r =  0 .0 0 8 X  +  0 .2 7 6
2 5 .8 0 2 5 .0 7 1.11 24 .5 5 1 .14
3 8 .6 0 3 7 .1 0 2 .0 4 1 .43 3 6 .7 5 1 .7 0 0 .7 9
5 4 .8 0 5 2 .8 3 3 .5 6 5 4 .6 0 1 .57

A ld ic a r b 6 .4 0 6 .5 8 0 .6 6 0 .3 9 X  =  0 .9 4 1 C  +  0.876® 5 .6 5 0 .7 7 0 .2 2 X  =  0 .9 5 2 C  +  0 .4 6 0 s
s u lfo x id e 8 .0 0 8 .5 3 0 .51 s R =  0 .0 5 8 X  +  0 .2 1 1 8 .1 8 0 .6 0 s R =  0 .0 2 1 X  +  0 .4 4 0

1 9 .2 0 1 7 .9 9 2 .4 2 1 .18 s r =  0 .0 4 0 X  +  0 .1 0 3 1 8 .30 0 .8 4 0 .4 0 s r =  0 .0 2 4 X  +  0 .0 5 0
2 4 .0 0 2 3 .3 4 0 .9 2 2 2 .7 2 0 .9 7
4 0 .0 0 3 9 .31 1 .5 3 1 .59 3 8 .6 8 1 .3 2 1 .4 6
5 6 .0 0 5 4 .6 6 3 .71 5 5 .5 5 1 .38

B a y g o n 3 .1 6 3 .3 5 0 .3 3 0 .2 6 X  =  0 .9 1 6 C  +  0 .3 6 0 3 .2 0 0 .1 6 0 .2 0 X  =  0 .9 9 4 C  +  0 .1 0 1
4 .7 6 4 .4 7 0 .7 4 s R =  0 .0 5 8 X  +  0 .2 3 0 4 .9 2 0 .3 5 s R =  0 . 0 8 6 X - 0 .1 1 4
9 .5 0 9 .1 3 0 .6 8 0 .41 s r =  0 .0 4 0 X  +  0 .0 9 2 9 .5 5 0 .6 8 0 .2 4 s r =  0 .0 4 6 X  -  0 .0 0 5

1 2 .7 0 1 2 .0 2 0 .9 5 1 3 .0 6 0 .2 3
1 9 .0 0 1 7 .6 2 0 .9 9 1 .1 2 18 .9 3 2 .8 0 1 .48
2 7 .0 0 2 5 .6 5 1 .6 2 2 6 .2 6 1 .7 9

C a r b a r y l 6 .3 8 6 .6 6 0 .5 8 0 .6 2 X  =  0 .9 4 9 C  +  0 .5 4 2 6 .4 9 0 .6 3 0 .5 2 X  =  0 .9 5 8 C  +  0 .4 3 9
9 .5 8 9 .4 8 0 .8 3 s R =  0 .0 5 8 X  +  0 .2 1 9 9 .8 2 0 .2 8 s R =  0 .0 6 8 X  +  0 .0 1 5

1 9 .2 0 1 8 .7 3 1 .3 2 0 .6 3 s r =  0 .0 1 6 X  +  0 .4 8 0 1 8 .6 2 1.11 0 .5 7 s r =  0 .0 3 9 X  +  0 .1 6 7
2 5 .6 0 24 .11 1.61 2 4 .8 7 1 .7 9
3 8 .2 0 3 6 .3 9 2 .2 6 1.51 3 6 .6 7 3 .4 2 2 .6 6

5 4 .2 0 52 .4 1 3 .3 4 5 2 .9 9 3 .5 6

C a r b o f u r a n 4 .7 6 5 .1 8 0 .7 4 0 .4 8 X  =  0 .9 2 3 C  +  0 .6 3 6 4 .8 7 0 .4 9 0 .3 7 X  =  0 .9 7 0 C  +  0 .2 2 0
7 .1 6 6 .9 0 0 .2 9 s R =  0 .0 0 6 X  +  0 .5 6 4 f 7 .03 0 .31 s R =  0 .0 4 2 X  +  0 .1 7 8

1 4 .3 0 1 3 .5 8 0 .3 3 0 .41 s r =  0 .0 2 2 X  +  0 .3 2 2 14 .23 0 .41 0 .31 s r =  0 .0 0 8 X  +  0 .3 1 6
1 9 .1 0 18 .6 7 0 .8 7 19 .27 0 .5 7

2 8 .6 0 2 6 .9 9 1 .2 2 1 .46 2 7 .4 7 2 .1 9 0 .8 0
4 0 .6 0 3 8 .7 1 1 .15 3 9 .3 3 2 .5 9

3 - H y d r o x y - 6 .3 6 6 .5 9 0 .7 9 0 .8 4 X  =  0 .9 4 0 C  +  0 .4 3 8 6 .3 9 0 .51 0 .4 5 X  =  0 .9 7 9 C  +  0 .1 5 3

c a r b o - 9 .5 6 9 .01 0 .9 9 s R =  0 .0 3 8 X  +  0 .5 7 8 9 .51 0 .91 s R =  0 .0 8 5 X  +  0 .0 4 5 r

fu r a n 1 9 .1 0 18 .41 1 .47 0 .4 7 s r  =  0 .0 1 3 X  +  0 .6 9 7 f 1 8 .5 8 1 .2 9 1.25 s r =  0 .0 4 4 X  +  0 .1 1 4

2 5 .4 0 24 .41 1 .2 9 2 5 .2 6 4 .7 6

3 8 .2 0 3 6 .6 0 1 .96 2 .0 9 3 7 .3 0 1.65 1 .80

5 4 .2 0 5 1 .8 2 2 .3 4 5 3 .6 7 2 .67

M e th i o c a r b 1 2 .8 0 1 2 .% 3 .0 2 1 .93 X  =  0 .9 2 3 C  +  0 .8 8 7 13 .0 0 0 .7 6 0 .61 X  =  0 .9 5 8 C  +  0 .4 7 4

1 9 .2 0 1 7 .9 4 2 .3 5 s R =  0 .0 3 5 X  +  2 .2 8 6 1 8 .1 2 1.91 s R =  0 .0 5 7 X  +  0 .3 2 2

3 8 .4 0 3 6 .5 6 2 .71 1.86 s r =  0 .0 0 5 X  +  1 .8 3 9 3 8 .0 8 3 .21 1 .2 9 s r =  0 .0 3 4 X  +  0 .0 4 6

5 1 .4 0 4 8 .3 5 4 .5 0 4 9 .5 3 3 .9 7

7 7 .0 0 7 2 .4 4 4 .9 2 2 .5 8 7 4 .2 5 2 .7 0 3 .5 2

10 9 .0 1 0 1 .9 7 .7 0 1 0 5 .2 4 .5 6

c o n t in u e d
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Table 3. Summary statistics and regression equations - continued

R e a  c e n t  W a t e r F in i s h e d  D r in k in g  W a t e r

A n a ly te C a X b s Rc s rd R e g r .  E q u a t io n s X s R s r R e g r .  E q u a t io n s

M e th o m v l 1 .6 0 1.61 0 .21 0 .1 7 X  =  0 .9 7 6 C  +  0 .0 4 3 1 .66 0 .2 2 0 .2 4 X  =  0 .9 8 8 C  +  0 .0 0 0

2 .4 0 2 .4 0 0 .2 2 s R =  0 .0 4 8 X  +  0 .1 3 3 2 .6 7 0 .3 4 s R =  0 .0 4 0 X  +  0 .0 0 0

4 .8 0 4 .5 3 0 .6 0 0 .41 s r =  0 .0 5 3 X  +  0 .0 6 9 4 .7 9 0 .1 3 0 .0 9 s r =  .1 4 e

6 .4 0 6 .4 2 0 .4 0 6 .5 9 1 .03

9 .6 0 9 .41 0 .1 7 0 .61 9 .31 0 .45 0 .0 9

1 3 .6 0 1 3 .4 9 0 .9 3 1 3 .6 3 0 .2 2

O x a m y l 6 .4 0 6 .8 4 0 .8 8 1 .02 X  =  0 .9 3 6 C  +  0 .6 5 9 6 .4 3 0 .81 0 .2 4 X  =  0 .9 9 8 C  +  0 .0 4 5

9 .6 0 9 .2 5 1 .25 s R =  0 .0 3 8 X  +  0 .6 9 9 9 .6 5 0 .8 0 s R =  0 .0 2 3 X  +  0 .6 7 2 f

1 9 .2 0 1 8 .1 6 1 .48 0 .5 2 s r =  1 .0 4 e 1 9 .0 0 1 .6 7 0 .6 8 s r =  0 .0 2 5 X  +  0 .0 4 8

2 5 .6 0 2 4 .8 2 1.75 2 5 .7 5 1 .48

3 8 .4 0 3 7 .0 9 1 .16 1 .58 3 7 .9 4 1 .35 1 .0 8

5 4 .4 0 5 2 .4 9 3 .2 7 5 4 .9 9 0 .7 9

a S p ik e  c o n c e n t r a t i o n ,  yug/L. 

b M e a n  re c o v e ry ,  yjg/L . 
c O v e ra l l  s t a n d a r d  d e v ia t io n ,  /ig /L . 
d S in g le - a n a ly s t  s t a n d a r d  d e v ia t io n ,  /ig /L .
e W e ig h te d  l in e a r  r e g r e s s io n  e q u a t io n  h a d  n e g a t iv e  s lo p e ;  a v e r a g e  p re c is io n  is r e p o r te d .  

f C o e f f ic ie n t  o f  d e t e r m in a t io n  o f  w e ig h te d  e q u a t io n  w a s  w e a k  ( C O D  <  0 .5 ) . 
s  L o w e s t  s p ik e  r e c o v e r y  (6 .4 0  /ig /T .) n o t  u s e d  f o r  th is  r e g r e s s io n  ( s e e  te x t) .

summary statistics for aldicarb sulfoxide in reagent water 
and in finished drinking water exhibited good overall method 
precision with RSDr from 4 to 13% over the 6 concentration 
levels (Table 3). Recoveries for the 5 highest concentration 
levels are comparable between reagent water and finished 
drinking water. However, although the percent recovery in 
reagent water for the lowest test concentration (6.40 ¿tg/L) 
was 102.9%, the percent recovery for the same concentration 
in finished drinking water was uncharacteristically low 
(88.3%). If these 2 data subsets are ignored and the linear 
regression equations are recalculated on the basis of the 
remaining 5 data points, the differences in the reagent water 
and finished drinking water equations are negligible. Be
cause the difference was traceable to only 1 concentration 
level, the statistically significant matrix effect is not consid
ered to be of practical importance. The mean recovery re
gression equations for both matrixes of aldicarb sulfoxide 
were revised to exclude the lowest spike recovery (see Table 3).

Conclusions and Recommendations
The method developed for 10 carbamate pesticides in fin

ished drinking waters was shown to be accurate and precise in 
a collaborative study among 8 laboratories. Weighted linear 
regression equations for method recovery were shown to be a 
useful way to represent the performance of the method and 
can be used to estimate method recovery at any concentration 
value within the stated range. The regression equations for 
overall precision and single-analyst precision were shown to 
be less representative because of the narrow concentration 
ranges tested in this study and the highly variable nature of 
precision estimates and regressions based on such limited 
data. The recoveries, overall precisions, and single-analyst

precisions were generally comparable whether obtained from 
reagent water or finished drinking water.

The method permits some latitude in the selection of chro
matographic columns, mobile phases, and gradients. The 
data from 2 laboratories were retained for data treatment 
even though they used a C8 column with a ternary gradient 
system rather than the C]g column and binary gradient sys
tem recommended in the method. These same 2 laboratories 
produced the poorest data as judged by the percentage of 
data rejected by outlier tests. It was not clear whether the 
large number of outlier data submitted by these 2 laborato
ries resulted from laboratory conditions or method devi
ations, although the study results clearly support the use of 
Cis columns. Therefore, it is recommended that C 18 columns 
be used with this method.

It is recommended that the users of this method routinely 
analyze a quality control sample prepared in reagent water 
and compare the results with the performance-based accep
tance limits derived from this collaborative study (Table 
991.06C).

On the basis of this interlaboratory method validation 
study, it is recommended that the method be adopted official 
first action.
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Liquid Chromatographic Determination of Glyphosate and Aminomethylphosphonic Acid 
(AMPA) in Environmental Water: Collaborative Study

M A RK  E. O P P E N H U IZ E N  and JO H N  E. COW ELL
Monsanto Agricultural Co., Unit of Monsanto Co., 700 Chesterfield Village Parkway, St. Louis, MO 63198

Collaborators: B. Buechler; D. A. Craven; D. E. Gall; W. Guyton; J. F. Muniz; D. Peterson; S. B. Stupp; W. Winberry; 
L. R. Holden (Statistician)

A new method for determination of glyphosate and amino
methylphosphonic acid (AMPA) residues in environmental 
water was collaboratively studied by 6 laboratories. The 
method is simpler and shorter than previous methods. A 
filtered volume of water is evaporated to dryness and the 
residue is dissolved in a buffered EDTA solution. Glyphosate 
and AMPA are determined by liquid chromatography with 
postcolumn reaction detection. The method was validated 
over the range 0.50-5000 ppb, although one of the collabo
rating laboratories could not reliably quantitate below 1.0 
ppb. Statistical analysis of the results showed that typical 
reproducibility relative standard deviations (RSDr) ranged 
from 11 to 20 % for both glyphosate and AMPA, which com
pares very well with predicted values for this concentration 
range. Total variability (as measured by sR) increased with 
increasing fortification level. The method has been adopted 
official first action by AOAC.

Glyphosate is the active ingredient in Roundup® and Rodeo® 
herbicides produced by Monsanto Company, St. Louis, MO,
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AOAC Annual International Meeting, September 9-13, 1990, at New Or
leans, LA. Association actions will be published in “Changes in Official 
Methods of Analysis” (1991) J . A sso c . O ff. A n a l . C h em . 74, January/ 
February issue.

and is widely used in various applications for weed, turf, and 
vegetative control. Several methods have been developed for 
liquid chromatography of glyphosphate and its metabolite 
aminomethylphosphonic acid (AMPA), which use either 
precolumn or postcolumn derivatization. Precolumn proce
dures have focused on derivatization with 9-fluorenylmethyl 
chloroformate (FMOCC1) with fluorescence detection (1-
3); however, other derivatizing agents, such as l-fluoro-2,4- 
dinitrobenzene (4), have been used to form glyphosate and 
AMPA derivatives that can be detected in the UV-visible 
region. Postcolumn derivatization has been commonly used 
with o-phthalaldehyde-mercaptoethanol (OPA-MERC) (5,
6) or ninhydrin (7). A literature review in 1985 summarized 
these and several other methods (8).

A new method was developed for determination of glypho
sate and AMPA in environmental waters. The water sample 
is evaporated and the residue is dissolved in an EDTA solu
tion. Glyphosate and AMPA are separated and detected 
using liquid chromatography and a postcolumn derivatiza
tion reaction specific for primary amines (Figure 1). Glypho
sate is oxidized with calcium hypochlorite in a postcolumn 
reaction coil to form glycine. Glycine is reacted with (OPA- 
MERC) reagent in a second coil to form a fluorophor, which 
is detected fluorometrically. AMPA is relatively unreactive 
toward hypochlorite and undergoes a similar reaction with 
(OPA-MERC) reagent.

The new method is more sensitive than previous methods 
and has the added benefits of being simpler and shorter (9). 
Since the method was developed to detect as little as 0.5 ppb 
glyphosate and AMPA in environmental water, it was of
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Figure 1.

CH2COOH ca(0 Ci)2 
NH ------- ► NH2 CH2COOH
ch2 po 3 h 2

Postcolumn derivatization reaction: glyphosate is oxidized by calcium hypochlorite to a primary amine, which 
reacts with o-phthalaldehyde in presence of mercaptoethanol to form a fluorescent derivative.

interest to determine if the required sensitivity could be 
achieved. The present paper reports the results and evalua
tion of a collaborative study to determine the accuracy and 
precision of the method.

Collaborative Study
Each of the 6 collaborators was supplied with a total of 50 

samples consisting of duplicate pairs of samples fortified at 
known concentrations, duplicate pairs of samples fortified at 
concentrations unknown to the participants, and check sam
ples. The range of method validation was from 0.5 to 5000 
ppb. Nine samples fortified at known concentrations were 
supplied in duplicate to cover the 5 orders of magnitude in the 
range studied. The known concentrations and the 10 check 
samples were supplied to allow each collaborator to validate 
the method and to demonstrate proper functioning of the 
method. The remaining 22 samples were 10 duplicates and 1 
pair of samples fortified at slightly different levels. Among 
the duplicate samples fortified as unknown concentrations 
was one pair of unfortified samples used to identify false 
positives. All samples were fortified with equal amounts of 
glyphosate and AMPA.

Environmental water was collected from a lake in a wild
life refuge deemed to be relatively free of pesticide contami
nation by virtue of its location. The water was kept refrigerat
ed until needed. Before the samples were prepared, the water 
was filtered through a glass-fiber filter to remove algae and 
other large particulates. Individual samples were fortified 
with concentrated aqueous standard solutions containing 
both glyphosphate and AMPA. After the standard was add
ed, the sample was diluted to volume, the bottle cap was 
secured, the contents were shaken, and the container was 
placed in freezer storage. (Actual field samples should be 
frozen as soon as possible after collection to maintain sample 
integrity.)

Samples were sent to collaborators as frozen, premeasured 
250 mL portions in 8 oz polyethylene bottles. Dry ice was 
shipped with the samples to ensure that they remained frozen 
in transit.

Each analyst received 5 sets of 10 frozen environmental 
water samples. The first set consisted of 2 check samples and 
8 fortified samples for method validation. The second set 
included duplicate check samples, 4 fortified samples, and 2 
duplicate blind samples. The remaining sets consisted of 
duplicate check samples, 2 fortified samples, and 3 duplicate 
blind samples. The check samples were filtered but otherwise 
untreated environmental water.

All fortified samples used for method validation were 
check samples fortified in advance at the stated concentra
tions by Monsanto. The blind samples were check samples 
fortified at Monsanto by the study director at levels that were 
unknown to all analysts, both at Monsanto and other labora
tories. Standards of glyphosate and AMPA were also pre
pared at Monsanto and were provided to ensure that every

laboratory used standards of the same concentration and 
quality. A 100 jug/mL composite standard was also supplied 
so that each laboratory could fortify locally supplied water 
samples to practice the method procedures prior to beginning 
the study.

991.08
Glyphosate and Aminomethylphosphonic Acid (AMPA)

In Environmental Water
Liquid Chromatographic Method 

First Action 1991

A O A C - A m e r l c a n  W a t e r  W o r k s  A s s o c i a t i o n  M e t h o d

(Applicable to determination of glyphosate and AMPA in 
ground water, drinking water, and surface water at 0.5- 

5000 ppb)

Method Performance:
Glyphosate, 0.50-5000 ppb
sr = 0.037-722; sR = 0.120-818; RSDr = 2.11-16.6%;
RSDr = 4.62-49.8%
AMPA, 0.50-5000 ppb
sr = 0.055-653; sR = 0.055-653; RSDr = 2.4-19.1%;
RSDr = 6.51-162%

A .  P r in c ip l e

Environmental water containing glyphosate and amino
methylphosphonic acid (AMPA) is evaporated to dryness 
using a rotary evaporator and the residue is dissolved in 
EDTA solution. Glyphosate and AMPA are separated and 
detected by liquid chromatography using a postcolumn reac
tion specific for primary amines. Glyphosate is oxidized in a 
postcolumn reactor coil at 50° with calcium hypochlorite to 
form glycine. Glycine is treated with o-phthalaldehyde 
(OPA) in the presence of mercaptoethanol (MERC) in a 
second coil to form a fluorophor, which is detected fluorome- 
trically (X excitation 340 nm, X emission 425-455 nm). 
AMPA is relatively unreactive toward calcium hypochlorite 
but undergoes a similar reaction with OPA-MERC reagent 
to form another fluorophor, which is detected fluorometrical- 
ly under same conditions as for glycine.

B . A p p a r a t u s

(a) Liquid chromatograph.—Pulse-free or pulse-damp
ened system that includes pump, injector, column heater, and 
integrator or data system.

(b) Fluorescence detector.—High sensitivity, capable of 
providing 340 nm excitation and 425-455 nm emission wave
lengths. (Filter fluorometers such as Waters Associates 
Model 420 have demonstrated adequate sensitivity.) Signal- 
to-noise ratio for lowest calibration standard (0.025 pg/mL) 
should be >10:1.

(c) Analytical column.—Aminex A-9, 30 cm X 4.6 mm



OPPENHUIZEN & COWELL: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74. NO. 2, 1991) 319

with 11.5 fim  particles. Operating temperature 50°. (Aminex 
A-9 prepared and packed by Bio-Rad Laboratories is the 
only column tested that gives adequate performance. Before 
packing into column, resin is converted to K+ form and is 
packed using CH3OH-0.005M KH2P0 4 (4 + 96) adjusted 
to pH 2.1 with H3PO4 .)

(d) G uard  colum n.—C-18 bonded silica, 3.6 cm X 4.6 
mm, with 5 ium particles.

(e) P ostco lum n  reactor.—Dual pump derivatization sys
tem that includes 2 reaction coils. Maintain 1 reaction coil at 
40°. Flush pumps with water when not in use. Maintain 
mobile phase flow at reduced rate of 0.2-0.3 mL/min. When 
system is to be shut down, flush both column and pump with 
CH3OH-H2O (4 + 96).

(f) C ellu lose m em brane f i l te r s .—0.22 jim; 0.45 ¿¿m.

C. Reagents
(a) S o lven ts .—Reagent grade HC1, LC grade methanol, 

concentrated phosphoric acid, and water [17 megohm, fil
tered through 0.22 fim membrane filter, B(f)].

(b) P otassiu m  dihydrogen  p h osph a te .—KH2PO4 . LC 
grade.

(c) C alcium  hypoch lorite .—Ca(O Cl)2- Certified, 70.9% 
available chlorine.

(d) D isod iu m  ethylen ed iam in ete traaceta te  d ih yd ra te .— 
Disodium EDTA dihydrate. Certified ACS grade.

(e) E D T A  so lu tion s.—(7) 0 .0 3 M  E D T A  so lu tion .—Dis
solve 11.17 g disodium EDTA dihydrate in 1 L deionized 
H2O using magnetic stirrer and filter through 0 . 2 2  ¿tin mem
brane filter. (2) 0 .0 0 1 M  E D T A  so lu tion .—Dissolve 0.37 g 
disodium EDTA dihydrate in 1 L deionized H20  using mag
netic stirrer and filter through 0 . 2 2  /4m membrane filter.

(f) G lyph osa te  and A M P A  fo r tif ica tio n  so lu tion s .— 
Stock solution: 100 #xg each of glyphosate and AMPA/mL. 
Dissolve 0.1000 g 7V-(phosphonomethyl)glycine (glyphosate, 
99%, Monsanto Co.) and 0.1000 g aminomethylphosphonic 
acid (AMPA, 99%, Monsanto Co.) in 1 L deionized H20. 
Prepare fortification solutions of 10.0 and 1.00 ¿xg/mL by 
serial dilution of stock solution. Store refrigerated in polyeth
ylene or polypropylene bottles. Stock solution is stable up to 1 
year. Prepare fortification solutions every 6  months.

(g) G lyph osa te  and A M P A  calibration  stan dards —  
Stock solution: 100 /xg each of glyphosate and AMPA/mL. 
Dissolve 0.1000 g glyphosate and 0.1000 g AMPA in 1 L
0.001 M EDTA solution. Prepare calibration solutions of
1.000,0.500,0.100,0.50, and 0.025 /xg/mL by serial dilution 
of stock solution with EDTA. Store refrigerated in polyethyl
ene or polypropylene bottles. Stock solution is stable up to 1 

year. Prepare calibration solutions every 6  months.
(h) M ob ile  p h a se .—0.005M KH2P04. Dissolve 2.72 g 

KH2PO4 in 4 L CH3OH-H2O (4 + 96). Adjust solution to 
pH 2.1 with H3PO4 , (a). Follow normal LC degassing proce
dures, and filter solution through 0 . 2 2  )im membrane filter.

(i) O xida tive  so lu tio n .—In 500 mL volumetric flask, dis
solve 0.5 g Ca(OCl) 2  in 500 mL deionized H2O using mag
netic stirrer at high speed for 45 min. In 1 L volumetric flask, 
dissolve 1.36 g KH2PO4 , 11.6 g NaCl, and 0.4 g NaOH in 
500 mL deionized H2O. Add 1 0 mg Ca(OCl) 2  (10 mL of first 
solution) and dilute to volume with deionized water, mixing 
well. Filter solution through 0.22 fim membrane filter. Pre
pare fresh oxidative solution each day system is used.

(j) o-Phthalaldehyde-mercaptoethanol solution.— 
OPA-MERC solution. [Fluoraldehyde® Reagent Solution 
(Pierce Chemical Co.) is o-phthalaldehyde solution contain

ing a stabilizing agent, Brij® 35, and mercaptoethanol in 
borate buffer.] Solution is stable up to 3 months with little 
loss of sensitivity when stored unopened and refrigerated at 
4°. Once opened, use Fluoraldehyde reagent within 3  days. 
OPA-MERC solution prepared by the analyst or without a 
stabilizer should be prepared daily as follows: Dissolve 35 g 
boric acid in 950 mL deionized H 2O. Adjust pH to 10.4 with 
45% KOH and filter solution through 0.22 /xm membrane 
filter. To this borate buffer, add 3.0 mL 30% w/w Brij 35,2.0 
mL 2-mercaptoethanol, and 800 mg OPA dissolved in 10 mL 
CH 3OH.

D . S a m p l e  P r e p a r a t i o n

Note: Samples should be frozen as soon as possible after 
collection.

Thaw 250 mL frozen water sample, shake thoroughly, and 
transfer ca half of sample to 500 mL round-bottom flask. If 
suspended material is visible, filter known volume of sample 
through 1 jum glass fiber filter. {Note: Method analyzes for 
glyphosate and AMPA in solution; any glyphosate or AMPA 
bound to suspended matter must be quantitated separately.)

For spiked samples, use analyte fortification solutions, 
C(f), and proceed as for samples. Add 5 mL HC1 to sample in 
flask and 5 mL to sample remaining in bottle. Concentrate 
sample on rotary-film evaporator by slowly increasing tem
perature of water bath from 20 to 60°. Before sample is 
evaporated to dryness, add remainder of sample to rotary- 
film evaporator and rinse bottle twice with ca 5 mL deionized 
H 20 , adding rinses to rotary-film evaporator. Concentrate 
sample to dryness and, if necessary, remove final traces of 
moisture with stream of dry nitrogen. Pipet 2.9 mL LC 
buffer [0.005M KH2 P 0 4, C(h)] to rinse sides of flask and use 
long cotton swab to remove any solid residue from bottom. 
Leave swab in flask. Add 0.1 mL 0.03M EDTA solution, 
C(e) (7), and mix thoroughly, swirling mixture to rinse sides. 
Transfer solution to disposable syringe and filter through 
0.45 ium membrane filter, B(f). Sample is now ready for LC 
determination of glyphosate and AMPA.

If samples must be diluted to remain within standard con
centration range, dilute with 0.001 M EDTA solution.

E . D e t e r m i n a t i o n

Stabilize instrument at mobile phase flow rate of 0.5 mL/ 
min. Maintain column temperature at 50°. Flow rates for 
calcium hypochlorite solution and OPA-MERC solution are 
both nominally 0.5 mL/min, but can be adjusted to optimize 
relative peak response of glyphosate to AMPA. Increasing 
calcium hypochlorite flow rate decreases AMPA response 
relative to glyphosate response. Maintain hypochlorite reac
tor coil at 40°. Adjust detector attenuation so that a 200 ¿iL 
injection of 1.000 /xg/mL standard (0.200 ug) gives 75-95% 
full-scale recorder pen deflection for glyphosate peak. Ana
lyze calibration standards (0.025-1.000 /xg/mL) after every 
2  samples to ensure accurate quantitation; place standards 
randomly with respect to concentration level. Prepare stan
dard curves by using either peak area or peak height mea
surements for 5 standards. Perform linear least squares re
gression on response vs amount injected for standards within 
each set to generate standard calibration curve. Calculate 
amount of analyte in sample from standard calibration curve, 
using peak response to determine amount injected. Divide 
product of amount injected and concentration factor by sam
ple size to yield concentration found. Root mean square of 
resulting standard curve should be >0.9900. If glyphosate or



AMPA response is greater than response for highest stan
dard, dilute sample with 0.001M EDTA solution to achieve 
on-scale response. Typical chromatogram of fortified envi
ronmental water sample is shown in Fig. 991.08.

F. Q u a lity  C o n tro l

Minimum quality control requirements for this method 
include (/) initial demonstration of method performance, (2 ) 
analysis of method blanks as continuing check on sample 
contamination, (5) analysis of spiked samples as continuing 
check on method recovery, and (4) verification of calibration 
by analysis of standards every 2  samples.
Ref.: JAOAC 74, March/April issue (1991).
CAS-1071-83-6 (glyphosate)
CAS-1066-51-9 (aminomethylphosphonic acid)
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FIG. 991.08— Typical chromatogram for LC recovery of 10.0 
ppb each of glyphosate and AMPA added to 250 mL environ
mental water. Final volume before injection 3.0 mL. Recov
eries were 9.39 ppb glyphosate (93.9% ); 9.35 ppb AMPA 

(93.5% ).

Results and Discussion

The final results reported by the individual laboratories 
were statistically analyzed. Where results less than the low
est standard were reported, those values were used. Results 
reported as <0.5 ppb were treated for statistical purposes as 
missing data and therefore were not used during the statisti
cal analysis. No individual values were excluded from analy
sis on the basis of an outlier test. Because all values do indeed 
come from the population group of reported results, exclud
ing particular values as outliers would only serve to present a 
statistical profile of a nonrepresentative population.

Youden’s ranking test (10) was applied to the results re
ported by the 6  collaborators. For this study, the results from 
the samples fortified at known and unknown concentration 
levels were kept separate for comparison as were glyphosate 
and AMPA results. Figure 2 shows the overall rank scores for 
each collaborator and analyte type. The axes are scores from 
the samples fortified at known and unknown concentration 
levels. For 6  collaborating laboratories and 9 levels of mea
surement, the upper and lower 5% critical limits for ranking 
scores are 18 and 45, respectively. Collaborators with scores 
outside this range have a significant systematic error. As seen 
in Figure 2, Collaborator 5 had ranking scores above the 
upper limit for the AMPA determinations on samples forti
fied at both known and unknown concentrations. Collabora-
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Unknown Ranking Sum
Figure 2. Ranking sums for results reported by collabora
tors (1 -6 )  on sam ples fortified with known and unknown 
concentrations of glyphosate ( • )  and AMPA (V ). Horizontal 
and vertical lines at 18 and 45 designate upper and lower 5 % 

critical ranking values.

tor 3 had a score above the upper limit for the known fortifi
cation glyphosate samples. Based on ranking scores, the 
AMPA results from Collaborator 5 and the fortified AMPA 
results from Collaborator 3 could be considered significantly 
different from the others. However, because analysis of the 
total population of results was desired, no results were ex
cluded from analysis. The ranking analysis does show that 
the majority of the results cluster midway between the criti
cal limits and therefore have a small degree of systematic 
error.

Results obtained by the collaborators are shown in Table
1. The measures of precision for glyphosate and AMPA are 
summarized in Tables 2 and 3. These tables give the sample 
type, fortification level, mean recoveries, and intra- and in
terlaboratory standard deviations with their corresponding 
relative standard deviations. Comparison of the total be
tween laboratory precision found in this study to the empiri
cal precision relationship derived by Horwitz (11) from mul
tiple analytical methods is shown in Figures 3 and 4. Method 
reproducibility as given by the relative standard deviation 
(RSDr) is plotted against fortification levels, and the results 
obtained for this study are compared with the Horwitz curve. 
For this study, most points fall well below the curve, which 
indicates good method reproducibility. The exception to this 
is the 0.50 ppb fortification level, where the RSDr is 50 and 
162%, respectively, for glyphosate and AMPA fortified as an 
unknown concentration. The relative standard deviations 
may be high because Collaborator 3 reported very high re
coveries for the 0.5 ppb fortification level. At the 0.80 ppb 
fortification level, although of similar magnitude to 0.5 ppb, 
the reproducibility relative standard deviations were 2 2  and 
15% for glyphosate and AMPA, respectively, fortified at an 
unknown concentration. Relative standard deviations were 
also much lower at the 0.5 ppb fortification level for the 
known samples.

A total of 24 determinations on unknown check samples 
were performed and resulted in 8  false positives for glypho
sate or AMPA. Collaborator 3 reported 4 of the 8  false
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Table 1. Collaborators’ results for recovery of glyphosate and AMPA added (ppb) to environmental water

Sam
ple3

GLY
and AMPA 
added, ppb

Lab. 1 Lab. 2 Lab. 3 Lab. 4 Lab. 5 Lab. 6

GLY AMPA GLY AMPA GLY AMPA GLY AMPA GLY AMPA GLY AMPA

C01 0.00 <0.5 <0.5 <0.50 <0.50 0.6 <0.4 0.0 0.2 <0.25 <0.25 <0.50 <0.50
C02 0.00 <0.5 <0.5 <0.50 <0.50 0.4 <0.3 0.0 0.2 <0.25 <0.25 <0.50 <0.50
F03 0.50 0.59 0.38 0.48 0.48 0.74 0.44 0.56 0.36 <0.25 <2.5 0.51 <0.50
F04 1.00 0.96 0.85 0.96 0.96 1.4 0.94 1.1 0.83 <0.25 <2.5 0.94 0.88
F05 5.00 4.8 4.7 4.8 4.3 6.8 4.9 5.7 4.5 5.4 8.2 4.78 4.66
F06 10.0 9.8 8.9 8.8 7.8 12.2 8.6 11.0 8.8 11 12 8.99 9.03
F07 50.0 46 46 47 43 54.0 39.0 53.8 44.9 49 44 47.5 45.0
F08 100 94 102 101 95 110.0 86.0 94.7 81.6 120 130 88.5 84.8
F09 1000 792 912 1016 990 926.0 971.0 887 839 1000 1000 884 870
F10 5000 5160 5280 4830 4950 4320.0 4250.0 4455 4455 _b — 4770 4600
C11 0.00 <0.5 <0.5 <0.50 <0.50 <0.46 <0.40 0.0 0.2 <0.25 4.2 <0.50 <0.50
C12 0.00 <0.5 <0.5 <0.50 <0.50 <0.46 <0.40 0.0 0.2 <0.25 4.6 <0.50 <0.50
F13 0.50 0.73 0.54 0.45 0.45 0.77 0.40 0.61 0.40 <0.25 <0.25 0.52 <0.50
F14 50.0 47 46 52 48 67.0 48.0 54.8 48.2 43 39 49.5 48.2
F15 500 468 468 540 471 542.0 460.0 487 494 620 490 452 441
F16 5000 3360 3360 4680 4560 5670.0 4520.0 4725 4928 6600 5300 5010 4950
T17 5.00 4.7 4.3 4.3 3.7 9.9 7.6 4.6 3.8 4.1 7.3 4.71 4.74
T18 5.00 4.7 4.1 4.5 3.8 8.5 7.8 4.5 3.7 4.4 7.6 4.59 4.70
T19 0.50 0.44 0.38 0.48 0.45 1.3 0.9 0.47 0.62 <0.25 5.7 0.50 0.50
T20 0.50 0.55 0.50 0.45 0.42 1.0 0.6 0.43 0.52 — — 0.53 0.50
C21 0.00 <0.5 <0.5 <0.50 <0.50 <0.2 <0.2 0.0 0.2 <0.25 <0.25 <0.50 <0.50
C22 0.00 <0.5 <0.5 <0.50 <0.50 1.2 0.68 0.0 0.2 <0.25 <2.5 <0.50 <0.50
F23 1.00 1.07 1.02 0.90 0.78 1.2 0.74 1.15 0.82 <0.25 <2.5 0.86 0.87
F24 100 70 92 96 93 112.0 84.0 98.2 90.7 120 100 86.7 80.6
T25 100 97 89 101 97 95.0 91.0 98.1 83.2 90 60 92.5 86.0
T26 100 91 132 100 98 98.0 92.0 103.7 100.8 95 72 89.4 84.6
T27 20.0 24 24 20 21 22.0 19.0 20.6 18.2 24 21 18.2 18.5
T28 20.0 20 17 20 21 21.0 16.0 19.3 16.7 27 22 19.5 19.0
T29 0.80 0.43 0.55 0.90 0.78 0.82 0.79 0.79 0.85 <0.25 <2.5 0.69 0.71
T30 0.80 0.50 0.66 0.84 0.87 0.77 0.62 0.82 0.85 <0.25 <2.5 0.73 0.83
C31 0.00 <0.5 <0.5 <0.50 <0.50 — — 0.1 0.3 <0.25 <2.5 <0.50 <0.50
C32 0.00 <0.5 <0.5 <0.50 <0.50 <0.2 <0.14 0.1 0.3 <0.25 <2.5 <0.50 <0.50
F33 5.00 5.16 4.80 5.9 4.7 6.0 4.7 5.5 4.7 — — 4.89 4.90
F34 500 480 444 479 489 544.0 500.0 457 441 670 550 498 484
T35 40.0 36 32 40 36 36.0 36.0 38.8 35.8 26 24 38.4 37.2
T36 40.0 34 29 38 34 35.0 32.0 38.0 34.4 26 27 37.1 36.5
T37 5000 4920 4680 5130 4950 4727.0 4500.0 4719 4880 4800 5300 4820 4940
T38 5000 5040 5040 5190 5070 4478.0 4357.0 4563 4790 4900 5500 4710 4590
T39 0.00 <0.5 <0.5 0.48 0.48 1.24 0.99 0.4 0.7 <0.25 <2.5 <0.50 <0.50
T40 0.00 <0.5 <0.5 0.30 0.30 2.5 1.97 1.9 2.2 <2.5 <2.5 1.38 <0.50
C41 0.00 <0.5 <0.5 <0.50 <0.50 0.26 0.18 0.2 0.4 <0.25 <2.5 <0.50 <0.50
C42 0.00 <0.5 <0.5 <0.50 <0.50 <0.18 0.15 0.2 0.4 <0.25 <2.5 <0.50 <0.50
F43 10.0 9.5 11 9.9 9.1 12.8 7.8 10.5 9.3 12 18 9.39 9.35
F44 1000 912 828 1040 999 881.0 878.0 837 844 1300 1200 881 872
T45 800 780 780 789 792 778.0 690.0 691 673 1000 840 700 660
T46 800 660 720 840 807 660.0 657.0 684 681 1100 910 665 624
T47 400 372 336 426 408 375.0 356.0 341 329 540 420 369 350
T48 400 348 324 441 432 291.0 319.0 339 331 480 380 366 343
T49 4.80 4.1 3.7 4.0 3.6 4.9 3.8 5.2 4.1 4.6 12 4.35 4.17
T50 4.00 3.7 3.5 3.9 3.7 4.5 3.5 4.0 3.5 4.3 12 3.70 3.66

a C = check sample; F = known fortification; T = unknown fortification. 
b — = sample lost during analysis.

positives and considering the high relative standard deviation 
(RSDr) at low concentrations, Collaborator 3 may have had 
a low level interference. If laboratory 3 is excluded, the 
percentage of false positives falls to 2 0 %.

Other deviations from the method were reported by the 
collaborators. Because of an interference, Collaborator 5 
could not consistently achieve the sensitivity necessary to 
quantitate low levels of AMPA. Consequently, some of the 
data sets have a quantitation limit of 2.5 ppb.

Collaborator 1 adjusted the LC buffer to pH 2.0 instead of 
pH 2.1 as specified in the method.

Collaborator 2 used 55°C water baths instead of baths at 
60°C as specified in the method.

Collaborator 5 deviated from the method in that they took 
up the residues in a total of 2.5 mL buffer instead of 3.0 mL 
as specified.

Several laboratories slightly changed the flow rates of the 
LC buffer, oxidative solution, or OPA-MERC solution as



3 2 2 OPPENHUIZEN & COWELL: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991)

Table 2. Measures of precision for collaborators’ results 
for recovery of glyphosate added to environmental water3

Added,
ppb

Mean recovery

Sr Sr
RSDr,

%
RSDr,

%ppb %

Known concentrations

0.50 0.60 120 0.049 0.120 8.17 20.0
1.00 1.05 105 0.080 0.173 7.62 16.5
5.00 5.43 109 0.451 0.655 8.31 12.1

10.0 10.5 105 0.506 1.38 4.82 13.1
50.0 50.9 102 4.43 6.39 8.70 12.6

100 99.3 99.3 7.19 15.1 7.24 15.2
500 520 104 28.1 70.2 5.40 13.5

1000 946 94.6 95.5 136 10.1 14.4
5000 4870 97.4 722 818 14.8 16.8

Unknown concentrations

0.50 0.62 124 0.103 0.309 16.6 49.8
0.80 0.73 91.3 0.037 0.160 5.07 21.9
5.00 5.29 106 0.420 1.94 7.94 36.7

20.0 21.3 107 1.56 2.60 7.32 12.2
40.0 35.3 88.3 0.966 4.86 2.74 13.8

100 95.9 95.9 3.05 4.69 3.18 4.89
400 391 97.8 30.9 71.9 7.90 18.4
800 779 97.4 59.3 147 7.61 18.9

5000 4830 96.6 102 223 2.11 4.62
sr and sR are standard deviations for repeatability and reproducibility, 
respectively. RSDr and RSDr are relative standard deviations for 
repeatability and reproducibility, respectively.

suggested in the method to optimize peak response. None of 
these deviations were considered significant.

C o nclus io ns

A new residue method for the determination of glyphosate 
and AMPA in environmental water was developed, which is 
simpler and shorter than previous methods. An interlabora
tory study by 6  laboratories was conducted to validate the 
method and estimate its repeatability and reproducibility. 
The method was validated over the range 0.50-5000 ppb,

Table 3. Measures of precision for collaborators’ results 
for recovery of AMPA added to environmental water3

Added,
ppb

Mean recovery

Sr Sr
RSDr,

%
RSDr,

%ppb %

Known concentrations

0.50 0.43 86.0 0.055 0.055 12.8 12.8
1.00 0.87 87.0 0.101 0.101 11.6 11.6
5.00 5.01 100 0.175 1.12 3.49 22.4

10.0 9.97 99.7 1.90 2.87 19.1 28.8
50.0 44.9 89.8 3.56 3.56 7.93 7.93

100 93.3 93.3 9.61 13.8 10.3 14.8
500 478 95.6 29.9 31.1 6.26 6.51

1000 934 93.4 68.2 109 7.30 11.7
5000 4650 93.0 653 653 14.0 14.0

Unknown concentrations

0.50 1.01 202 0.107 1.64 10.6 162
0.80 0.75 93.8 0.080 0.114 10.7 15.2
5.00 5.26 105 0.126 1.83 2.40 34.8

20.0 19.5 97.5 2.26 2.40 11.6 12.3
40.0 32.8 82.0 1.84 4.36 5.61 13.3

100 90.5 90.5 13.9 17.7 15.4 19.6
400 361 90.3 17.6 41.2 4.88 11.4
800 736 92.0 30.5 91.8 4.14 12.5

5000 4880 97.6 167 339 3.42 6.95
3 See footnote a, Table 2.

although one of the collaborating laboratories could not reli
ably quantitate below 1.0 ppb. Statistical analysis of the 
results showed that typical total variability (RSDr) ranged 
from 11 to 20% for both glyphosate and AMPA. This com
pares very well with values predicted from observations by 
Horwitz, which range from 16 to 50% in the 5000 to 0.5 ppb 
concentration range. Total variability (as measured by S r ) 

increased with increasing fortification level, which is typical 
for analytical methods that require sample cleanup. The 
average analytical recovery was above 82% for all concentra
tions.
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Figure 3. Comparison of between-laboratory precision data for samples fortified with known (V ) and unknown ( • )  
concentrations of glyphosate with empirically derived Horwitz curve (----- ).
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tion at 0.50 ppb was 162% (not shown on graph).

R e c o m m e n d a tio n

The Associate Referee recommends that the liquid chro
matographic method be adopted official first action as a new 
method for the determination of glyphosate and AMPA in 
environmental water.
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FEEDS

M oisture Analysis in Forage by Near-Infrared Reflectance Spectroscopy: Collaborative 
Study o f Calibration M ethodology

W IL L IA M  R. W IN D H A M  and F R A N K L IN  E. B A R T O N  II
U.S. Department o f Agriculture, Agricultural Research Service, Richard B. Russell Agricultural Research 
Center, Plant Structure and Composition Research Unit, PO Box 5677, Athens, G A 30613

Collaborators: R. J. Barnes; R. Biston; G. E. Brink; M. J. Briscoe; D. H. Clark; S. W. Coleman; W. V. Cunningham;
C. Drapcho; G. A. Ferguson; J. L. Halgerson; N . S. Hill; T. P. Karnezous; G. C. Marten; A. G. Matches; D. H. Mertens;
D. Meyer; B. Paul; J. S. Shenk; M. Smith; M. O. Westerhaus

Fifteen collaborating laboratories analyzed 16 forage sam 
ples Including 3 blind duplicate pairs for moisture by air-oven 
(AO) method 7.007 (14th Ed.; 930.15, 15th Ed.) and near- 
infrared reflectance spectroscopy (NIRS). Laboratories per
formed method 7.007 on 50 calibration sam ples and applied 
the NIRS calibration method Independently. NIRS moisture 
equations were used to predict the 16 test samples, and the 
values were compared to those for method 7.007. Moisture 
concentration of the test sam ples ranged from approximately 
6 to 16%. Wlthln-laboratory repeatability (s,) ranged from 
0.10 to 0.18% and 0.16 to 0.39% for NIRS and method
7.007, respectively. Between-laboratory reproducibility (sR) 
ranged from 0.22 to 0.57 and 0.29 to 0.57 for NIRS and 
method 7.007, respectively. Repeatability relative standard 
deviations (RSDr) for the NIRS and AO methods ranged from 
1.18 to 1.50% and 1.84 to 3.68% , respectively. The range In 
the average reproducibility relative standard deviations 
(RSDr) for the NIRS and AO methods were 1.29-7.49%  and 
3.64-6.66% , respectively. The NIRS method demonstrated 
consistently lower wlthln-laboratory RSDr agreement and 
between-laboratory variabilities equal to method 7.007. 
Thereby, we demonstrated that NIRS can be used as a 
standard method for the determination of 6-16%  moisture In 
forages. The method has been adopted official first action by 
AOAC.

The determination of the moisture content in forages and 
feeds is one of the most frequent and important analyses 
made on these materials because determination of nutritional 
quality requires that major constituents be expressed on a 
dry-matter basis. AOAC methods for moisture in feeds in
clude drying under vacuum at 95-100°C  (934.01) and air- 
oven (AO) drying at 135°C (930.15) (1), which were adopt
ed on the basis o f collaborative studies conducted by Grattan 
(2, 3). Since 1930 when Grattan completed his collaborative 
studies, no new method for moisture analysis in feeds has 
been adopted by AOAC.

Near-infrared reflectance spectroscopy (N IR S) has been

Received for publication July 11, 1990.
This report was presented at the 103rd AOAC Annual International Meet

ing, September 25-28, 1989, at St. Louis, MO.
The report was evaluated and approved by the General Referee, the Com

mittee Statistician, and the Committee on Feeds, Fertilizers, and Related 
Materials. The method was approved interim official First action by the 
Chairman of the Official Methods Board and was adopted official first action 
at the 104th AOAC Annual International Meeting, September 9-13, 1990, 
at New Orleans, LA. Association actions will be published in “Changes in 
Official Methods of Analysis'" (1991) J . A sso c . O ff.  A n a l . C h em . 74, Janu- 
ary/February issue.

extensively researched and widely accepted for the analysis 
of quality constituents o f forages over the last 12 years. In 
1988, the N IR S method of predictive determination of acid- 
detergent fiber and crude protein was adopted by AOAC. 
N IR S analysis has been used to determine moisture content 
in wheat (4), corn and grain sorghum (5), oilseeds ( 6 ), and 
corn silage (7), and proposed in the literature for routine 
moisture analysis of forages ( 8 , 9) and cereal grains and 
concentrate rations (10). The success of N IR S for analyzing 
the moisture concentration of diverse agricultural samples is 
due to the strong absorbance of water in the N IR  spectrum, 
regardless o f sample type ( 8 - 1 0 ).

Early preliminary collaborative work by the National 
N IR S Forage Research Project reported by Windham et al.
(9) showed that research laboratories could satisfactorily 
transfer and use the N IR S equation developed in the refer
ee’s laboratory to determine the moisture concentration of 
forages. Windham et al. (9) proposed that the next step in 
this work should be a collaborative study whereby all labora
tories were instructed to perform AOAC method 7.007 (14th 
Ed.; 930.15, 15th Ed.) (1) and apply the N IR S calibration 
method independently. The objectives of the present study 
were to clearly define the procedural details of N IR S calibra
tion and to compare the performance of the 2 methods, N IR S  
and 7.007.

C o lla b o ra tiv e  S tu d y

Fifty N IR S calibration and 16 collaborative samples were 
sent to 15 collaborating laboratories including the Associate 
Referee’s laboratory. The laboratories participating in the 
study were U SD A -A R S, university, feed manufacturers, and 
commercial feed-testing laboratories. Bulk quantities o f each 
sample were ground in a cyclone mill, mixed until completely 
homogeneous, and subdivided into 20 pairs in the Associate 
Referee’s laboratory. Samples were subsequently packed in 6  

oz Whirl-Pak bags (10 g per bag) and heat-sealed in Poly 
Kraft bags to ensure the moisture concentration did not 
change during the collaborative study. Collaborators were 
instructed to open one Poly Kraft bag at a time, pack the 
sample in the N IR S sample cell, reseal the bag, collect N IR S  
spectral data, and then determine moisture by method 7.007 
on the same portion used for N IR S analysis.

To obtain best results by method 7.007, collaborators were 
instructed to control time of drying; control time needed for 
the air oven to return to the desired temperature after open
ing; minimize exposure of dry matter residues to air; clean 
and properly lubricate seals and glass surfaces of the desicca
tor; use fresh and effective desiccant; and use a low desiccator 
loading rate.
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991.01 Moisture in Forage
Near-Infrared Reflectance Spectroscopy 

First Action 1991

(Applicable to determination of 6-16% moisture in forages) 

Method Performance:
sr = 0.10-0.18; sR = 0.22-0.57; RSDr = 1.18-1.50%;
RSDr = 1.29-7.49%

A . A p p a ra tu s

(a) W avelength-scanning m onochrom ator.—Instrument 
specifications: light source optics, 100 W tungsten halogen 
lamp; detector, lead sulfide; dynamic response, 4 optical den
sity (OD); scan range, 1100-2500 nm; resolution, 0.79 nm; 
bandpass, 10 nm; linearity, 0.3 nm; wavelength accuracy, 0.5 
nm; wavelength repeatability, 0.03 nm; stray light, 0.08% at 
2500 nm and 0.01% at 1100 nm; and peak-to-peak noise, 
0.0004 OD. Analysts are referred elsewhere [Landa, I. Rev. 
Sci. Instrum . 50, 34-40 (1979)] for optical design and ex
periments conducted for instrument specifications. [Model 
6100 or 6350 grating monochromator (NIRSystems, Silver 
Spring, MD 20910), or equivalent.]

(b) C o m p u ter.—Microvax-II or Microvax 200 series 
computers equipped with 4 to 10 megabytes of main memory; 
dual RX-50 double-density floppy disks; RD54 159 mega
byte disk drive. Microvax VMS system software V5.1. PDP 
II series computers equipped with 64 k bytes of main memo
ry; dual RX02 double-density floppy disks; RL01 5-mega
byte or RL02 10-megabyte disk drive. PDP system software 
RT-11 V5.0 (Digital Equipment Corp., Nashua, NH 
07061), or equivalent. IBM-AT or equivalent with 1 to 3 
megabytes of main memory, 360 k or 1.2 megabyte double
density floppy disks, 20 to 140 megabyte disk drive. PC 
system software MS DOS V3.3.

(c) S oftw are .—USDA Public Software. Software is de
scribed in detail in USDA Handbook No. 643 (“Near Infra
red Reflectance Spectroscopy (NIRS): Analysis of Forage 
Quality.” U .S. D ep. A gric. H andb. 643  (revised with supple
ments), U.S. Government Printing Office, Washington, DC, 
110 pp.). Infrasoft International Commercial Software 
(NIRSystems), or equivalent. Software consists of 14 pro
grams written in FORTRAN IV to collect, store, and process 
NIRS data.

(d) M ill.—Tecator Cyclone mill with 1 mm screen meets 
specifications. Periodically change grinding ring to ensure 
consistency of particle size over time.

(e) N IR S  sam ple  ho lder.—Nylon holder, 2.5 cm diame
ter and 1 cm thick, with IR transmittance quartz window. 
Sample capacity 0.75-1.75 g. Sample is held in place with 
back made of rubber or foam core (NIRSystems), or equiva
lent.

(f) S a m p le  s to ra g e  con ta in er .—To maintain sample 
moisture concentration, store sample in tightly sealed con
tainer. Heat-sealed Poly-Kraft Bags-Mil-B-121 Type II 
Grade A, Class 1, were found to be adequate for this purpose 
(EDCO Supply Corp., Brooklyn, NY 11232, or equivalent).

B. In s tru m e n t O p era tio n

(a) S ta r t-u p .—For best results, run instrument continu
ously. If instrument is cold, warm-up time should be > 15 min 
and may require 1 h.

(b) M onochrom ator d iagn ostic  te s ts .—(I ) Instrum ent 
noise.—Scan ceramic reference to itself. Express deviations 
from zero as average deviation (bias); express root mean 
square (RMS) as log (1/R)/106, where R = reflectance. 
Bias indicates any systematic change in log (1/R) level of 
scans taken over time. All positive or all negative bias values 
indicate problem with instrument. RMS value can range 
from low of 10 to high of 50 without affecting analysis. 
Monochromators manufactured since 1983 should have av
erage noise level below 30 RMS over 100 scans.

(2) W avelength accuracy .—Use clear polystyrene petri 
dish to measure wavelength repeatability and accuracy. 
Place petri dish in light beam and pull out sample drawer to 
expose ceramic standard. Reference this scan to measure
ments without petri dish. Locate major peaks for polystyrene 
and compare with known locations at 1680.3, 2164.9, and
2304.2 nm. Repeatability standard deviation should be 
<0.05 nm, and deviation from known location should be <0.5 
nm. Large values usually indicate mechanical problems in 
monochromator.

(c) M aintenance.—Whenever dirt accumulates, clean ce
ramic standard, all parts of drawer assembly, and windows 
above and below detector with vacuum, brush, or soft tissue. 
Detailed information on instrument operation is given in 
USDA Handbook No. 643 and in Landa [see A (a)].

C. D e te rm in a tio n

Before NIRS data are collected, tare dishes for use with 
primary reference moisture method. Mix milled sample and 
place 4 random portions in 4 quadrants of NIRS cell to 
ensure that portions of 3-4 different subsamples are scanned. 
Continue to add random portions until NIRS sample holder 
is % to level full. Press back into holder until it is tight. As 
check, invert holder and make certain sample is firmly 
pressed against window. Consistency in sample handling and 
preparation is crucial to successful NIRS analysis.

Immediately, collect reflectance (R) measurements (log 
1 /R) of calibration set from 1100 to 2500 nm and record at
2-nm intervals. Immediately, empty entire NIRS sample 
from cell into prepared dishes and record weight. Dry 2 h at 
135° and record weight. Calculate weight loss as moisture. 
This procedure minimizes, but does not eliminate, exposure 
of samples to atmospheric moisture. All manipulations (i.e., 
packing NIRS cells, transferring test portions to dishes, and 
performing gravimetric procedure) during such exposure 
should be performed with speed and care.

Enter primary reference moisture data from analysis of 
calibration samples with reflectance data of calibration sam
ples by using program DATA.

Use program FILE to average duplicate reference mois- 
ture/reflectance data of NIRS samples. Repeat above steps 
until calibration samples have been analyzed. Then use pro
gram FILE to merge all files created into 1 calibration file.

D . E v a lu a tio n  o f  P re lim in a ry  C a lib ra tio n  S e t

Conduct preliminary NIRS calibration with program 
BEST (public software) or CAL (commercial software) to 
evaluate reference moisture/NIRS data, using only 1 mathe
matical treatment [1 ,1 0 , 1 0 , 2  in nanometers (public soft
ware) or 1,5,5,1 in data points (commercial software)] and 3 
wavelengths or less than N /10 + 1 wavelengths, where N = 
number of samples in calibration file. Above mathematical 
treatments are denoted by shorthand expression (a, b, c, d),
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where a = derivative function, b = segment length over which 
derivative was taken, c = segment length over which above 
function was smoothed, and d = segment length over which 
smooth function was subject to a second smooth.

Obtain printout of preliminary calibration process. Exam
ine standard error of calibration (SEC) of first wavelength. If 
SEC for first wavelength is >0.9, laboratory reference meth
od data for some samples are considered inaccurate. Exam
ine differences (residuals) between NIRS moisture data and 
reference method data for samples with large (-values. Large 
positive or negative (-values represented by “*” on computer 
printout indicate that residual is 2.5 times the standard error 
of a difference (SED) between NIRS and reference method 
data. The significant SED occurs because moisture content 
of sample analyzed by reference method was not representa
tive of that which was scanned or moisture concentration 
obtained from reference method was inaccurate. Reanalyze 
these samples by both methods. If some samples are reana
lyzed, delete these samples from the original calibration file 
and enter reanalyzed samples to calibration file. Rerun pre
liminary calibration procedure to ensure that all (-starred 
samples have been eliminated from calibration population.

E . G e n e ra tio n  o f  E q u a tio n

Perform calibration procedure and split calibration file 
into 2  subsets; calibration program provides option of split
ting calibration file into 2  subsets, 1 file for equation genera
tion and 1 for prediction as an aid in equation selection. 
Reserve every Ith sample (I = 3) in calibration file for 
prediction with first prediction sample in file position 3 or, as 
preferred, reserve a different Ith value (USDA) Handbook 
No. 643, pp. 96-103). Perform procedure with maximum of 
3 wavelengths with following mathematical treatments of log 
(1/R) data.

Nanometers
1 ,2 0 ,1 0 ,2
1.30.10.2
1.40.10.2
2 .2 0 .2 0 .2
2.30.20.2
2.40.20.2

Data points
1.10.5.1
1.15.10.1
1.20.5.1 
2 ,1 0 ,1 0 ,2
2.15.10.2
2 .2 0 .1 0 .2

Obtain output of calibration procedure containing 3 equa
tions per mathematical treatment or 18 equations.

F. S e le c tio n  o f  E q u a tio n s  W ith in  M a th e m a tic a l T re a tm e n ts

Evaluate standard error of calibration (SEC) and R2 for 
each equation. SEC will decrease progressively and R2 will 
increase as wavelengths are added. Observe SEC to assure 
that equations have values in expected range (i.e., <0.9). 
Next, evaluate standard error of selection (SES) of each 
equation within each mathematical treatment using equation 
selection sample set. SES is indication of performance of 
equations on selection sample set. Unlike SEC, which must 
decrease with each additional term, SES decreases only until 
overfitting of equations in generation sample set becomes 
important and causes SES to increase. Find SEC in genera
tion sample set for that equation where SES in selection 
sample set has reached either plateau or minimum. As a 
guide, values should be with 2 0 % of each other. Select “best” 
equation(s) within a mathematical treatment with following 
set of guidelines:

(/) Equation should have lowest SES and fewest wave
lengths.

(2) Equation should have wavelength from 1800 to 2000 
nm.

(3 ) Wavelengths in equation should be >40 nm apart.
{4) No wavelengths should have F-statistic <10 for re

gression coefficients. Start with 1-term equation and stop 
evaluating equations after an equation contains coefficients 
with /•’-values < 1 0 .

Based on these guidelines, select 1 equation within each 
mathematical treatment.

G. S e le c tio n  o f  F in a l “B e s t"  E q u a tio n  A m o n g  M a th e m a tic a l  
T re a tm e n ts

After “best” equation from each mathematical treatment 
has been selected, summarize results under following head
ings: mathematical treatment; wavelengths; SES; SEC; low
est F-test.

To select “best” single equation for use in NIRS analysis, 
choose equation with lowest SES. If 2 or more equations have 
SES values close in magnitude, reevaluate equation genera
tion statistics for those equations. Choose equation that has a 
combination of fewest wavelengths, SEC similar to the SES, 
and highest F-statistic for the wavelength in region from 
1800 to 2000 nm. When “best” equation has been selected, 
use calibration program to fit that mathematical treatment 
and wavelengths on all calibration samples (i.e., those com
bined for generation and selection) to derive final equation 
that will be used in NIRS analysis.

H . E q u a tio n  V a lid a tio n  a n d  A n a ly s is

Final step in calibration is validation of the selected equa
tion with samples not included in original calibration (gener
ation and selection) population. This step is necessary to 
obtain an independent measure of equation accuracy ex
pressed as standard error of prediction (SEP).

Conduct reference moisture method and NIRS scans on 
validation samples in duplicate as in C. Use program DATA 
to enter primary reference moisture data from analysis of 
validation samples with reflectance data of validation sam
ples. Use program FILE to average duplicate reference mois- 
ture/reflectance data of NIRS samples. Create a separate 
prediction file for these samples by using program PRE 
(public software) or ANL (commercial software). Use pro
gram STAT to compare actual primary reference moisture 
data with predicted NIRS data. Compare SEP value for 
equation to value of SEC for equation. Values should be 
within 20% of each other. If not, evaluate SEP corrected for 
bias (SEPC). SEP(C) statistic indicates performance of 
equation corrected for difference (bias) between final NIRS 
equation and primary reference moisture method. Print dif
ference (i.e., residuals) between reference moisture data and 
NIRS predicted data and determine samples with residuals
2.5 times the SED between reference moisture data and 
NIRS predicted data. Reanalyze these samples by both 
methods. If some samples are reanalyzed, delete these sam
ples from the original file and enter new values via computer. 
If SEP is similar to SEC, final NIRS equation can be accept
ed for use.
Ref.: JAOAC 74, March/April issue (1991).

Results and Discussion

The sample types used in the collaborative study are iden
tified in Tables 1 and 2. The samples consisted of different 
cultivars of legume, tropical, and temperate forages, mixed
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Table 1. Near-Infrared reflectance spectroscopy (NIRS) 
moisture: calibration sam ples

Sample
No. of 

samples Source

Alfalfa (Medicago sativa) 15 UT, MD, PA, Wl
Orchardgrass

(Dactyiis glomerata) 3 MD, PA
Timothygrass

(Phieum pratense) 2 PA
Ky-31 tall fescue

(Festuca arundinacea) 4 MS, GA
Red Clover

(Trifolium pratense) 1 Wl
Birdsfoot trefoil

(Lotus cornicuiatus) 1 Wl
Grass/legume mix hay 7 MN, Wl
Bermudagrass

(Cynodon dactylon) 3 GA
Old world bluestem

{Bothriochloa caucásica) 5 OK
Grass-hay 3 NE, Wl, CO
Wheat forage

(Triticum aestivum) 2 OK
Wheat straw 2 OK
Soybean stover

( Glycine max) 1 MD
Corn cobs (Zea mays) 1 MD

hays, and crop residues. Samples were preserved by either air 
oven, sun-cured, freeze-dried, and/or microwave.

NIRS calibration (Table 1) and collaborative samples 
(Table 2) ranged in moisture concentration from 5 to 16% 
and 7 to 15%, respectively. Repeatability was calculated 
from samples 6 , 7, and 8 , and 14, 15, and 16, because these 
were blind duplicates (Table 2).

NIRS moisture equations and calibration statistics for 
each collaborating laboratory are shown in Table 3. The 
mean moisture concentrations determined by method 7.007 
for the 50 calibration samples were similar with the exception 
of data from Collaborator 8 . The mean value from this lab
oratory was 1.25 percentage units lower than the pooled

Table 2. Collaborative sam ples for near-infrared 
reflectance spectroscopy and air-oven (7.007) moisture 

determination

Sample
No. Material Source

1 Alfalfa-hay UT
2 Grass/legume mixed hay MN
3 Alfalfa-hay OK
4 Tifton-44 bermudagrass GA
5 Barley straw (Hordeum vulgare) MD
6 Timothy grass/red clover hay GA
7 Alfalfa-hay CO
8 Sorghum silage (sorghum bicolor) GA
9 Corn stover MD

10 Orchardgrass (Dactyiis glomerata) PA
11 Ky-31 tall fescue MS
12 Alfalfa/ryegrass-hay Wl
13 Grass-hay MN
14 Blind duplicate of No. 6 GA
15 Blind duplicate of No. 7 CO
16 Blind duplicate of No. 8 GA

mean across other laboratories. For equation development, 
the first derivative segment and a wavelength gap of 40 or 30 
nm for computing the derivative was common among 1 1  

laboratories. The first derivative segment centered on 1844 
nm was the primary explanatory wavelength followed by 
1924 nm for Collaborators 1,2,4, and 5. For Collaborator 8 , 
using the same mathematical treatment, 1854 nm was the 
primary explaining wavelength followed by 1922 nm. With a 
mathematical treatment of 1,40,10,2 and a center wave
length of 1844 and 1854, the actual NIRS signal regressed 
against water concentration is a combination of the signals 
from 1820 to 1868 and 1830 to 1878 nm, respectively. Simi
larly, with a center wavelength of 1924 and 1922 nm, the 
signals regressed span the regions from 1900 to 1948 nm and 
1898 to 1946 nm, respectively. Therefore, 80 and 96% of the 
NIRS signals in these regions regressed against water con
centration were common among collaborators 1, 2, 4, 5, and
8 . Collaborators 9,11, 13, and 14 also used a first derivative

Table 3. NIRS moisture calibration statistic for each collaborative laboratory

Coll. Mean,3 %
Mathematical

treatment6 Wavelength, nm SEC,C % R“

1 8.65 1,40,10,2 1844,1664,1924 0.36 0.97
2 8.46 1,40,10,2 1844,1804,1924 0.27 0.93
3 8.57 2,20,20,2 2228,1804,1924 0.41 0.94
4 8.51 1,40,10,2 1924,1844 0.30 0.95
5 8.47 1,40,10,2 1844,1664,1924 0.29 0.96
6 8.70 2,30,20,2 1822,1712,1954 0.32 0.91
7 8.54 1,20,10,2 1854,1674,1934 0.32 0.95
8 7.43 1,40,10,2 1554,1854 0.53 0.89
9 8.92 1,30,10,2 1848,1928,2374 0.26 0.94

10 8.65 1,40,10,2 1922,2044,1662 0.34 0.95
11 8.98 1,30,10,2 1924,1742,1844 0.42 0.88
12 8.99 2,30,20,2 1950,2148,2214 0.37 0.85
13 8.62 1,30,10,2 1928,1848 0.42 0.87
14 8.38 1,30,10,2 1848,1928 0.40 0.86
15 9.11 2,40,20,2 1818,1658,1950 0.45 0.84

a Mean moisture of calibration set.
b Mathematical treatment =  1,40,10,2, where 1 =  first derivative, 40 =  wavelength gap for computing first derivative, 10 =  smoothing interval 

for first smooth, 2 =  smoothing interval for second smooth. 
c Standard error of calibration. 
d Fraction of explained variance.
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Table 4. Collaborative results (%) for determination of moisture by air-oven reference method 7.007

Sample
No.

Collaborator

1a 2 3 4 5 6 7 86 9 10 11 12 13 14 15

1 8.47 8.45 8.94 8.61 8.02 8.08 8.95 7.27 8.17 9.07 9.50 9.26 9.07 8.60 9.48
2 9.76 8.98 8.84 9.16 8.56 9.28 9.05 7.78 8.58 9.60 9.64 9.55 8.86 9.11 9.69
3 7.35 7.36 6.91 7.16 6.81 7.83 7.24 5.86 7.37 8.02 8.05 8.16 7.56 7.17 8.79c
4 8.71 8.72 7.73 8.96 8.59 8.98 8.26 7.48 8.12 8.98 8.09 9.14 8.44 8.70 9.16
5 7.97 7.70 7.32 7.69 7.32 8.13 7.24 6.49 6.78 7.90 6.94 7.73 7.00 7.50 7.61
6d 9.30 8.74 8.26 8.74 8.59 8.56 8.49 7.88 8.04 8.93 9.14 8.94 8.12 8.84 8.90
7e 7.07 7.76 7.56 7.88 7.00 7.95 7.63 5.86 7.48 8.10 8.42 8.71 7.29 7.56 8.91
8f 15.38 14.61 15.93 15.83 15.93 16.05 15.87 14.37 15.83 15.19 15.45 15.57 14.68 16.70 14.42
9 7.55 7.58 7.14 7.82 7.21 7.89 7.22 6.10 6.85 7.49 7.34 7.72 7.58 7.32 7.80

10 8.12 7.89 7.66 8.26 7.55 8.09 7.72 6.53 7.47 7.96 8.45 8.26 8.05 7.83 8.36
11 9.12 8.82 8.84 8.48 8.64 8.98 8.64 7.01 8.86 9.85 10.08 9.49 9.91 8.87 8.66
12 9.39 8.90 8.89 8.78 8.74 9.22 8.79 7.33 8.82 8.82 9.57 10.17 9.08 9.00 9.71
13 8.64 8.09 7.95 8.31 8.10 8.45 8.10 6.99 8.04 8.35 9.23 8.97 8.38 8.32 8.88
14 8.84 8.49 8.03 8.69 8.66 9.06 8.52 7.78 8.10 8.65 8.58 9.25 8.35 8.83 8.84
15 8.39 7.65 7.06 7.09 7.35 8.36 7.20 6.13 7.42 7.52 8.68 8.56 7.98 7.45 8.70
16 15.20 15.38 15.91 15.99 16.17 15.91 15.27 14.61 15.99 15.66 15.98 16.55 15.84 16.81 13.23c

a Referee's laboratory.
b All data from Coll. 8 omitted from statistical summary on basis of Cochran test. 
c Values omitted from statistical summary on basis of Grubbs test. 
d Blind duplicate of sample 14. 
e Blind duplicate of sample 15.
'Blind duplicate of sample 16.

segment but with a 30 nm wavelength gap for computing the 
first derivative. The center wavelength of 1848 nm was the 
primary wavelength followed by 1924 nm for Collaborators
9.13, and 14. For Collaborator 11 using the same mathemat
ical treatment 1844 and 1924 nm were the chosen center 
wavelengths. Using a 30 nm gap for computing the first 
derivative, the NIRS signals regressed against moisture con
centration span a 36 nm region around the center wave
lengths. Therefore, 89% of NIRS signals regressed against 
water concentration were common among Collaborators 9,
11.13, and 14. Regardless of the mathematical treatment, all 
collaborators had 1 or 2 wavelengths in the 1800-2000 nm 
region as specified in the method. The primary and secondary 
wavelengths used are in close agreement with other NIRS 
moisture calibration studies (8-10). Murray and Williams
(11) attributed this region to be important in moisture cali
bration because of the occurrence of a first overtone (1920— 
1950 nm) and third overtone (1820-1870 nm) OH stretch/ 
deformation fundamental. The shift that occurred between 
primary and secondary wavelengths chosen by the collabora
tors occurred for several reasons: (7) interactions between 
sample and instrument; (2) minute differences in the internal 
geometry and optical components of the instruments; and (5) 
temperature changes that affect the position of absorbers
(11). These changes may change the overall net absorption of 
the molecule and consequently the optimum wavelength for 
making the analytical measurement.

The error associated with the regression of moisture data 
with NIRS spectral data expressed as standard error of cali
bration (SEC) ranged from 0.27% for Collaborator 2 to 
0.53% for Collaborator 8. The SEC values for all collabora
tors compare favorably with earlier reported NIRS air-oven 
moisture calibrations (8, 9).

A summary of all collaborative test results (including out
liers) by sample material for method 7.007 and the NIRS 
method are reported in Tables 4 and 5, respectively. Collabo
rators are identified by number, and the same number repre

sents the same collaborator for test results by both methods. 
The air-oven and NIRS test results were processed for outli
ers according to the Cochran and Grubbs tests (12). Of a 
total of 36 outlying values (18, Table 4; 19, Table 5), 32 were 
from Collaborator 8. The Cochran test for removal of labora
tories confirmed that both air-oven and NIRS data from 
Collaborator 8 should be excluded from statistical analyses. 
Discussion of these results with Collaborator 8 revealed that 
the air oven was improperly calibrated for 135°C. The oven 
was calibrated with a thermometer laying on the oven shelf; 
as a result when the thermometer read 135°C the actual air- 
oven temperature was 129°C. This probably caused the low 
outlying values. The data were again cycled through the 
Cochran and Grubbs tests. Grubbs outliers occurred for Col
laborator 15, 3; Collaborator 5, 1. These outliers are identi
fied individually in Tables 4 and 5.

Validation statistics for NIRS moisture equations at each 
collaborating laboratory are listed in Table 6. The standard 
error of equation performance corrected for bias (SEPC) 
ranged from 0.24% (Collaborator 6) to 0.67% (Collaborator 
12). These values, except that of Collaborator 12, are accept
able and similar to that reported by Windham et al. (8,9) for 
NIRS moisture analysis of tropical and temperate grass, 
legume, silages, and silages and silage-based dairy cattle 
ration. If the SEP for validation is within 2 times the repeat
ability for the replicated primary reference method analysis, 
the final NIRS equation can be accepted for use and the SEP 
can be used as a reliable indication of the accuracy of the 
final equation (13). The pooled repeatability for moisture 
analysis of blind duplicates by reference method 7.007 was 
0.29% (Table 7). Therefore, SEP are acceptable except that 
of Collaborator 12, who noted that many of the test samples 
were reanalyzed by both methods to eliminate or reduce the 
number of samples with large i-values. A large r-value indi
cates that the residual is greater than 2.5 times the standard 
error of difference between the NIRS and reference determi
nations. These significant residuals occurred because (7) the
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Tab le  5. Co llabora tive  resu lts (%) for determ ination of moisture by near-infrared re flectance  spectroscopy

Collaborator
Sample --------------------------------------------------------------------------------------------------------------------------------------------------—— —

No. 1 2 3 4 5 6 7 83 * * 9 10 11 12 13 14 15

1 8.51 8.50 8.85 8.56 8.46 9.03 8.91 7.39 8.51 9.13 9.32 8.88 9.31 8.72 9.43
2 9.41 9.13 9.12 8.91 8.88 9.07 9.00 8.04 9.01 9.37 9.49 8.83 9.12 9.12 9.52
3 7.59 7.64 7.04 7.32 6.66 7.96 7.36 6.29 7.66 7.80 7.81 6.87 8.35 7.55 8.85
4 8.76 8.65 8.50 8.99 8.83 8.66 8.65 7.59 8.45 8.81 8.70 9.33 8.81 8.86 9.18
5 7.75 7.38 7.26 7.37 7.50 8.29 7.47 5.58 6.91 8.19 7.13 8.11 7.64 7.15 7.57
6" 9.31 9.31 8.78 9.16 9.05 9.18 8.91 7.70 8.67 8.68 8.16 8.48 8.77 9.17 9.21
7C 7.61 7.59 7.26 7.44 6.60 7.82 7.42 6.30 7.42 7.76 7.82 7.32 8.11 7.52 8.99e
Bd 13.44 13.02 13.73 13.84 14.39 12.55 13.96 13.35 13.78 12.82 12.79 12.30 12.96 13.64 13.30
9 7.81 7.55 7.44 7.75 7.48 8.38 7.59 6.30 7.03 7.50 7.30 7.90 7.88 7.59 7.84

10 8.35 8.06 7.92 8.32 7.85 8.24 7.94 7.17 8.01 8.04 8.26 8.44 8.50 8.08 8.62
11 8.49 8.29 8.70 7.78 7.96 9.07 7.78 7.10 8.32 8.88 9.35 8.08 9.22 7.80 7.83
12 8.91 8.22 8.56 8.22 8.48 8.95 8.46 7.16 8.30 8.95 9.26 8.46 8.87 8.31 8.98
13 8.32 7.88 7.61 7.83 7.38 8.35 7.84 6.94 7.86 8.03 8.46 7.49 8.50 7.82 8.93
14 9.48 9.08 8.67 9.22 9.01 9.19 9.17 7.79 8.67 8.44 8.20 8.44 8.62 9.41 9.26
15 7.85 7.49 7.00 7.48 6.70 8.05 7.23 6.31 7.41 7.55 7.86 7.37 8.30 7.48 8.90
16 13.56 13.28 13.82 14.08 14.29 12.41 13.67 13.34 13.93 13.17 12.99 12.59 13.48 14.01 13.44

3 All data from Coll. 8 omitted from statistical summary on basis of Cochran test. 
6 Blind duplicate of sample 14. 
c Blind duplicate of sample 15.
‘'Blind duplicate of sample 16.
e Values omitted from statistical summary on basis of Grubbs test.

primary reference method data were inaccurate, or (2) the 
sample analyzed by N IR S was not representative of that 
analyzed by method 7.007. Since the sample analyzed by 
N IR S was used with the reference method and the mean 
N IR S moisture value for Collaborator 12 is similar to the 
mean o f other laboratories, the second reason may be elimi
nated as the probable cause of the high bias and SEP. In 
discussion with Collaborator 12 it was noted that a 1-h desic
cation time was used with AO method 7.007. It was also 
noted that the desiccant (Drierite) was not replaced with 
fresh desiccant during the study. By the time the test samples 
were analyzed and if the desiccation was not used for another

Tab le  6. V a lidation  resu lts for NIRS m oisture equations 
w ithin e ach  co llabora tive  laboratory3

Coll.

Mean,6 % 

AO NIRS Bias,6 % SEP," % SEP(C),e
%

1 8.48 8.44 0.04 0.38 0.39
2 8.22 8.20 0.02 0.37 0.37
3 7.94 8.05 -0.11 0.37 0.36
4 8.26 8.17 0.09 0.38 0.39
5 7.94 7.92 0.02 0.42 0.43
6 8.57 8.59 -0.02 0.24 0.24
7 8.07 8.12 -0.05 0.39 0.39
9 7.86 8.02 -0 .15 0.39 0.37

10 8.52 8.36 0.16 0.33 0.30
11 8.69 8.33 0.33 0.53 0.43
12 8.85 8.14 0.71 0.91 0.67
13 8.26 8.57 -0.31 0.57 0.50
14 8.22 8.18 0.05 0.45 0.45
15 8.82 8.79 0.03 0.35 0.35

3 Sorghum silage test material omitted from validation results.
6 Mean of moisture analysis by air-oven (AO) method and near-

infrared reflectance spectroscopy (NIRS).
6 Air-oven moisture minus NIRS. 
d Standard error of performance. 
e Standard error of performance corrected for bias.

purpose, 100 samples (i.e., calibration samples) would have 
been processed through the desiccator. It is therefore possible 
that the high bias and SEP was due to exhausted desiccant 
coupled to the 1-h desiccator time.

The moisture concentration of the sorghum silage test 
material determined by both methods has been omitted from 
the validation results. This sample was included in the test 
samples for the determination of incorrectness. Averaged 
across laboratories, the mean moisture concentration deter
mined by method 7.007 was 15.71% compared to 13.40% 
determined by N IR S. All collaborators identified this sam
ple as one with a significant t residual. The 2.31% unit great
er moisture value by method 7.007 was caused by loss of 
volatiles as well as moisture at 135°C which resulted in over 
estimation of moisture. Moisture content of this material in 
the referee’s laboratory by Karl Fischer analysis (8) was 
13.7% and similar to that determined by N IR S. These data 
are in agreement with those of Windham et al. (8, 9), who 
previously reported that moisture calibration developed with 
samples not subject to volatile loss during drying at 135°C  
could be used to accurately predict the moisture concentra
tion of fermented materials.

Tab le  7. S ta t is tica l perform ance param eters for blind 
dup lica te  m oisture ana lys is  by near-in frared re flectance  

spectro scopy  (N IRS) and a ir-oven (AO) re ference m ethod3

Sample
Nos.

Mean, % Sr RSD,, % r

Material NIRS AO NIRS AO NIRS AO NIRS AO

Alfalfa-
hay 7,15 7.57 7.81 0.11 0.29 1.50 3.68 0.32 0.80

Timothy/
clover-
hay 6,14 8.92 8.66 0.10 0.16 1.18 1.84 0.29 0.44

Sorghum
silage 8,16 13.40 15.71 0.18 0.39 1.38 2.48 0.52 1.09

3 sr =  repeatability standard deviation; RSD, = repeatability relative 
standard deviation; r = repeatability value.
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Tab le  8. S ta t is tica l perform ance param eters for m oisture 
ana ly s is  by near-in frared re fle ctance  spectro scopy (NIRS) 

and a ir-oven (AO) re ference m ethod3

Sample
No.

Sr RSD,v % R

NIRS AO NIRS AO NIRS AO

1 0.37 0.49 1.29 5.63 0.32 1.38
2 0.22 0.41 2.45 4.43 0.63 1.14
3 0.57 0.44 7.49 5.84 1.59 1.22
4 0.24 0.43 2.74 5.02 0.67 1.21
5 0.41 0.41 5.47 5.41 1.16 1.13
6» 0.36 0.32 4.10 3.69 1.01 1.04
7b 0.30 0.52 3.93 6.66 0.83 1.46
8b 0.57 0.57 4.24 3.64 1.59 1.58
9 0.33 0.29 4.29 4.01 0.92 0.84

10 0.24 0.30 2.89 3.82 0.66 0.85
11 0.56 0.53 6.70 5.80 1.57 1.48
12 0.34 0.43 3.92 4.70 0.95 1.20
13 0.44 0.38 5.43 4.57 1.22 1.07

3 sR = reproducibility standard deviation; FtSDR = reproducibility rel
ative standard deviation; R = Reproducibility value. 

b Pooled blind duplicate data.

Within-laboratory (repeatability) agreement of test re
sults for each material and each method is listed in Table 7. 
The statistical performance parameters for repeatability for 
each material were higher for the air-oven method. The 
change in repeatability over material is related to the mois
ture concentration of the test material. Test material low in 
moisture (i.e., samples 7 ,1 5 ) and those high in moisture (i.e., 
8 ,16 ) are subject to change in moisture concentration during 
determination. As such, samples low in moisture would tend 
to gain moisture and those high in moisture lose moisture 
during sample preparation for determination. The variation 
in repeatability for each material by N IR S was much less 
than by the air-oven method. Pooled across materials (i.e., all 
data pooled) the sr, R SD r, and r value for N IR S and method 
7.007 were 0.14, 1.40%, 0.39 and 0.29, 2.74%, and 0.82, 
respectively. The lower N IR S repeatability error agrees with 
data of Hruschka (14) who reported lower N IR S repeatabili
ty compared to data for Kjeldahl nitrogen analysis for deter
mination of protein in wheat. It can be concluded that the 
within-laboratory difference between duplicates for N IR S is 
half that of method 7.007 when the tests are conducted by the 
procedures described in this study.

Reproducibility agreement of test results for each material 
and each method are listed in Table 8. s r  values ranged from 
0.22 to 0.57% for N IR S and 0.29 to 0.61% for air-oven 
analysis. Pooled across all data s r ,  RSDr, and R value for 
N IR S and method 7.007 were 0.40, 4.22%, 1.11 and 0.43, 
3.94%, and 1.21, respectively. In a previous collaborative 
study using laboratories 1, 2, 3 ,4 , 7, and 14, N IR S moisture 
equations were developed in the referee’s laboratory and 
transferred (9 ) to collaborators. Collaborators received 20 
test samples and were instructed to analyze the samples by 
N IR S and AO method 7.007. In this case, Windham et al.
(9 ) reported a pooled s r  for moisture analysis by N IR S and 
method 7.007 of 0.39 and 0.63%, respectively. The sr data for 
the 2 N IR S methods (equation transfer vs laboratory cali
bration) are similar but between-laboratory error for the air- 
oven method was significantly lower in the current study. The 
decrease in AO sR for the air-oven method (i.e., 0.63 vs 
0.43% ) is possibly because collaborators received a procedure 
on how to conduct method 7.007. These s r  values are in

agreement with those of Grattan (3) who reported between- 
laboratory error of 0.43 for method 7.007. It can be conclud
ed that the within-laboratory error for NIRS is equal to that 
for method 7.007 when the tests are conducted by the proce
dure described in this study.

R e c o m m e n d a t i o n

The Associate Referee recommends that this description 
of the near-infrared reflectance spectroscopy method be 
adopted official first action as an improved method of mois
ture analysis in feeds.
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The present paper eva lua tes both the va riances and repre
sen tativeness of the A O A C  sam pling procedure for bagged 
fe rtilize r (929.01a, 15th Ed., 1990) for concentra tions of total 
nitrogen, a va ilab le  phosphoric ac id , and so lub le  potash from 
5%  to 30%  in b lended, m ixed fe rtilize rs  using m ateria ls  in 
com m on use in 1983. The sam pling va riances  determ ined did 
not d iffer s ign ifican tly  from  sam pling va riances determ ined in 
ea rlie r stud ies that a re  currently  used by the A ssoc ia tion  of 
Am erican  P lant Food Contro l O ffic ia ls  (A A PFC O ). The repre
sen tativeness of the A O A C  sam pling procedure for bagged 
fe rtilize r w a s  evaluated by testing the d iffe rences between 
A O A C  bag sam p le  m eans and rotary d iv ider sam p le  m eans 
(riffled  down bags) of the b lends (a ) using A A P F C O  investi
gational a llow ances ( lA s )  and ( b )  using f-tests. When 
A A P F C O  lA s  w ere  used, there w ere  on ly 2 bag m eans sign ifi
can tly  be low  the rotary d iv ide r m eans. W hen t-tests w ere 
used, the bag m eans tested s ign ifican tly  low er than the 
rotary m eans for the 5, 10, 15, and 20%  N b lends and the 
15 % P 20 5 blend. The bag m eans for the 5 ,1 0 , and 30 % P20 5 
b lends w ere  s ign ifican tly  above the rotary means. There 
w ere  no sign ifican t d iffe rences between bag and rotary 
m eans for K 2O in any b lends. B ecau se  f-tests are  more 
sensitive  than A A P F C O  lA s, sm a lle r d iffe rences are  Judged 
to be s ign ificant. Based  on A A P F C O  lA s, the A O A C  sam pling 
p rocedure for bagged fe rtilize r p robab ly sa tis facto rily  repre
sen ts what is  in the bag. However, s ign ifican tly  low er N and 
higher P 20 5 bag m eans based  on f-tests a re  cau se  for con 
cern  and should spur activ ity  in determ in ing the nature of th is 
phenomenon. Interlaboratory va riances  w ere  a lso  deter
m ined and evaluated. These tended to ve rify  those in current 
use by A A P FC O . The representativeness of the A O A C  
stream  sam pling procedure (929.01b) w as a lso  evaluated 
and found to be an accep tab le  m ethod for determ in ing the 
true ana lys is  of a  blend.

The Uniform State Fertilizer Bill of the Association of 
American Plant Food Control Officials (AAPFCO) states r
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Section 8(b), “The methods of sampling and analysis shall be 
those adopted by the Association of Official Analytical 
Chemists (A O A C )” (1). In Section 3(p) of the same docu
ment, the term “investigational allowance” is defined as “an 
allowance for variations inherent in the taking, preparation, 
and analysis o f an official sample of fertilizer.” An investiga
tional allowance is used by a control official in judging 
whether an analytical result from an official fertilizer sample 
that is below the manufacturer’s guarantee should be de
clared deficient. Current AAPFCO investigational allow
ances (IAs) were adopted in 1968 (2) based on published 
scientific studies by Miles and Quackenbush (3) and Quack- 
enbush et al. (4). [For a detailed discussion of AAPFCO IAs, 
see Rund (5)]. These IAs are based on variances associated 
with the AOAC sampling procedure for bagged fertilizer 
(929 .01a) (6), intralaboratory procedures (sample reduction 
and analytical), and interlaboratory analytical procedures. 
For these IAs to be applicable, the recommended AOAC  
procedures must be used for obtaining, preparing, and ana
lyzing samples.

Because these IAs were adopted in 1968 based on studies 
conducted with fertilizers in use in 1955 and 1966, fertilizer 
industry and fertilizer regulatory officials have been interest
ed in re-evaluating the variance associated with the AOAC  
sampling procedure for bagged fertilizer. In 1983, AAPFCO  
appointed a joint task force consisting of representatives 
from The Fertilizer Institute, AOAC, and AAPFCO to de
velop an experimental plan and conduct the study. The final 
plan was developed and the study conducted in 1983 (7). 
Progress reports have been published in 1985 (8) and 1986
(9).

The objectives of the study were (a) to determine the 
variance associated with the AOAC sampling procedure for 
bagged fertilizer over the range of nitrogen (N ), phosphoric 
acid (P2O5), and soluble potash (K2O) concentrations most 
commonly found in blended fertilizer and recommend 
changes to the AAPFCO IAs, if  indicated, and (b) to find 
whether a diagonal core from a bag of blended granular 
materials (as described in the AOAC method) represents the 
mixture contained in the bag within the latitudes imposed by 
the AAPFCO IAs.

The following definitions adopted by the task force are 
critical to accomplishing the objectives of the study.
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Tab le  1. A na lyse s  of stream  sam p les from  a 10-20-20 
blend from  pre lim inary b lender test (av. of dup lica tes)

Cut No. N, % p2o5, % K20, %

1 9.79 20.01 20.42
2 10.02 20.11 19.87
3 9.69 19.56 20.65
4 9.80 19.85 20.00
5 9.67 19.67 20.32
6 9.81 19.95 18.76
7 9.96 20.01 19.93
8 9.91 19.92 20.32
9 9.97 20.13 20.15

10 10.10 20.12 20.22
Mean 9.87 19.93 20.06

CV, % 1.4 1.0 2.6

Manufacturing variation.— Compositional differences 
(variation from guaranteed analysis or “target analysis”) in a 
lot of fertilizer resulting from manufacturing processes such 
as weighing, segregation, quality of base materials, etc. This 
includes variation from top to bottom or middle to edge of a 
bulk pile, or variation from bag to bag.

Sampling variation.— The variation in composition of 
successive samples taken repetitively by the same tool and 
method, and, as much as possible, from the same path 
through the bag or pile.

M ETHOD

B l e n d i n g  P l a n t  S e l e c t i o n

The fertilizer plant used in this study, the W. S. Clark & 
Sons Co., Tarboro, N C , had the following characteristics: 2- 
ton Burton horizontal mixer; horizontal drum dimensions: 
diameter, 59 in., length, 60 in.; drum rotational speed, 10 
RPM. Materials are held in overhead storage bins located 10 
ft above blender; after mixing, the blend is moved 9 1/2 ft by a 
screw auger elevator and then 40 ft on a cup belt elevator to a 
location 3 ft above the bagging hopper. The bagging hopper 
has partitions 16 in. X 16 in.; bagger is a St. Regis Forced 
Flow Valve Pack.

Before the plant was selected, the blender was tested to 
determine variation among the N , P20 5, and K20  analyses of 
10 equal time-spaced stream cuts taken from a test mix in a 
preliminary experiment. The blender was considered satis
factory if none of the analyses varied more than 10% from the 
mean for a specific element. As shown in Table 1, the blender 
met this criterion.

Tab le  2. S ie ve  ana lyses of m ate ria ls  used

Tyler sieve number
6 8 10 14 20

Material Cumulative Retention, %

Tab le  3. Form ulations of b lends used w ith ca lcu la ted  true 
ana lyses

Material
Actual wt, 

lbs/2-ton batch

True analyses,3 %

N p2o5 K20

Lot A: 5-15-30 5.01 14.99 30.55
DAP 1113
TSP 192
MP 2015
Filler 681

Lot B: 10-20-20 10.00 20.04 20.23
DAP 1739
Urea 190
MP 1334
Filler 738

Lot C: 15-30-15 15.01 30.06 15.19
DAP 2609
Urea 286
MP 1002
Filler 105

Lot D: 20-5-10 19.88 5.01 10.22
DAP 435
Urea 1569
MP 674
Filler 1322

LotE: 30-10-5 29.83 10.02 5.09
DAP 870
Urea 2270
MP 336
Filler 526

a Calculated from actual weights and analyses of materials (see Table 
4).

F e r t i l i z e r  M a t e r i a l s  S e l e c t i o n

The fertilizer materials used in the study were diammoni
um phosphate (D A P), triple superphosphate (TSP), muriate 
of potash (M P), urea, and filler made from limestone rock. 
Particle size distribution was determined for each material 
using Tyler 6, 8, 10, 14, and 20 mesh sieves; the cumulative 
retention percentage on each sieve for each material was 
determined (Table 2). The material was selected if its cumu
lative retention percentage on any sieve did not vary more 
than ± 1 0  percentage points from the average of the cumula
tive retention percentages of all materials for that sieve. The 
maximum difference between the cumulative retention per
centage o f any 1 material and that of the average was 8.0 for 
the filler on sieve number 10 (Table 2). The materials used, 
therefore, met the stated criterion for particle size match.

E x p e r i m e n t a l  B l e n d  F o r m u l a t i o n s

Formulations of the 5 blends used in the study are shown in 
Table 3. Each material was sampled and analyzed (Table 4).

Urea 1.0 32.5 85.0 98.0 99.6
DAP 5.9 36.2 85.2 99.0 99.7
TSP 0.8 28.5 71.4 93.8 99.0
MP 1.6 37.2 76.2 93.3 95.6
Filler 0.5 31.9 69.4 91.1 96.3

Mean 2.0 33.3 77.4 95.0 98.0
Max. cliff. 3.9 4.8 8.0 4.0 2.4

from mean

Tab le  4. Resu lts  of ana lyses of m ate ria ls  used In the 
study (av. of 6 laborato ries)

Material N, % P2Os, % K20, %

MP _ __ 60.67
TSP — 45.17 —
Urea 45.68 — —
DAP 18.02 46.11 —
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Figure 1. S chem e for sp litting bags of each  lot w ith rotary 
d iv ider show ing 8 first sp lits  (FS)/bag , and then 16 subsp lits
(SS )/b ag  for bag number 2 and 8 S S /bag  for the rem ain ing 9

bags.

Each blend was made w ith  1 task force m em ber recording the 
weights d ire c tly  fro m  the d ig ita l scale readout. The “ tru e ”  
analysis o f each blend was calcula ted using the actua l 
weights and m a te ria l analysis (T ab le  3). The true  analysis 
w ou ld  be described as the “ guaranteed analysis”  by a fe r t i l iz 
er m anufactu re r. T w o batches o f each blend were m anufac
tured . The f irs t  was used to  purge the system; the second was 
sampled according to  the design described below.

S a m p l i n g  D e s i g n

A s each experim enta l blend was discharged fro m  the 
blender, 10  stream  cuts were taken a t equal time-spaced 
in te rva ls  w ith  each cu t being placed in  a separate, m arked 
container. The procedure and sam pling cup used are de
scribed by the A O  A C  sam pling procedure fo r b u lk  fe r t iliz e r 
(929.01b) (6).

T w en ty  50-lb  bags fro m  each lo t were random ly selected 
using random  num bers generated by a com puter. Bags were 
probed according to  929.01a (6), except th a t each core was 
id e n tifie d  and kept separately fo r  analyses. O f  the  20 bags 
selected, every o ther bag was probed tw ice , fo llow ing  (as 
m uch as possible) the same path th rough  the bag, and again 
each core was id en tified  and kep t separately fo r  analyses. 
T h is  resulted in  30 in d iv id u a l cores fro m  each lo t.

Bags th a t were probed tw ice  fro m  each o f the lots were sent 
to  the N a tio n a l F e rtiliz e r Developm ent Center, Tennessee 
V a lley  A u th o r ity  (T V A ) ,  M uscle  Shoals, A L ,  where they 
were reduced using a ro ta ry  d iv ider. The ro ta ry  d iv ider 
(B rin km a n  Retsch Type P T  w ith  a Type D R  V ib ra to ry  Feed-

Tab le  5. W eights (g) of first sp lits  (F S ) from  each  lot by 
rotary d iv ider slot

Slot

Lot

A B C D E Mean8

1 2820 2846 2656 2850 2549 2744ab
2 2798 2863 2651 2877 2547 2747ab
3 2797 2825 2628 2847 2563 2732ab
4 2830 2854 2686 2876 2551 2759a
5 2784 2828 2659 2843 2530 2729ab
6 2790 2834 2656 2848 2517 2729ab
7 2783 2808 2645 2850 2540 2725b
8 2831 2840 2689 2848 2535 2749ab

a Only slots 4 and 7 were significantly different according to Tukey’s 
pair-wise comparison procedure at p = 0.01 level.

Tab le  6. W eights8 (g) of subsp lits (S S ) from  each  lot by 
rotary d iv ider slot

Lot

Slot A B C D E Mean0

1 354 356 333 361 317 344
2 350 359 330 357 317 343
3 350 350 330 351 320 340
4 352 352 334 359 318 343
5 346 354 330 355 319 341
6 350 353 336 353 316 341
7 346 351 329 353 315 339
8 353 355 335 358 316 343

3 Each weight is the mean of 2 SS.
b Slot means are not different according to Tukey’s pair-wise compar

ison procedure at p = 0.01 level.

er) splits solid, g ra nu la r m a te ria l (up  to  6 m m  in  size) in to  8 
equal portions.

T he  fo llo w in g  procedure was used fo r  reduction  o f the bags 
th rough  the ro ta ry  d iv ide r (F igu re  1).

F ir s t  sp lits  ( F S ) .— Each bag fro m  each lo t was passed 
th rough  the d iv ide r p roducing 8 equal splits o f  approx im ate ly
6.25 lb  each. Each o f  the f irs t  sp lit samples (o r FS) fro m  bag 
num ber 2 o f  each lo t was weighed and an analysis o f variance 
run  on the data. A cco rd ing  to  T ukey ’s pa ir-w ise com parison 
procedure, no differences among the slots were s ig n ifica n t at 
the 0.01 level, except th a t slot 4 tended to have a h igher

Tab le 7. Partic ipa ting  laboratories and sam p les ana lyzed

Code Laboratory Lota

Number of samples analyzed
Rotaryb

slotMaterial Stream Core

MD Agrico Chemical Co. A 4 10 30 1
KY Univ. of Kentucky B 4 10 30 6
AR Arkansas Dept of Ag. C 4 10 30 2
SC Clemson Univ. D 4 10 30 3
NC North Carolina Dept of Ag. E1 4 10 30 5
IN Purdue Univ. E2 4 10 30 4
AL Tennessee Valley Authority — — — — 8
VA Virginia Dept of Ag. — — — — 7

a All material, stream, and core samples from a specific lot were analyzed by the laboratory Indicated. Material, stream, and core samples of lot E 
were split and each analyzed by the NC and IN laboratories. Some subsequent data for lot E are reported as the mean of the analyses from the 2 
laboratories.

6 Each lab analyzed 11 samples from each lot from the rotary slot Indicated for a total of 55 samples/laboratory.
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Tab le  8. A n a ly s is  of va riance  m odel for lot A  for data from 
probed bags w ith dup lica tes on every 10th sam ple

Source of 
variation

Degrees
of

freedom

Mean
square
(MS) Expected MSa

Bags 19 MSb <rd2 +  1.1132 a 2 +  1.6364 ab2
Cores (bags) 10 MSC crd2 + 1.0667 a 2
Duplicates 3 MSd <rd2

Where: ab2 = expected bag variance component; <rc2 = expected 
core variance component; and <rd2 = expected duplicate variance 
component.

w eigh t than slo t 7 (T ab le  5). A  d iffe rence o f 34 g in  ca 2700 g 
was considered to le rab le  fo r  th is  study.

S u b s p lits  (S S ) .— T w o o f the weighed FS samples from  
bag 2 were random ly  selected using a random  numbers tab le 
and each passed th rough  the ro ta ry  d iv ide r, w h ich  produced 
16, ca 0.78 lb , subsplits fro m  1 bag o f each lo t. Each o f these 
subsplit samples (o r SS) was weighed; an analysis o f variance 
o f the data showed th a t none o f the differences among the 
slots was s ig n ifica n t a t the 0.01 level using T ukey ’s pair-w ise 
com parison procedure (T ab le  6). These data, plus the FS 
data, show th a t the ro ta ry  d iv ide r is re la tive ly  free o f bias.

The f irs t  sp lit fro m  slot 1 o f bag 3 was passed th rough  the 
d iv ide r and produced 8 S S /bag. The same procedure was 
fo llow ed fo r  slot 2 fro m  bag 4, fo r  s lo t 3 fro m  bag 5, fo r slot 4 
from  bag 6 , fo r slot 5 fro m  bag 7, fo r slot 6 fro m  bag 8, fo r slot 
7 fro m  bag 9, fo r  slo t 8 fro m  bag 10, and fo r slot 1 fro m  bag 1. 
T h is  procedure resu lted in  88 SS fro m  each lo t o r 1 1  S S / 
ro ta ry  d iv ide r s lo t/ lo t .  Each SS fro m  a specific d iv ide r slot 
fro m  th is  second sp lit was id e n tifie d  fo r  analysis by a specific 
la bo ra to ry  (T ab le  7). These SS are herea fter noted as ro ta ry  
d iv id e r  sa m p les .

Each ro ta ry  d iv ide r sample (SS) was ground in  its  en tire ty  
w ith  a M ik ro -s a m p lm ill equipped w ith  a screen w ith  1 m m  
openings. One ground sample fro m  each bag was sieved to 
con firm  th a t the ground m a te ria l passed a U .S .A . N o . 40 
sieve. Each ground sample was placed on a sheet o f 24 in. X 
24 in. bu tcher paper and slow ly ro lled  a lte rna te ly  from  4 
d irections u n t il the sample was tho rough ly  m ixed. The 440 
ground and m ixed samples ( 88 / lo t )  were transfe rred to a ir 
t ig h t containers, p rope rly  labeled, and forw arded to p a rtic i
pa ting  laboratories (5 5 /la b o ra to ry ) fo r  N , P2O5, and K2O 
analyses.

Samples obtained fro m  each lo t included 4 fro m  m ateria ls, 
10 fro m  stream  cuts, 30 single cores fro m  bags, and 88 from  
the ro ta ry  d iv ider.

C h e m i c a l  A n a l y s e s  o f  S a m p l e s

E ig h t laboratories pa rtic ipa ted  in  the study (Tab le  7). A l l  
single core, stream  cut, and ro ta ry  d iv ide r samples were 
ground in  th e ir  en tire ty  to pass a U .S .A . N o . 40 sieve and 
tho rough ly  m ixed in  prepara tion  fo r  analyses. T o ta l nitrogen, 
ava ilab le  phosphoric acid and soluble potash were run on 
each sample by an applicab le A O  A C  m ethod in  use in the 
la bo ra to ry  a t the tim e. Replicates on every 10th sample were 
run  several days apart.

Resu lts and D iscussion

S a m p l i n g  C o m p o n e n t s  o f  V a r i a n c e

The f irs t  ob jective was to  determ ine the sam pling variance 
components associated w ith  the A O  A C  sam pling procedure

fo r bagged fe rt iliz e r and com pare them  w ith  those cu rre n tly  
adopted by A A P F C O  (5 ). U sing the d e fin itio n  o f sam pling 
va ria tio n  agreed upon by the task force, the study was de
signed to  measure va ria tio n  between 2 core samples taken as 
m uch as possible from  the same pa th  th rough  the bag.

A n  analysis o f variance m odel fo r  the probed bags in  w h ich 
dup lica te  de term inations were run  on every 10 th  sample is 
shown in  Tab le  8 fo r lo t A . The te rm , o-c2, is the expected 
variance com ponent o f cores w ith in  a bag, w h ich  is o f in terest 
in  accom plishing the f irs t  ob jective. I t  is ca lcu la ted using the 
expected mean squares fro m  the analysis o f variance model 
as follows:

(TC2 =  (M S C -  o-d2) / 1.0667 =  (M S C -  M S d ) /1.0667

The “ between-cores-w ith in-bag”  [cores (ba g )] variance 
components (<rc2) were ca lcu la ted fo r N , P2O 5, and K 2O  at 
each concentra tion and are shown in  Tab le  9 along w ith  the 
“ among-bags”  (bag-to-bag) and “ dup lica tes-w ith in -labora - 
to ries”  variance components.

In  the core samples, m ost o f the v a r ia b ility  is fro m  bag-to- 
bag, not core-to-core (T ab le  9). One reason m ay be tha t, in  
sam pling, an a ttem p t was made to  sample the same m ateria l 
in  the same location  w ith in  a bag by the core sampler. The 
dup lica tes-w ith in -labora to ries  variance com ponent is much 
sm aller, a lthough we do not have a good estim ate o f this 
com ponent because o f few  repeated measurements w ith in  the 
study.

A  com parison o f the sam pling variance derived fro m  th is 
study w ith  the o ff ic ia l A A P F C O  sam pling variances is shown 
in  T ab le  10. I t  should be noted th a t the A O A C  sam pling 
procedure fo r bagged fe r t iliz e r  specifies th a t 10  cores are to 
be com posited fo r an o ff ic ia l sample; therefore, the sam pling 
variances reported in  T ab le  10 were ca lcu la ted as crc2/ 10.

Tab le  9. V arian ce  com ponent estim ates for nitrogen, 
phosphorus, and potassium  from  co re  sam p les

Variance components

Lab. Lot

Among
bags
(Ob2)

Between 
cores (bag)

(°c2)

Duplicates
(lab.)
(°d2)

Means
(%)

Nitrogen N
MD A 0.03861 0.00999 0.000217 4.86
KY B 0.08903 0.01197 0.00288 9.63
AR C 0.2356 0.07647 0.00243 14.74
SC D 1.0217 0.1333 0.03602 18.62
NC E1 0.6133 0.4125 0.000025 29.52
IN E2 0.6837 0.07071 0.219967 29.26

Phosphorus P2O5
SC D 0.04012 0.02923 0.005633 5.23
NC E1 -0.0185 0.2088 0.002425 10.31
IN E2 0.02948 0.1372 0.000150 10.11
MD A 0.1871 0.06111 0.00308 14.45
KY B 0.3689 0.05103 0.01240 19.48
AR C 0.2356 0.09526 0.15237 30.90

Potassium K20
NC E1 0.1549 0.03100 0.0001250 5.31
IN E2 0.1314 0.03626 0.003500 5.29
SC D -0.01169 0.1931 0.03703 10.24
AR C 0.1859 0.1065 0.07628 15.62
KY B 0.14773 -0.03525 0.1127 20.24
MD A 0.01061 0.1437 0.01568 30.11
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Tab le  10. A A P F C O  sam pling va riances for N, P 20 5, and K 20  and va riances from present study

Nutrient 
concn,a %

Sampling variance

N IT)
O04Q_ K20

AAPFCO Present F6 AAPFCO Present F AAPFCO Present F

5 0.002 0.001 2.0 0.005 0.003 1.7 0.005 0.003 1.7
10 0.005 0.001 5.0** 0.006 0.018 3.0** 0.013 0.019 1.5
15 0.009 0.007 1.3 0.006 0.006 1.0 0.023 0.011 2.1
20 0.015 0.013 1.2 0.007 0.005 1.4 0.038 0.000 —
30 0.030 0.024 1.2 0.008 0.009 1.1 0.076 0.014 5.4**

a Nominal concentration.
b F = Larger MS/Smaller MS. Critical values: F 05 (60, 10 df) = 2.62; F01 (60, 10 df) = 4.08; F 05 (10, 60 df) = 1.99; F 05 (10, 60 df) = 2.63 (df 

stands for degrees of freedom).
** Significant at 0.01 % level.

The A A P F C O  sam pling variances were adopted fro m  re
gression equations derived by M iles  and Quackenbush (3) 
fro m  data published ea rlie r ( 10 ) fro m  a study on sam pling o f 
pu lverized fe rtiliz e r. The equations are found in  co lum n B, 
Tab le  2 o f M ile s  and Quackenbush (3) and, specifica lly , are 
fro m  the regression o f the “ net standard devia tion ,”  wh ich 
was defined as the square roo t o f the bag-to-bag variance 
com ponent, against various concentrations o f N , P2O5, and 
K 2O  in  m ixed, pu lverized fe rtilize rs . In  the present study, 
sam pling va ria tio n  was defined as “ between-cores-w ith in- 
bags”  no t “ bag-to-bag”  va ria tion . W e defined bag-to-bag 
va ria tio n  as m an u fac tu ring  varia tion .

The degrees o f freedom  associated w ith  the net standard 
devia tion are not stated by M iles  and Quackenbush (3); 
however, R .C . R und estimates th a t a t least 60 observations 
were associated w ith  each o f the bag-to-bag net standard 
devia tion estimates (R .C . Rund, personal com m unica tion 
Purdue U n ive rs ity , W est La faye tte , IN ) .  The degrees o f 
freedom  used to  determ ine the c r it ic a l F  values were 60 fo r 
the A A P F C O  variances and 10 fo r those o f the present study.

Tab le  11. Core, stream , and rotary d iv ider sam ple m eans 
com pared  w ith true ana lys is  (% )

True
analysis

Sample means

Lot Core Stream Rotary

A 5.01
N

4.86 5.05 5.16
B 10.00 9.63 10.00 9.93
C 15.01 14.74 14.81 14.93
D 19.88 18,62a 19.68 19.75
E 29.83 29.39 28.76a 30.12

D 5.01
P2O5

5.23 4.79 5.15
E 10.02 10.21 10.18 9.94
A 14.99 14.45 14.85 15.27
B 20.04 19.48 20.06 19.92
C 30.06 30.90" 30.41 30.03

E 5.09
k2o

5.30 5.40 5.32
D 10.22 10.25 10.41 10.40
C 15.19 15.62 15.50 15.16
B 20.23 20.24 20.29 20.34
A 30.55 30.11 30.28 30.26

a Below true analysis by more than the AAPFCO lAs. 
b Above true analysis by more than AAPFCO lAs.

Com parisons in  Tab le  10 show s ig n ifica n t d ifferences fo r 
N  and P2O 5 a t 10%, and K 2O  at 20 and 30%. In  3 cases (10% 
N  and 20 and 30% K 2O ), sam pling variances determ ined in 
the present study were sm aller than A A P F C O  variances. In  1 
case (10% P2O 5), the A A P F C O  variance was sm alle r than 
th a t fro m  the present study. Because the preponderance o f 
comparisons indicates no d iffe rence between the A A P F C O  
sam pling variances and those determ ined in  the present 
study, the conclusion is th a t the sam pling variances c u rre n tly  
in  use by A A P F C O  are va lid  and there is no reason to 
recom m end a change.

There  is a va lid  concern about the d iffe re n t bases o f the 2 
variances. The A A P F C O  sam pling variance was defined as 
bag-to-bag w h ile  th a t o f the present study is defined as core- 
to-core. The d iffe rence arises fro m  our d e fin itio n  o f sam pling 
variance, w h ich  is based on the idea o f m easuring the varia -

Tab le  12. Co re  and rotary d iv ider m eans and their 
com parisons for a ll b lends of fe rtilize r studied (% )

Lot Rotary Core Diff. F

A 5.16
N

4.86 0.30 2.74*
B 9.93 9.63 0.30 3.83**
C 14.93 14.74 0.19 3.18**
D 19.75 18.62" 1.13 2.51*
E 30.12 29.39 0.73 1.73 NS

D 5.15
P2O5

5.23 -0.08 -3.61**
E 9.94 10.21 -0.27 -3.87**
A 15.27 14.45" 0.82 2.29*
B 19.92 19.48 0.44 0.68 NS
C 30.03 30.90° -0.87 -3.78**

E 5.32
K20

5.30 0.02 0.79 NS
D 10.40 10.25 0.15 0.72 NS
C 15.16 15.62 -0.46 0.97 NS
B 20.34 20.24 0.10 1.68 NS
A 30.26 30.11 0.15 0.66 NS

e Tabular fs based on 10 degrees of freedom because of nonhomoge
neity of variance between core and rotary divider data. This is a 
conservative approach. Actual degrees of freedom are probably 
larger.

b Core mean is below rotary mean by more than the AAPFCO lAs. 
c Core mean is above rotary mean by more than the AAPFCO lAs.

* Significant at 0.05 level (2-sided test).
* * Significant at 0.01 level (2-sided test).
NS = Nonsignificant at 0,05 level (2-sided test).
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Tab le  13. A na lys is  of va riance  m odel for lot A  of rotary d iv ider data w here 8 laboratories ana lyzed  sp lits  from  10 bags/
blend

Source of 
variance

Degrees of 
freedom

Mean
square (MS) Expected MSa

Lab. (I—1) = 7 MS! <rm2 +  1.1667 trd2 +  1.3542 <7,b2 +  0.0774 <rb2 +  12 <r,2
Bags (b — 1) = 9 MSb om2 +  1.0875 <rd2 +  1.2327 <rlb2 +  9.463 <rb2
Exp. error

(lab. X bag)

COCOII1—1-QXT—1 MS1b <rm2+ 1.0811 <rd2+ 1.1758 <rlb2
Duplicates

(lab. X bags) 8 MSd om2+  1.0417 (rd2
Measurement 8 MSm <rm2

Where: cr,2 = expected laboratory variance component; <rb2 = expected bag variance component; <T|b2 = expected error mean square; crd2 = 
expected duplicate variance component; <rm2 = expected measurement variance component.

tion  associated w ith  tak in g  an o ff ic ia l sample o f bagged 
fe rtiliz e r. I t  is our op in ion th a t the sam pling variance based 
on the d iffe rence between cores w ith in  bags is a va lid  mea
sure o f the va ria tio n  associated w ith  the o ff ic ia l A O A C  sam
p ling  procedure fo r bagged fe rtiliz e r.

R e p r e s e n t a t i v e n e s s  o f  C o r e  S a m p l e s

The second objective o f  the  s tudy was to  determ ine w heth
er a d iagona l core fro m  a bag taken according to  the A O A C  
bag sam pling procedure represents the m ix tu re  in the bag 
w ith in  the  la titudes imposed by the A A P F C O  IA s . W e used 
2 ways to  evaluate the data re la tive  to  th is  second objective:
(a ) using A A P F C O  IA s  as the test c r ite r ia  fo r  the s ig n if i
cance o f  the d iffe rence and (b) using i-tests w ith  the average 
variance fro m  the core and ro ta ry  d iv ide r analyses o f v a r i
ance as the test c rite ria .

In  the f irs t  m ethod, A A P F C O  IA s  were used to  test the 
d ifferences between the  tru e  analysis o f  each blend and the 
core means (T ab le  11) and between the ro ta ry  means and the 
core means (T ab le  12). T ab le  11 shows th a t on ly  1 core mean 
(18 .6 2 % N  fo r  lo t D ) was below the tru e  analysis (19.88% N )  
by m ore than the A A P F C O  IA .  The d iffe rence is 1.26, and 
the IA  fo r  19.88% N  is 0.728. A l l  o ther core means were 
w ith in  the A A P F C O  IA s  o f the true  analysis, w h ich  suggests 
th a t the A O A C  bag sam pling procedure secures a sample 
th a t represents w ha t is in  a bag under the experim enta l 
conditions o f th is  study and the assumptions o f the IA s .

The eva luation shown in  Tab le  12 (see footnotes b and c  o f 
the tab le ) o f the d ifferences between the ro ta ry  and core 
means using the A A P F C O  IA s  indicates th a t 2 core means 
(18.62% N  fo r  lo t D  and 14.45% P2O 5 fo r  lo t A )  were below 
the respective ro ta ry  means by m ore than the A A P F C O  IA s . 
The IA s  fo r 19.75% N  and 15.27% P 2O 5 are 0.726 and 0.700, 
respectively. In  m ak ing  these comparisons, we assume th a t 
the ro ta ry  means represent the tru e  com position in  the bags. 
A l l  o ther core means were w ith in  the A A P F C O  IA s  o f  the 
ro ta ry  means, w h ich  again suggests th a t the A O A C  sam pling 
procedure fo r  bagged fe r t iliz e r  secures a sample th a t repre
sents w hat is in  the bag— assuming th a t ro ta ry  samples are 
representative o f  the contents o f  the bag.

In  the second m ethod o f  eva luating d ifferences between 
the core and ro ta ry  means, i-tests were used (T ab le  12). The 
variance used fo r m ak ing  th is  com parison was obtained by 
averaging th a t ob ta ined fro m  the core analysis o f variance 
and th a t obtained fro m  the ro ta ry  d iv ide r analysis o f v a r i
ance. Core e rro r was taken to  be the “ bag”  plus the “ dup lica 
tes”  variance components. There was a question w hether the 
core-to-core variance com ponent should have also been in 
cluded. I t  is a sm all com ponent in  th is  study because the same

path  was used in  inserting the probe the second tim e; there
fore, i t  is biased on the low  side. T h is  was om itted  from  the 
to ta l; however, i f  included, the e rro r w ou ld  be s lig h tly  la rger 
and tests s lig h tly  less sensitive. The ro ta ry  d iv ide r e rro r was 
taken to be the “ bag”  mean square plus the “ la b ”  mean 
square m inus the “ bag X  la b ”  mean square.

The resu lting  d iffe rence w ou ld  have variance components 
fo r  bag, lab, bag X  lab, duplicates, and measurement. In  
general, a ll variance components obtained fro m  ro ta ry  d iv id -

Tab le  14. N, P 20 5, and K 20  m eans (% ) of rotary d iv ider 
sam p les by laboratory and bag; and ana lys is  of va riance  for 

lot A , 5-15-30

Lab. n N P2O5 K20

AL 12 5.14 15.25 30.11
AR 12 5.15 15.32 30.23
IN 12 5.06 15.32 30.24
KY 12 5.35 15.27 30.60
MD 12 5.12 15.08 30.14
NC 12 5.15 15.19 30.45
SC 12 5.16 15.30 30.11
VA 12 5.14 15.42 30.20

Bag no.
2 17 5.08 15.05 30.39
4 8 5.25 15.53 30.08
6 9 5.11 15.25 30.43
8 10 5.10 15.11 30.36

10 8 5.06 14.87 30.27
12 10 4.97 14.89 30.56
14 9 4.96 14.84 30.61
16 8 5.41 15.71 30.09
18 9 5.22 15.42 30.03
20 8 5.62 16.43 29.50

Grand means 5.16 15.27 30.26
(96 observations)

Analysis of variance
Degrees of

Source freedom N p2o5 K20

Mean square3

Lab. 7 0.081 * 0.124* 0.368*
Bag 9 0.356** 2.05** 0.954**
Exp. error 63 0.0048 0.0499 0.1667
Dup. (lab. X bags) 8 0.0033 0.0114 0.0313
Measurement error 8 0.0088 0.0288 0.0365

a Lab. and bag sources tested by experimental error. 
* Significant at 0.05 level.

** Significant at 0.01 level.
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Table 15. N, P2 0 5, and K20  means (% )  of rotary divider 
samples by laboratory and bag; and analysis of variance for 

lot B, 10-20-20

Lab. n N p2o5 K20

AL 12 9.92 19.90 20.30
AR 12 9.91 20.14 20.71
IN 12 10.01 19.86 20.59
KY 12 9.85 19.89 20.24
MD 12 9.91 19.88 20.05
NC 12 9.82 19.88 20.52
SC 12 10.09 19.81 20.25
VA 12 9.94 20.01 20.04

Bag no. 
2 17 9.83 19.85 20.45
4 8 10.09 20.16 20.41
6 9 9.77 19.79 20.35
8 10 9.66 19.58 20.57

10 8 10.11 20.03 20.40
12 9 9.74 19.36 20.22
14 9 9.78 19.47 20.23
16 8 10.34 20.70 20.03
18 9 10.09 20.13 20.29
20 9 10.10 20.35 20.28

Grand means 9.93 19.92 20.34
(96 observations)

Analysis of variance

Source
Degrees of 
freedom N P2O5 K20

Mean square8

Lab. 7 0.085** 0.132 NS 0.732**
Bag 9 0.446** 1.486** 0.166*
Exp. error 63 0.02200 0.1208 0.0675
Dup. (lab. X bag) 8 0.0167 0.0443 0.0867
Measurement error 8 0.0312 0.126 0.0283
8 Lab. and bag sources tested by experimental error.

* Significant at 0.05 level.
** Significant at 0.01 level.
NS = Nonsignificant difference.

er data were much smaller than those obtained from core 
data. This results in error mean squares estimated from 
rotary divider data being about 1 0  times smaller than those 
estimated from core data. For this reason, a conservative 
number of degrees of freedom, 1 0 , was used for finding the 
value of tabular ( in the (-tests.

It is apparent using the (-tests that nitrogen determined in 
the core samples was consistently lower than nitrogen in the 
rotary divider samples (Table 12). The differences between 
means for the 5, 10, 15, and 20% N blends for the 2 groups 
were significant at the 0.05 or lower probability levels. There 
was a tendency for the difference to increase with level of 
nitrogen although this was not a consistent trend.

Differences in core and rotary divider means for phospho
rus tended to be of mixed directions with the core means for 
5, 10, and 30% P2O 5 blends being significantly above the 
rotary means and the core mean for the 15% P2 0 5 blend 
being significantly below the rotary mean. There did not 
appear to be an obvious trend in the level of difference with 
level of phosphorus in the fertilizer.

In general, differences between core and rotary divider 
means for potassium were small and insignificant, indicating 
that the core samples were representative of potassium in the 
bags.

Table 16. N, P2 0 5, and K20  means (% )  of rotary divider 
samples by laboratory and bag; and analysis of variance for 

lot C, 15-30-15

Lab. n N p2o6 K20

AL 12 15.00 29.99 15.20
AR 12 14.91 30.48 15.29
IN 12 15.16 30.04 15.42
KY 12 14.68 30.49 15.18
MD 12 15.01 30.08 15.01
NC 12 14.83 29.93 14.97
SC 12 14.92 29.61 15.06
VA 12 14.95 29.61 15.16

Bag no.
2 17 14.81 30.39 14.84
4 9 14.90 29.94 15.25
6 8 14.93 29.84 15.23
8 8 15.00 30.10 15.14

10 10 15.10 30.08 14.87
12 8 14.76 29.77 15.48
14 9 14.80 29.71 15.83
16 9 14.99 30.33 15.04
18 9 15.08 30.20 14.99
20 10 15.09 29.64 15.26

Grand means 14.93 30.03 15.16
(96 observations)

Analysis of variance
Degrees of

Source freedom N P205 K20

Mean square8

Lab. 7 0.236** 1.339** 0.264**
Bag 9 0.161“  0.718“ 0.846“
Exp. error 63 0.0264 0.0694 0.0427
Dup. (lab. X bag) 8 0.02362 0.2257 0.0331
Measurement error 8 0.00721 0.0416 0.0431
8 Lab. and bag sources tested by experimental error. 
** Significant at 0.01 level.

The (-tests are more sensitive than the test using IAs; 
therefore, small differences between the bag and rotary sam
ple means were judged significant in more cases by the (-tests 
than by the IAs. These differences, while smaller than the 
IAs, indicate that something is consistently occurring to 
cause these discrepancies.

Baker et al. (11) studied possible mechanisms of sampler 
bias and concluded that sampling tubes (similar to the 
AOAC probe) used to take horizontal core samples tend to 
secure samples with an excess of finer particles. The idea is 
that when the slot in the probe is rotated up and the blended 
material flows into it, a higher proportion of fine particles 
flows into the slot than is in the mixture surrounding the 
probe. This could partially explain our data because there is a 
larger fraction of filler that passed the 1 0  mesh sieve than 
there is of the N materials, urea, and DAP. Thirty-one per
cent of the filler passed through the 1 0  mesh sieve; only about 
15% of the DAP and urea was this fine (Table 2). Lot D (20-
5-10) had the largest proportion of filler of any blend (33%) 
(Table 3) and the largest difference between the core and 
rotary means (1.13) (Table 12). Lot C had the smallest 
proportion of filler (3%) and the smallest difference between 
the core and rotary means (0.19).

If the probe selectively procured more fine filler and less of 
the coarser N materials, the percent N would be less than 
expected, as was observed with all the experimental blends.
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y
Table 17. N, P2 O5 , and K20  means (% )  of rotary divider 

samples by laboratory and bag; and analysis of variance for 
lot 0, 20-5-10

Lab. n N p2o5 K20

AL 12 19.80 5.12 10.50
AR 12 19.84 5.22 10.51
IN 12 20.11 5.34 10.53
KY 12 19.44 5.48 10.53
MD 12 19.83 5.09 10.37
NC 12 19.73 5.09 10.29
SC 12 19.47 4.77 10.22
VA 12 19.75 5.07 10.26

Bag no.
2 16 19.59 5.01 10.62
4 9 20.73 5.26 10.41
6 8 19.42 5.03 10.59
8 8 19.25 5.01 10.48

10 8 20.52 5.30 10.31
12 11 19.07 5.15 10.45
14 9 19.24 5.28 10.28
16 9 20.20 5.33 10.21
18 8 19.77 5.16 10.36
20 10 19.93 5.04 10.20

Grand means 19.75 5.15 10.40
(96 observations)

Analysis of variance
Degrees of

Source freedom N P2O5 K20

Mean square3

Lab. 7 0.551*** 0.533** 0.211**
Bag 9 2.922*** 0.164* 0.237**
Exp. error 63 0.0981 0.0638 0.0404
Oup. (lab. X bag) 8 0.0833 0.0102 0.0391
Measurement error 8 0.2661 0.0250 0.0414
3 Lab. and bag sources tested by experimental error. 

* Significant at 0.05 level.
** Significant at 0.01 level.

While the data do not confirm this theory, it is consistent 
with what Baker et al. (11) found.

In summary, the significantly lower N values in the core 
samples are of concern and indicate a possible problem with 
the AOAC sampling procedure for bagged fertilizer. Howev
er, the relative size of the differences and the fact that the 
core means were generally not significantly below the true 
analysis when tested by the AAPFCO IAs allows us to con
clude that the AOAC sampling procedure for bagged fertiliz
er does procure samples representative of what is in the bag. 
Additional studies are required to fully elucidate the phe
nomenon observed in the core samples.

In te rlab o ra to ry  C om ponent o f V ariance

Determination of this component of variance was not part 
of the original objective; however, design of the experiment 
allowed for its determination.

The 10 bags from each lot that were double-cored were 
reduced to 11 sets of 8 equal portions by the rotary divider 
procedure described earlier. Eight different laboratories ana
lyzed all the samples from a specific slot from the rotary 
divider (Table 7). The analysis of variance model for the data 
is shown in Table 13.

The rotary divider data presented as laboratory and bag 
means of the N, P2O5, and K2O analyses for each of the lots

Table 18. N, P2 0 5, and K20  means (% )  of rotary divider 
samples by laboratory and bag; and analysis of variance for 

lot E, 30-10-5

Lab. n N p2o5 K20

AL 12 30.08 9.96 5.36
AR 12 30.32 9.98 5.31
IN 12 30.11 10.02 5.31
KY 12 30.16 10.00 5.36
MD 12 30.23 9.86 5.22
NC 12 30.02 9.86 5.45
SC 12 29.64 9.72 5.20
VA 12 30.37 10.13 5.34

Bag no.
2 18 30.16 9.98 5.15
4 9 30.75 9.75 5.12
6 9 30.15 9.91 5.32
8 8 29.97 9.86 5.37

10 8 30.13 9.97 5.38
12 9 29.70 9.83 5.57
14 9 29.44 9.89 5.62
16 9 30.64 10.12 5.18
18 9 30.24 10.12 5.36
20 8 29.89 9.94 5.32

Grand means 30.12 9.94 5.32
(96 observations)

Analysis of variance
Degrees of

Source freedom N p2o5 K20

Mean square3

Lab. 7 0.617* * 0.187** 0.076**
Bag 9 1.492* * 0.121* 0.278**
Exp. error 63 0.113 0.043 0.022
Dup. (lab. X bag) 8 0.220 0.014 0.0021
Measurement error 8 0.007 0.024 0.022
a Lab. and bag sources tested by experimental error. 

* Significant at 0.05 level.
** Significant at 0.01 level.

and their analysis of variance are shown in Tables 14-18. 
Most of the variability is because of the lab and bag sources. 
Differences among labs and bags are significant when tested 
against experimental error for all lots except phosphorus in 
lot B (Table 15).

The interlaboratory component of variance was calculated 
for each concentration of N, P2O5, and K2O using the expect
ed mean square formulae of Table 13 and the mean squares 
from the analysis of variance in Tables 14-18. These calcu
lated components, along with those in current use by 
AAPFCO, are shown in Table 19.

AAPFCO interlaboratory variances that were adopted 
from data reported by Quackenbush et al. (4) involved 23 
laboratories; therefore, we used 22 degrees of freedom in the 
F tests shown in Table 19. There were 6 F  ratios that were 
significant and, in each case, the AAPFCO variance was 
significantly larger than that of the present study. The inter
laboratory variance from the present study was not signifi
cantly larger than that of AAPFCO for any concentration 
except for 5% K2O, where the AAPFCO variance was zero.

The data in Table 19 tend to confirm that AAPFCO 
interlaboratory variances are appropriate for current labora
tory conditions. The significant differences found are noted; 
however, the consensus is to recommend no change in 
AAPFCO interlaboratory variances.
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Table 19. AAPFCO Interlaboratory variances and variances from present study

Interlaboratory variance6

Nutrient 
concn,a %

N p2o5 K20

AAPFCO Present F AAPFCO Present F AAPFCO Present F

5 0.023 0.006 3.83* 0.043 0.038 1.13 0.000 0.0054 -0 -
10 0.028 0.005 5.60* 0.044 0.012 3.67* 0.036 0.014 2.57
15 0.032 0.017 1.88 0.045 0.004 11.25** 0.074 0.018 4.11*
20 0.037 0.035 1.06 0.045 0.000 -0 - 0.113 0.055 2.05
30 0.045 0.041 1.10 0.047 0.106 2.26 0.190 0.015 12.66**

a Nominal concentration.
6 F= Larger MS/smaller MS. Critical F values: FM (22, 7 df) = 3.43; F.oi (22, 7 df) = 6.12;F.05(7,22df) = 2.46; F.oi (7, 22 df) = 3.59 (df stands for

degrees of freedom).
* Significant at 0.05% level. 

* * Significant at 0.01 % level.

Table 20. Confidence limits on the true mean nutrient 
levels estimated from stream samples

Lot Mean3 99% Confidence limits6

A 5.05
Nitrogen, %

±0.108
B 10.00 ±0.177
C 14.81 ±0.144**
D 19.68 ±0.759
E 28.76 ±0.900**

Phosphorus (P20 5), %
D 4.79 ±0.251
E 10.18 ±0.286
A 14.85 ±0.120**
B 20.06 ±0.300
C 30.41 ±0.459

Potassium (K20), %
E 5.40 ±0.306
D 10.41 ±0.422
C 15.50 ±0.525
B 20.20 ±0.337
A 30.28 ±0.237**

a Stream sample means.
6 * * 99 % Confidence limits do not include true analysis (see Table 3).

R epresen tativeness o f S tream  S am ple M eans

Evaluation of the representativeness of the AOAC stream 
sampling procedures was not an original objective; however, 
the data allow valid comparisons of the true analysis and 
stream sample means. Two methods were used in the evalua
tion: (a) AAPFCO IAs as the test criteria for the significance 
of the differences, and (6) confidence limits on the true 
analyses.

The first method of comparison, in which AAPFCO IAs 
were used to test the differences between the true analyses 
and the stream means, revealed that only 1 mean was below 
the true analysis by more than the IA (28.76% N for lot E; see 
Table 11, footnote a). Except for this N mean, the stream 
samples appeared to represent the true or “guaranteed analy
sis” when AAPFCO IAs are used as the test criteria.

The second method of comparison was with 99% confi
dence limits on the true mean nutrient levels estimated from 
the stream samples (Table 20). Confidence intervals for lots

C and E do not include what would be the true nitrogen (N )  
analysis, and those for lot A do not include what would be the 
true phosphorus (P2O5) and potassium (K20 )  analysis. All 
other confidence intervals include (or exceed) guaranteed 
nutrient levels. While this comparison yields 3 more inci
dences of significance than the first, it is our conclusion that 
the AOAC stream sampling method is adequate in represent
ing the true analysis of a blend.
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FOOD ADULTERATION

Detection of Orange Juice Adulteration with Beet Medium Invert Sugar Using Anion- 
Exchange Liquid Chromatography with Pulsed Amperometric Detection
KEVIN W. SWALLOW and NICHOLAS H. LOW1
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Carbohydrate analysis of 5 beet medium invert sugar (BMIS) 
samples and 10 pure orange juices was carried out using 
anion-exchange chromatography with a pulsed amperome
tric detector. This analysis revealed the presence of several 
oligosaccharides in BMIS that were in either low concentra
tion or nonexistent in the orange juice samples. These oligo
saccharides may be naturally present in sugar beets or 
synthesized during the acid and/or enzyme catalyzed hydro
lysis of sucrose during the production of BMIS. BMIS was 
intentionally added to pure orange juice at levels of 5 ,10 ,15 , 
and 20% . Subsequent liquid chromatographic (LC) analysis 
of these intentionally adulterated samples revealed that de
tection of 5%  BMIS in orange juice was possible.

Fruit juice adulteration has progressed from the addition of 
sugar and water to the addition of adulterants made specifi
cally to mask detection by regulatory agencies. Over the 
years, processors have used several methods of adulterating 
orange juice. The simplest form of adulteration is the overdi
lution of orange juice from concentrate. This form of adulter
ation can be detected by determining the Brix value of the 
orange juice (1). If this value is lower than the minimum of 
11.8° Brix set by the industry, dilution with water has oc
curred.

Blending inexpensive fruit juices with orange juice has also 
occurred. The first attempt at detecting this type of adultera
tion was by Tillmans and Kiesgen (2), who developed the 
formal index to quantitate free amino acids. Other research
ers have attempted to detect adulteration by monitoring 
changes in the concentration of various amino acids (for a 
review, see Ref. 3). Analysis of flavanone glycosides by liquid 
chromatography (LC) has been successfully used to detect 
the presence of grapefruit juice in orange juice (4).

Another major adulteration problem in the orange juice 
industry is addition of orange pulpwash to orange juice. A 
method was developed (5) to detect this type of adulteration 
using the difference in visible and ultraviolet absorption and 
fluorescence excitation and emission characteristics of or
ange juice and orange pulpwash.

Detection of orange juice adulteration has been attempted 
by the analysis of trace compounds such as phenolics (6); 
chloramine-T (7); lipids (8); minerals (9); vitamins, sugars, 
and nicotinic acid (10); and various organic acids (11). A 
microbiological assay was developed (12) to determine fruit 
content in orange juice products; however, this method has 
achieved limited success in the detection of adulterants in 
orange juice.

Analysis of 13C /12C isotope ratio has proven to be invalu
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able for detection of sugar cane and corn-derived syrups in 
orange juice (13, 14), but the detection of sugar beet syrups 
has proven to be much more difficult. Although progress has 
been made in this area by analysis o f 2H /'H  and 180 / 160  
isotope ratios (15 ,16), climatic variations in 180 / 160  isotope 
ratios and difficulty in routinely determining 2H /'H  isotope 
ratio limits the widespread use o f these methods.

Orange juice adulteration with beet medium invert sugar 
(BM IS) is perceived to be a serious problem facing the citrus 
industry because, at present, there is no method widely recog
nized for detection of BM IS in orange juice. Adulteration of 
orange juice with only 5 to 20% BM IS is o f economic concern 
to the citrus industry because the market value of orange 
juice is more than $1 billion (U .S.) annually.

The present paper describes a method using liquid chroma
tography for detection of BM IS adulteration of orange juice 
at levels as low as 5%.

Experimental

S am ple P reparation

Orange juice and BMIS samples were obtained as follows: 
3 orange juice samples (a -c) (gift of Florida Department of 
Citrus); 7 orange juice samples (d) (gift of Allan Brause); 1 
BM IS sample (e) (gift o f Alberta Sugar Co.); and 4 BMIS 
samples (f-i) (gift o f Florida Department of Citrus).

(a) Reconstituted commercial orange ju ice  concentrate.— 
Sample A , 11.73° Brix, 0.72% acid.

(b) Reconstituted orange ju ice concentrate.— (Valencia) 
prepared in Florida Department of Citrus pilot plant, 11.71° 
Brix, 0.78% acid.

(c) Reconstituted commercial orange ju ice  concentrate.— 
Sample B, 11.74° Brix, 0.78% acid.

(d) Reconstituted orange ju ice  concentrates.— Seven sam
ples 11.8 °Brix, 0.78% acid.

(e) Beet medium invert sugar (B M IS).— (Alberta Sugar 
Co.) 24.5% H 20 .

(f) BM IS.— (Amalgamated Sugar Co., Kansas) 23.6%
h 2o .

(g) BM IS.— (Holly Sugar Corp., Texas) 23.2% H 20 .
(h) BM IS.— (Holly Sugar Corp., Colorado) 22.5% H 20 .
(i) BM IS.— (Michigan Sugar Corp., Michigan) 25.1%

h 2o .
(j) Orange ju ice  (sam ple A )-B M IS .— (95 +  5) (BM IS 

from Amalgamated Sugar Co.) 11.69° Brix, 0.68% acid.
(k) Orange ju ice-B M IS .— (90 +  10) 11.68° Brix, 0.64% 

acid.
(l) Orange ju ice-B M IS .— (85 +  15) 11.68° Brix, 0.61% 

acid.
(m) Orange ju ice-B M IS .— (80 +  20) 11.72° Brix, 0.58% 

acid.
Orange juice samples were first passed through fiberglass
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wool to remove the majority of pulp. One g BMIS or 5 g of an 
orange juice sample was passed through a C-18 Sep Pak 
cartridge (Waters Associates) and 3 cm3 AG 501-X8 mixed- 
bed resin, 20-50 mesh (Bio-Rad Laboratories). Samples 
were passed through 3 cm3 AG 1-X4 anion exchange resin, 
100-200 mesh (Bio-Rad Laboratories), to remove organic 
acids. Monosaccharides were removed from the BMIS and 
orange juice by a procedure from Whistler and Durso (17) 
that was modified. Samples were stirred with 4 g activated 
charcoal, 50-200 mesh (Fisher Scientific Co.) for 17 h at 
4°C. After mixing, samples were placed on a 3 cm diameter 
column containing 4 g activated charcoal-celite (50 + 50, w/ 
w) (Fisher Scientific Co.). Approximately 99% of monosac
charides were removed from the column by washing with 1 L 
of 0.1% (v/v) ethanol adjusted to a flow rate of 10 mL/min 
by vacuum aspiration. Remaining oligosaccharides were 
eluted from the column with 500 mL of a 60°C solution of 
50% (v/v) ethanol at the same flow rate. The column effluent 
was frozen at — 70°C and dried at 30°C in a freeze dryer 
(Lab Con Co., Freeze Dry 5). Ten mL deionized water was 
added to the lyophilized BMIS and orange juice samples. 
Samples were stored at -20°C  until required for analysis. 
All samples were passed through a 0.2 /¿m nylon- 6 6  filter 
(Rainin Instrument Co., Woburn, MA) to remove particu
late matter. Ninhydrin and Bradford tests were carried out 
on samples to ensure that no amino acids or proteins were 
present.

LC Analysis of Oligosaccharides in Orange Juice and BMIS
Resulting samples were analyzed on a Dionex Bio LC 4000 

gradient liquid chromatograph containing 2 Dionex 10 ¿tm 
Carbo Pac PA1 pellicular anion exchange columns (4 X 250 
mm) connected in series. A 100 /iL sample loop was used for 
analysis of orange juice samples, while a 50 fiL sample loop 
was used for BMIS samples. Flow rate was set at 0.70 mL/ 
min. Carbohydrates were detected by a pulsed amperometric 
detector (PAD) with a gold electrode and triple pulsed am- 
perometry at a sensitivity of 10K. The electrode was main
tained at the following potentials and durations: E, = 0.05 V 
(ti = 120 ms); E2 = 0.80 V (t2 = 120 ms); E3 = —0.60 V (t3 = 
420 ms).

A postcolumn delivery system of 300 mM sodium hydrox
ide (NaOH) at a flow rate of 0.80 mL/min was used to 
prevent baseline drift. The following gradient elution was 
used to achieve separation of the oligosaccharides: 100 mM 
NaOH for 4 min; after 20 min, the mobile phase was 100 mM 
NaOH and 3 mM sodium acetate (NaOAc); after 50 min, 
the mobile phase was 100 mM NaOH and 100 mM NaOAc. 
This eluant was held for 10 min before a 300 mM NaOH 
wash was used to remove acetate ions from columns. Follow
ing the wash step, columns were re-equilibrated with 1 0 0  

mM NaOH in preparation for the next injection. Carbohy
drates eluting from the columns were plotted by a Spectra 
Physics model 4290 integrator.

Results and Discussion
The major carbohydrates present in orange juice are glu

cose, fructose, and sucrose in an approximate ratio of 1 :1 : 2

(18). More than 95% of the carbohydrate in sugar beets is 
sucrose (19). Controlled acid and/or enzyme catalyzed hy
drolysis of sucrose derived from sugar beets can be used to 
produce a BMIS with a similar glucose-fructose-sucrose 
ratio (i.e., 50% hydrolyzed). The majority of naturally occur
ring carbohydrates exist in the pyranose conformation (for a

review, see Ref. 20). Carbohydrates, such as sucrose, which 
contain a furanose ring, are more susceptible to acid hydroly
sis than oligosaccharides that contain pyranose moieties (2 1 , 
22). Therefore, acid hydrolysis of sucrose from sugar beets 
will leave most of the naturally occurring oligosaccharides 
intact.

Invertase catalyzed hydrolysis of sucrose results in the 
production of several minor oligosaccharides. Many re
searchers have observed the invertase catalyzed formation of 
oligosaccharides via transglucosylation/transfructosylation 
reactions in a number of natural foods (23-26). The origin of 
the oligosaccharides in BMIS may arise from a combination 
of the action of hydrolase enzymes in the native plant and the 
action of commercially available invertase in the production 
of BMIS.

The main commercial sources of invertase that could be 
used to hydrolyze sucrose for production of BMIS are from 
yeast, Saccharomyces cerevisiae and Saccharomyces 
uvarum (27). These enzymes, plus the invertases naturally 
present in sugar beets, all exhibit fructosidase activity (28); 
while invertase isolated from oranges exhibits glucosidase 
activity (29). The oligosaccharides formed during the natu
ral hydrolysis of sucrose in oranges would be glucose-linked 
because the only hydrolase enzymes found in oranges exhibit 
glucosidase activity. Oligosaccharides in BMIS would be 
fructose-linked because the invertases naturally present in 
sugar beets and the invertases that could be used for BMIS 
production are fructosidases. It is also possible that these 
oligosaccharides could be formed during the acid hydrolysis 
of beet sugar during the production of BMIS (30).

Initial carbohydrate analysis of orange juice or BMIS by 
LC indicated that the high concentration of monosaccharides 
present in these 2  products saturate the column’s active sites, 
obscuring further separation of the oligosaccharides present 
in these products. A purification step was introduced employ
ing charcoal/celite chromatography followed by elution with 
suitable solvents to remove approximately 99% of monosac
charides present in both orange juice and BMIS with no 
removal of oligosaccharides.

Figure 1 is an LC chromatogram showing the carbohy
drates present in pure orange juice (sample A) following 
removal of monosaccharides with charcoal/celite. Small 
amounts of glucose and fructose were still present, with elu
tion times of 14 and 16 min, respectively, while sucrose eluted 
at approximately 20 min. The other carbohydrates in orange 
juice were present in low concentrations as shown in this 
chromatogram. Analysis of 9 other pure orange juice samples 
yielded virtually identical chromatograms.

The carbohydrate elution pattern of BMIS supplied by 
Amalgamated Sugar Co. (after charcoal/celite chromatog
raphy) is shown in Figure 2. The chromatogram of BMIS 
was different from orange juice in number and concentration 
of oligosaccharides. Analysis of 4 other BMIS samples yield
ed chromatograms identical to that shown in Figure 2, except 
for slight variations in oligosaccharide concentration. The 4 
oligosaccharide peaks that eluted between 65 and 71 min 
appear to be fingerpri4nts for BMIS.

Figures 3 and 4 are chromatograms of orange juice (sam
ple A) prepared with 20% and 5% BMIS (Amalgamated 
Sugar Co.), respectively. This BMIS contained the lowest 
levels of oligosaccharides of the BMIS analyzed. These chro
matograms indicated that adulteration was clearly distin
guishable by the presence of characteristic BMIS oligosac
charides that eluted in the 65 to 71 min region. These figures
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Time. min.
Figure 1. LC chromatogram of the carbohydrates In pure orange juice sample A.

Time. min.
Figure 2. LC chromatogram of carbohydrates in BMIS (Amalgamated Sugar Co.). The 4 fingerprint oligosaccharides elute

between 65 and 71 min.
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Time. min.
Figure 3. LC chromatogram of orange Juice sample A Intentionally adulterated with 20% BMIS (Amalgamated Sugar Co.).

Time. min.
Figure 4. LC chromatogram of orange juice sample A intentionally adulterated with 5% BMIS (Amalgamated Sugar Co.).
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also indicate that there is a relationship between the extent of 
adulteration and the size of the peaks in this region of the 
chromatogram. The area under the specific peaks may be 
used (if sufficient baseline data on both orange juice and 
BMIS are known) to determine the percent adulteration of 
orange juice with BMIS. Levels as low as 1% BMIS addition 
to orange juice would appear to be detectable.

The structures of the oligosaccharides eluting between 65 
and 71 min in BMIS and orange juice have not yet been 
elucidated. Several di- and trisaccharide standards have been 
analyzed using our methodology. From standard injections 
of dextrose polymers (DP2 to DP7), retention times of the 
fingerprint oligosaccharides are less than DP4. Because the 
hydrolase enzymes in oranges and sugar beets exhibit differ
ent specificity, it is likely that the oligosaccharides eluting 
between 65 and 71 min in the BMIS chromatogram are 
different from the oligosaccharides eluting in the same region 
of the orange juice chromatogram. The possibility also exists 
that there is a low level of fructosidase activity in oranges 
that could account for the synthesis of oligosaccharides iden
tical to those found in BMIS.

Although only 10 orange juice samples and 5 beet medium 
invert samples have been analyzed, results are promising. 
The need to analyze a number of pure orange juice samples is 
recognized to ensure that the oligosaccharide patterns are 
similar to those that we have analyzed to date. We are cur
rently isolating the fingerprint oligosaccharides present in 
BMIS for structural identification. In addition, we are also in 
the process of corroborating data obtained by LC with capil
lary gas chromatographic analysis of oligosaccharides in 
BMIS and orange juice.

Conclusion
A major adulteration problem facing the orange juice in

dustry today is the addition of BMIS. Detection of this form 
of adulteration has, so far, proved elusive with the methods 
available. Analysis of trace carbohydrates in BMIS and or
ange juice by LC indicate that there are several oligosaccha
rides unique to BMIS or present in much greater concentra
tion than in orange juice. Trace carbohydrates in BMIS may 
be naturally present in sugar beets or may be formed during 
production of BMIS. Preliminary analysis of these trace 
carbohydrates indicates that adulteration of orange juice 
with BMIS at levels as low as 5% can be detected. The 
extension of this type of analysis for detection of BMIS in 
other pure fruit juices should also be possible.
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FOOD COMPOSITION

Conductometric and Colorimetric Determination of Volatile Acidity of Vinegars by Flow- 
Injection Analysis
MATTHIEU TUBINO1 and FLAVIO G. BARROS
Universidade Estadual de Campinas—UNICAMP, Instituto de Quimica, Caixa Postal 6154, 13081 Campinas, 
SP, Brazil

Recent methods for determination of the volatile acidity of 
vinegars are relatively slow (about 40 min) and involve 
techniques subject to a variety of errors (ca 2.5%). The 
present paper describes a method that provides results in a 
shorter time (ca 2 min, including dilution), with a smaller 
relative error rate (ca 1%). Conductometric analysis con
sists of the injection of the sample in a deionized water 
stream that then flows past a PTFE membrane separator. 
Acetic acid diffuses through the membrane to another deion
ized water stream that passes through a conductivity cell. 
Colorimetric analysis also consists of sample injection Into a 
deionized water stream that passes through the same PTFE 
membrane separator. However, the acetic acid diffuses into 
a bromocresol purple solution stream at pH 7. This solution 
passes through a flow cell in a spectrophotometer set at 540 
nm. Before injection, samples were treated with hydrogen 
peroxide to ensure complete oxidation of sulfite to sulfate. 
Results of the proposed method were also compared with 
another similar method. At a 95% confidence level, the 
statistical f-test Indicates no significant difference between 
them. Typical estimates of the relative standard deviations 
obtained with the new methods are ca 1%. Analyses were 
performed with red and white wine vinegars.

Since its introduction in 1974-1975 in a classic paper (1,2), 
flow-injection analysis (FIA) has been a valuable means of 
automating analyses and increasing sample output in most 
analytical laboratories. Besides being a method that permits 
many analyses in a short period of time, for analysis of 
volatile acidity of vinegars in particular, FIA systems provide 
a substantial increase in the precision of results when com
pared with traditional methods. Generally, those methods 
have many steps, which increases the rate of error.

Baadenhuijsen and Seuren-Jacobs (3) used gas diffusion 
in FIA in a determination of carbon dioxide in plasma using a 
gas-permeable membrane. Gas-permeable membranes in 
FIA systems are now widely used to transfer certain com
pounds from a donor (sample) stream to an acceptor (detec
tor) stream. The membrane transport process in a flow
through unit and its dependence on characteristic membrane 
parameters were investigated by Van der Linden (4), both 
from the theoretical and the practical points of view. Some 
volatile compounds (e.g., carbon dioxide, ammonia, and 
acetic acid) have been studied using different types of gas- 
diffusion membranes.

Gas diffusion is a very selective technique because few 
species are sufficiently volatile at room temperature. Some 
compounds (e.g., carbon dioxide, sulfur dioxide, HCN, HF, 
HC1, and acetic acid) can be measured by this technique, 
depending on the pH of the donor stream. It is also interest-
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ing to note that these species will rarely be present in the 
sample at the same time. However, some samples, such as 
beverages, present high amounts of carbon dioxide, which 
can interfere in the determination of relatively small amounts 
of sulfur dioxide. In such cases, a more selective, colored 
reagent is preferable to an acid-base indicator.

In the analysis of volatile acidity of vinegars, the only 
species in the sample that will permeate the microporous 
Teflon® membrane are acetic acid, carbon dioxide, and sul
fur dioxide. Carbon dioxide does not interfere because of the 
low pH of the sample; sulfur dioxide can be eliminated by the 
use of hydrogen peroxide.

Vinegar is a product in which 100 g contains 5 to 15.5 g 
anhydrous acetic acid produced by acetic fermentation of 
liquids containing alcohol (5). Vinegar is mainly used by 
consumers for acidification of salads and vegetables and for 
seasoning meat and fish; the food industry uses vinegar to 
preserve and season food at the same time. Nunheimer and 
Fabian (6) studied the relationship between dissociation con
stants of several acids and the inhibition of microorganisms 
in foodstuffs. They found that, when compared with citric 
acid, lactic acid, malic acid, and tartaric acid, acetic acid is a 
stronger growth inhibitor of microorganisms at a higher pH 
than other acids. Szakall (7) found that vinegar has a specific 
inhibitory effect on the growth of microorganisms, as com
pared to diluted acetic acid, whose effect is a function of acid 
concentration only. The reason for this phenomenon is not 
yet known.

Besides acetic acid and alcohol, vinegar contains second
ary constituents that contribute to its smell, taste, and pre
serving qualities. These constituents have their origin in the 
raw material, in added nutrients, and in the water used for 
dilution.

Vinegar can be analyzed for 2 different reasons: (a) for 
process control using routine methods, and (b) for a compre
hensive knowledge of its chemical constituents using special 
methods. In vinegars, it is most important to measure volatile 
acidity, fixed acidity, and total acidity.

METHOD
Samples are treated separately with a few drops of hydro

gen peroxide and then analyzed in a flow-injection system. 
The diffused acetic acid changes the conductivity [in micro
siemens (mS)] of a deionized water stream (conductometric 
method) or the color of the bromocresol purple (BCP) indica
tor solution stream (colorimetric method). Absorbances are 
read in a 10 mm flow cell at 540 nm.

Apparatus
(a) Peristaltic pump— Ismatec GJ04 mp 13 at a flow rate 

of 1.26 mL/min.
(b) Sampling valve system.—Microvolume 2-position 

sampling valve fabricated in our laboratory, made of graphit
ic Teflon.
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Figure 1. C onductom etric  flow -in jection  manifold. T = ion-exchange resin column, P  = perista ltic  pump, S  = sam ple inlet, V  = 
sam pling va lve  system , B  = w ater bath, M  = d iffusion ce ll, C  = conductance flow  ce ll, W  = waste, A 1 and A 2 = de ion ized water

stream s, and F  = 0.05M  su lfu ric  a c id  solution.

(c) Diffusion cell.—Gas-diffusion unit similar to models 
described in Refs. 4 and 8. Each block, made of acrylic resin, 
had a shallow groove 0.1 mm deep, 3 mm wide, and 5 cm 
long. Commercial PTFE (Teflon) microporous tape was 
placed between the 2 pieces; the unit was secured with 6 
screws.

(d) Conductance flow cell.—Stainless-steel flow cell (as 
described in Ref. 8) for conductance measurement. Estimat
ed volume is 60 fiL. The cell was covered with epoxy resin to 
isolate it from the water bath in which it was immersed.

(e) Conductivity meter.—Micronal, model B331 connect
ed to a chart recorder.

(f) Spectrophotometer.—Zeiss PM2D, equipped with 10 
mm flow cell (volume 50 ¿uL) connected to a chart recorder.

R e a g e n t s

Prepare all reagents from analytical reagent quality chem
icals unless otherwise specified.

(a) Acetic acid standards.—Concentrated acetic acid di
luted with boiled deionized water to produce solutions 0.2 to
0.6% in acetic acid.

(b) Bromocresol purple (BCP) solution.—(1 X 104M). 
Dissolve 0.27 g BCP in 10 mL ethanol; complete volume to 
500 mL with boiled deionized water. Take 50 mL of this 
solution and dilute with boiled deionized water to 500 mL to 
produce working solution.

A n a l y t i c a l  S y s t e m

Schematic flow diagrams for conductometric and colori
metric determinations of volatile acidity of vinegars are 
shown in Figures 1 and 2.

Conductometric analysis.—Combine injected sample (S), 
previously treated with hydrogen peroxide, with deionized 
water carrier stream (Ai) pumped at a flow rate of 1.26 mL/ 
min. Add 0.05M sulfuric acid solution (F) and mix in a 26 cm 
long coil. After mixing, acetic acid diffuses through the Tef

lon membrane separator (M ) to another deionized water 
stream (A 2) that passes through the conductivity cell. This 
deionized water stream (A 2) passes, initially, through a col
umn containing an ion-exchange resin to guarantee water 
free of ions. Immerse conductivity cell, diffusion cell, and 
resin column in a constant-temperature water bath to avo\d 
temperature changes during analysis. v

Colorimetric analysis.— Combine injected sample (S), 
treated in the same way, with deionized water stream (A |)  
pumped at a flow rate of 1.26 m L/m in. After injection, acetic 
acid diffuses through the Teflon membrane separator (M ) to 
the bromocresol purple solution stream (I) at pH 7, passing 
through a flow cell in the spectrophotometer with absorbance 
measured at a wavelength of 540 nm. To avoid C 0 2 interfer
ence (from atmosphere), flask with BCP solution should be 
protected with a tube containing solid CaCl2/N aO H /C aC l2.

P r e p a r a t i o n  o f  S a m p l e s

Add 3 to 5 drops 3.5M  hydrogen peroxide to 10 mL vine
gar in a 100 mL volumetric flask and complete volume with 
boiled deionized water. Solutions will contain ca 0.38 to 0.48 
g acetic a c id /100 mL solution.

Resu lts and D iscussion

Tables 1 and 2 show results obtained with FI A  methods 
and with the Jaulmes method (9), which is similar to the 
AO AC method (10). To statistically compare results, the 
Student’s 7-test was used (11).

Calibration curves are not linear (Figures 3 and 4); howev
er, volatile acidity can be evaluated by graphical interpola
tion with acceptable precision. Examination of calibration 
data show that the experimental curve fits the equation y  = C 
+  Bx + Ax2, where y  =  peak height, x = volatile acidity and 
A, B, and C = adjustable parameters. Student’s 7-test values 
in Tables 1 and 2 show that there is no statistical difference 
between results at a 95% confidence level.

ml. min.

W
Figure  2. Co lo rim e tric  flow -in jection  m anifo ld. P  = perista ltic  pump, S  = sam p le  inlet, V  = sam pling va lve  system , M = 

diffusion ce ll, E  = spectrophotom eter, W  = waste, A 1 = de ion ized  water stream , I = B C P  solution stream .
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Tab le  1. Vo la tile  ac id ity  of w ine v inegars (g a ce tic  a c id / 
100 m L v inegar) using conductom etric  FIA  system  and 

Jau lm es m ethod (9 ) (% )

Sample FIAa td FIA6 te Jaulmes

1(R) 4.25 0.32 _ _ 4.23
2(W) 4.41 0.16 4.41 0.16 4.40
3(R) 4.31 0.47 4.31 0.47 4.34
4(W) 4.52 0.00 4.57 0.79 4.52
5(R) 4.46 1.11 4.62 2.21 4.53
6(R) 4.46 1.90 4.67 1.42 4.58

a FIA method (Figure 3) with Teflon sampling loop, 0.9 mm id; volume,
62 pL.

6 FIA method with polyethylene sampling loop, 0.8 mm Id; volume, 
120 mL.

Note: (R) = red wine vinegar, (W) = white wine vinegar. Estimates of 
standard deviations are ±0.04 for FIA method and ±0.08 for Jaulmes. 
td and te are calculated Student f values; tabulated t value for the 
degree of freedom (v) 4 is 2.776 (a = 0.05); v =  n, ±  n2 — 2 and rii = 
n 2 =  3 in this case.

Tab le  2. Vo la tile  ac id ity  of w ine v inegars (g a ce t ic  a c id /  
100 m L v inegar) using co lo rim etric  FIA system  and 

Jau lm es m ethod (9) (% )

Sample FIAa Id FIA6 tc Jaulmes

1(R) 4.20 0.47 4.22 0.16 4.23
2(W) 4.44 0.63 4.43 0.47 4.40
3(R) 4.31 0.47 4.33 0.16 4.34
4(W) 4.52 0.00 4.53 0.16 4.52
5(R) 4.52 0.16 4.52 0.16 4.53
6(R) 4.57 0.16 4.55 0.47 4.58

a FIA method (Figure 4) with polyethylene sampling loop, 1.6 mm id; 
volume, 240 pL.

6 FIA method with tygon sampling loop, 1.14 mm id; volume, 46 /uL. 
Note: (R) = red wine vinegar, (W) = white wine vinegar. Estimates of 
standard deviations are ±0.04 for FIA method and ±0.08 for Jaulmes. 
ta and ig are calculated Student t values; tabulated t value for the 
degree of freedom (v) 4 is 2.776 (a = 0.05); v = n, +  n2 — 2 and n, = 
n2 = 3 in this case.

L o o p s

We tested many loops of different materials, volumes, and 
diameters to try to resolve a problem of retention o f acetic 
acid in the walls o f the loop. This phenomenon was responsi
ble for the increase o f peak height in the descending curve. It 
was established, empirically, that either a polyethylene loop 
(volume 120 pL, 0.8 mm id) or a Teflon loop (volume 62 pL, 
0.9 mm id) can be used in the conductometric method with
out interference from this phenomenon.

For the colorimetric method, a polyethylene loop (volume 
240 pL, 1.6 mm id) and a tygon loop (volume 46 pL, 1.14 mm 
id) presented the best results.

Figure 5 shows results from a faulty loop. For standards of 
the same acid concentration, the signal was greater for the 
decreasing order of injections.

The nonlinearity of the calibration curves is probably the 
result o f different factors. In the conductometric method, 
because acetic acid is a weak electrolyte, the relationship 
between conductivity and concentration is not linear. A  simi
lar effect occurs in the colorimetric method that is within the 
limits of the validity of Beer’s law. In both cases, the relation
ship between the diffusion rate of acetic acid through the 
membrane and concentration is not linear.

Because a complete study of the materials, sizes, and diam
eters of the loops would be an exhaustive work, an empirical 
selection was made. However, special attention must be paid 
to the choice of the size and material of the loops in initiating 
either method.

C o m p a r i s o n  w i t h  O t h e r  M e t h o d s

Traditional methods, including those of Jaulmes and Ca- 
zenave-Ferre, have 2 principal steps: distillation and titra
tion. In general, the sampling rate is 1 sam ple/h. According 
to data obtained from vinegar manufacturers, a relative error 
rate of 2.5% is considered acceptable.

The advantages of FIA are evident if one compares the 
sampling rate (60 sam ples/h) and the relative error rate 
(1.0%) of the proposed methods with those of traditional

F igu re  3. C a lib ra tion  and sam p le  runs for vo la tile  ac id ity  determ ination (conductom etric system ). Left to right: tr ip lica te  s igna ls 
fo r a ce t ic  a c id  standards (0.2, 0.3, 0.4, 0.5, and 0.6%  g a ce tic  ac id /100  m L solution). T rip lica te  s igna ls for v inegars and

standards In reverse  order. Teflon loop (62 ¿iL, 0.9 mm Id).
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Figure 4. C a lib ra tion  and sam p le  runs for vo la tile  a c id ity  determ ination (co lo rim etric  system ). Left to right: tr ip lica te  s igna ls for 
a ce tic  a c id  standards (0 .2 ,0 .3 ,0 .4 ,0 .5 , and 0.6%  g a ce t ic  ac id /100  m L solution). T rip licate  s igna ls for v inegars and standards

in reverse  order. Po lyethy lene loop (240 /llL; 1.6 mm id).

F igure 5. Runs for vo la tile  ac id ity  determ ination using fau lty loop in the co lo rim etric  system  (conductom etric  method, with 
faulty loop, presents s im ila r behavior). Left to right: tr ip lica te  signa ls for a ce tic  a c id  standards (0.2, 0.3, 0.4, 0.5, and 0.6%  g 
a ce tic  a c id /100  m L solution). T rip lica te  s igna ls for 6 vinegars; trip lica te  signa ls for standards in reverse  order. Polyethy lene

loop (27.5 n L ;  0.9 mm, id).
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methods. Although the instrumentation for the traditional 
methods is less expensive than that for FIA, the additional 
cost is not great and can easily be justified by the faster 
sampling rate.

In the present study, analyses were carried out in an appa
ratus with a steam-boiler, which permitted a sampling rate of 
4 sam ples/h. However, the apparatus that enabled standard 
deviations similar to those obtained with FIA methods is 
much more expensive than the FIA systems proposed.

A comparison between the 2 FIA methods proposed shows 
no significant difference in the precision of the results. How
ever, the colorimetric method is simpler because it needs no 
water bath and there is no confluence of strong acid (sulfuric 
acid). On the other hand, the conductometric method per
mits a more rapid sampling rate (about 7 0 /h ) than the colori
metric (about 4 0 -45 /h ).
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Health, Public Health Research Institute of Kobe City, Yamaguchi Prefectural Research Institute of Health, and Miyazaki 
Prefectural Public Health Laboratory, respectively.

Tota l d ietary fibe r w as determ ined in Japanese  foods by the 
P ro sky -A O A C  method. To accom p lish  the ana lyses of unsuit
ab le  sam p les, w e introduced a few  m inor m od ifications to the 
vers ions for (i) seaw eed  and fruits, (II) ce rea ls , and (Hi) fish 
and m eats. These m odified m ethods w ere  used together w ith 
the standard method to obtain resu lts w ith reasonably  good 
re la tive  standard deviation  for 231 foods and 21 groups of 
m ixed foods. In th is study, d ie tary  fiber w as defined so  as not 
to exc lude  the nondigestib le po lysaccha ride  portions of an i
m al foods. A  m ethod w as proposed w h ich  cou ld  estim ate 
m ore accu ra te ly  the fiber com ponents of anim al foods by 
m easuring the “ nondigestib le prote in”  of the fiber sam ple by 
the B iuret co lo rim e tric  method, instead of the KJeldahl m eth
od, to avo id  deducting the va lues for am inopo lysaccharldes. 
In Japanese  diets, the amount of fiber obtained from  anim al 
foods w as le ss  than 5%  of the tota l in take of d ietary fiber.

The method of determination of total dietary fiber (TDF) by 
the enzymatic-gravimetric method of Prosky et al. has been

Received February 20, 1990. Accepted July 24, 1990.

adopted officially by AOAC (1, 2). When applied to the 
analysis o f a number of Japanese foods, this method proved 
to be inadequate, mainly because rice and related cereals 
were consumed in large amounts as an important source of 
dietary fiber. Thus, more accurate measurements were de
sired for the correct estimation of the amount of intake of 
dietary fiber for Japanese.

On the other hand, the definition by H. C .Trowellin 1985, 
namely, that dietary fiber contains “the sum of the polysac
charides and lignin which are resistant to the digestion,” is 
generally interpreted to mean dietary fiber of plant origin
(3), and to exclude fibrous components of animal origin. 
During our analyses, we became aware o f the fact that Japa
nese foods include many kinds of fish and shellfish including 
shrimp, lobsters, crabs, and squid, together with other sea
food such as fish paste products and algae. Some of them are 
considered a good source o f chitin. This situation is reflected 
in the proposed definition by Japanese authors (4, 5) of 
dietary fiber: “The whole of nondigestible components in the 
food which is resistant against human digestive enzymes.” In
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this report, we showed the results of our study of the determi
nation of the amount of aminopolysaccharides (e.g., chitin, 
chitoacids, and chondroitin sulfates) in Japanese seafoods 
which had been deducted from the amount of TDF as a part 
of nondigestible protein.

Recently, the concept was proposed that water-soluble and 
insoluble dietary fiber should be determined separately, so 
that those data can be evaluated in terms of their physiologi
cal significance (6). Reported results in pioneering attempts 
of this kind indicate clearly that an improvement in the 
accuracy and precision of the assay method for total dietary 
fiber will provide an impetus for the determination of soluble 
and insoluble dietary fiber. Some inconsistency (e.g., IDF > 
TDF) has been reported in part of the data. Our results in this 
study indicated that a few modifications for different sample 
groups in the standard method for the determination of TDF 
would increase the ruggedness of the methods. We therefore 
introduced a few minor modifications into the Prosky method 
(1, 2) and used them to considerably reduce the relative 
standard deviations (RSDs) and to improve the applicability 
of the standard method to a much wider variety of Japanese 
foods.

Co llabo ra tive  S tudy

The collaborators and 55 laboratories that participated in 
this study were all members of Japan Association of Prefec- 
tural and Municipal Public Health Institutes (N. Kunita, 
president).

Each sample was analyzed in at least 3 laboratories and 
more than 2 results were reported by each laboratory. Each 
laboratory received up to 24 dried, defatted, and powdered 
samples of known materials. The purchase, defatting, and 
powdering of sample foods were carried out at 8 key labora
tories (of the senior author, M. Doguchi and 6 collaborators) 
located throughout Japan.

S a m p l e  P r e p a r a t i o n

Only the edible portion of each sample was analyzed; the 
percentage of discarded portion followed precisely the stan
dard nutrition table of Japanese foods (7). The wet samples 
were first freeze-dried with a Labconco VAC-STOP tray 
dryer, or equivalent, and cut or crushed roughly to large 
pieces; then, unless clearly indicated otherwise, petroleum 
ether (25 mL/g) was added and mixed well, the mixture was 
kept at room temperature for 30 min. The upper layer was 
decanted off to minimize the loss of any floating insoluble 
components, and the extraction was repeated 3 more times. 
After the last extraction, the solvent was filtered off through 
a glass filter and the residue was air-dried. After the weight 
loss was measured, the sample was ground to <0.5 mm by a 
Wiley-type grinding mill and filtered through a standard 0.5 
mm sieve (Japanese industrial standard). The ground sample 
was stored in an appropriate container which could be sealed 
so as to be semi-airtight and delivered to the laboratory 
where the analysis was carried out. When there was some 
difficulty in dispersing the sample to uniform wetness in the 
0.05 M sodium phosphate buffer (pH 6.0), or when the 
sample showed a tendency to stick to the glass wall rather 
than to disperse into the buffer, we found it absolutely neces
sary to carry out a second extraction of the residual fat. After 
the sample was weighed accurately, this second extraction 
was performed ir. the same way as the first extraction (re
peated 3-4 times). We compared a number of samples and

confirmed that the value of TDF obtained was substantially 
larger if we omitted the second extraction.

Every sample analyzed was an individual food obtained at 
a retail store. Neither locational or seasonal differences nor 
variations between plant strains were explored. Those foods 
consumed in smaller average amounts per capita per day in 
the latest national nutrition survey (2-11 items) were com
bined within each group of similar foods according to the 
relative amounts consumed, and mixed thoroughly after 
freeze-drying and powdering. The numbers of foods mixed 
were chosen to cover major amounts of consumption in each 
food group when taken together with other items in Table 1. 
The TDF for those mixed samples are listed at the end of 
Table 1.

A n a l y t i c a l  M e t h o d s

We determined only one TDF value with every duplicate 
run of the enzyme reaction, obtaining both the amounts of 
nondigestible protein (NDP) and ash for each TDF assay, so 
that we could observe the role of variation of NDP measure
ment in the RSDs of TDF values. The modified versions of 
the AOAC official method are described in Results and 
Discussion.

Biuret colorimetry for NDP was carried out by using the 
method of Gornall et al. (9). Bovine serum albumin was used 
as the standard protein at 550 nm absorption. For the solubi
lization of BSA and samples, 10% NaOH was used. In some 
samples (e.g., raw egg), the colorimetry had to be carried out 
immediately after the solubilization; otherwise the value of 
NDP decreased gradually.

C a l c u l a t i o n s

Statistical outliers for all the data of each food sample 
were rejected first by the Grubb equation (10) with 5% 
probability of error. Next, the intralaboratory average values 
were calculated for every laboratory for every food sample. 
Again, the candidates for outlier within each food were listed 
for the intralaboratory averages with 5% probability of error. 
The listed candidates for outlier were examined as to whether 
they were true or apparent outliers. If the RSD for all the 
initial data was below 20% for the food, the outlier candidate 
for the intralaboratory average was deemed to be within the 
ordinary variation; e.g., in the case of “Okara,” (i.e., soybean 
components separated from the protein fraction called “To
fu”), the intralaboratory averages of TDF for the freeze- 
dried sample were 55.7, 58.5, and 55.7. The candidate for 
outlier was 58.5. The overall RSD was 3.2% for the measured 
data of 56.2 and 55.2 in Lab. A; 58.6, 58.4, and 58.5 in Lab. 
B; and 57.3, 53.4, and 56.5 in Lab. C. The candidate was 
deemed to be within the ordinary variation, and it was con
cluded that the other 2 values coincided by chance.

R e a g e n t s

The enzymes used are specified in Table 2. The adverse 
side reactions of the enzymes used were monitored by using 
the indicated substrates (/3-glucan and citrus pectin, Sigma 
Chemical Co.) or cellulose (Asahi Kasei Co.) and running 
them through the standard (Method I) or modified (Method 
II, III) procedures together with the original AOAC method. 
The results showed that Method III gave the best recoveries 
of soluble dietary fiber like /3-glucan or pectin (data not 
shown).
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Tab le  1. Resu lts of determ ination of total d ietary fiber in Japanese  food3

Food

Systematic No. 
of Japanese 
standard nu
trition table

Total
dietary
fiber

(wet%)
RSD
(%)

Total
dietary
fiber

(dry%)
Assay
method

Oatmeal 1-4 7.46 27.1 8.25 3
Barley milled & pressed 5.26 10.3 5.93 3
Barley, milled & cut 1-6-c 5.25 36.7 5.83 13
Soft flour 1-10-a 2.12 10.9 2.40 3
White bread 1-13-a 2.55 24.0 4.41 1
Bread-type rolls 1-14-a 1.99 8.0 3.11 3
Rye bread 1-17 5.21 12.7 8.38 3
Fiber bread 3.96 14.5 6.01 3
Raisin bread 1-18 3.35 25.8 5.02 3
Soft rolls 1-19 1.83 5.2 2.64 3

Udon noodle, raw, wet 1-21-a 1.45 15.2 2.29 3
Udon noodle, boiled 1-21-b 0.99 7.1 3.63 3
Udon noodle, raw, dry 1-23-a 2.09 11.4 2.38 1
Somen-Hiyamugl noodle, raw, dry 1-24-a 2.08 29.5 2.37 1
Chinese LaoMlen noodle raw, wet 1-26-a 1.48 14.4 2.22 3
Chinese LaoMlen noodle boiled 1-26-b 1.08 12.6 2.92 3
Chinese LaoMien noodle steamed 1-27 0.97 14.6 2.71 3
Chinese cooked noodle flying-dried 1-31-a 2.43 25.9 2.87 1
Chinese cooked noodle hot air-dried 1-31-c 2.08 15.6 2.39 1
Macaroni & spaghetti, dry 1-34-a 2.72 22.2 3.04 1

Wheat germ 1-38 11.12 8.0 11.47 13
Bread crumbs 1-40 3.36 6.7 3.67 3
Brown rice grain 1-41-a 2.92 5.3 3.41 3
Half-milled rice, yield 95-96% 1-41-b 2.27 35.3 2.60 3
Under-milled r:ce, yield 93-94% 1-41-c 1.73 18.3 1.85 3
Well-milled rice 1-41-d 0.72 48.2 0.81 1
Mochl glutinous rice cake 1-47 0.33 15.3 0.59 13
Sekihan glutinous rice & azukl bean 1-48 1.56 68.8 3.01 3
Rice bran 1-57 22.20 2.3 31.56 1
Soba buckwheat noodle, boiled 1-61-b 1.62 3.0 5.12 1

Soba buckwheat noodle, raw, dry 1-62-a 4.74 19.6 5.28 1
Popcorn, popped 1-67 9.71 13.5 10.05 123
Cornflakes 1-68 2.89 8.5 2.96 13
Devil's tongue, block type 2-3 1.67 4.6 86.13 2
Devil’s tongue, noodle type 2-4 3.62 2.6 94.57 2
Sweet potatoes, raw tuber 2-5-a 2.32 14.9 7.23 1
Satoimo dasheen, raw 2-8-a 2.20 7.3 14.11 1
Potatoes, raw tuber 2-11-a 1.35 10.0 6.15 1
Potato chips, fried 2-13 3.38 6.4 5.40 1
Corn starch 2-14-h 0.30 111.5 0.34 3
Yam tuber, Ichoimo, raw 2-16 1.43 10.3 4.71 1
Nagalmo Chinese Yam, raw 2-18-a 0.87 3.3 5.32 1
Brown sugar lump 3-1 0.17 127.4 0.17 1
Honey 3-16 <0.05 — <0.06 —

Milk chocolate 4-77-b 4.02 13.5 4.05 1
Cashew nuts, roasted 6-4 3.98 20.2 8.53 1
Ginkgo, nuts, raw 6-7-a 0.62 21.2 1.52 1
Chestnuts, raw 6-8-a 3.71 9.7 9.90 1
Chestnuts, roasted 6-8-d 7.02 2.4 12.47 3
Sesame seeds dried 6-12-a 15.37 13.5 24.60 1
Sesame seeds, roasted 6-12-b 11.58 6.7 25.98 1
Peanuts, dried 6-25-a 7.66 10.1 8.43 1
Peanuts, roasted 6-25-b 8.68 17.9 14.56 1
Peanut butter 6-25-d 5.88 13.5 10.47 1
Azukl beans 7-1-a 15.97 4.4 18.52 1
Kidney beans, whole, dry 7-4-a 19.76 1.4 23.18 1
Uzuramame kidney beans, cooked 7-5 6.86 2.4 13.99 1
Garden peas, whole, boiled & frozen 12-10-b 5.21 4.7 21.93 13
Broad beans, whole, dry 7-11 19.53 3.6 22.08 1
Otafukumame broad beans, cooked 7-13 5.63 3.7 15.22 1
Soybeans, dry 7-15-a 15.03 7.7 19.40 1
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Tab le 1. (Continued)

Food

Systematic No. 
of Japanese 
standard nu
trition table

Total
dietary
fiber

(wet%)
RSD
(%)

Total 
dietary 
fiber 

(dry %)
Assay
method

Soybeans, boiled 7-15-b 7.11 20.0 21.76 1
Defatted soy beans, whole 7-18-a 15.96 6.8 17.51 1
Soybeans, roasted & ground 7-19 17.14 3.8 17.45 1
Soybean curd (Tofu), Momen medium 7-21-a 0.62 44.1 6.45 1
Soybean curd (Tofu), Kinukosl fine 7-21-b 0.35 19.1 3.10 1
Soybean curd baked (Yaki-tofu) 7-23 0.91 43.7 8.60 1
Soybean curd product steamed (Namaage) 7-24 1.71 96.2 3.58 1
Soybean curd product fried (Aburaage) 7-25 1.60 10.7 5.19 1
Ganmodoki 7-26 2.37 37.8 8.99 1

Soybean curd dried (Kori-dofu) 7-27 7.35 69.1 11.41 1
Itohiki-natto 7-29 9.60 27.1 24.84 1
Miso, sweet type 7-32-a 4.28 21.6 8.30 1
Miso, dark yellow type 7-32-c 6.42 7.7 11.58 1
Okara 7-38 9.42 3.2 58.24 1
Soy milk, reconstituted 7-39-b 0.26 25.1 2.64 1
Horse mackerel, raw, uncooked 8-4-a 1.34 74.3 5.15 4
Salmon, raw 8-77 0.30 173.0 1.16 4
Mackerel, raw, uncooked 8-84-a 0.41 56.1 1.94 4
Pacific saury, raw, uncooked 8-95-a 0.52 57.4 2.53 4

Tunas, bluefin, lean meat, raw 8-150-a 0.31 95.0 1.38 4
Oysters, raw, uncooked 8-179-a 0.26 41.6 2.44 14
Squid, raw, uncooked 8-206-a 0.57 19.6 2.69 4
Shrimp, boiled & dried, whole 8-222-a 3.89 28.9 4.65 4
Shrimp, boiled & dried, w/o shell 8-222-b 2.05 42.3 2.56 4
Fish paste, Kamaboko, steamed 8-246 0.56 29.5 2.33 4
Fish paste, Kamaboko, broiled 8-249 0.19 34.2 0.98 4
Fish paste, Chikuwa, broiled 8-250 0.46 36.2 1.60 4
Fish paste, Satsuma-age, fried 8-256 0.26 15.0 0.90 4
Beef chuck loin, total edible 9-6-d 0.58 65.7 3.05 4

Chicken, thigh, broiler 9-49-b 0.12 47.8 0.70 4
Chicken, thigh, broiler, flesh only 9-50-b 0.21 110.4 1.21 4
Swine, inside ham, separable lean 9-72 0.14 156.1 0.71 4
Ham, mixed press 9-86-f 0.36 74.3 1.21 4
Sausage, mixed 9-87-h 1.01 65.1 4.19 4
Chicken, whole egg, fresh 10-5-a 0.13 15.0 0.84 4
Ordinary liquid milk 11-2 0.22 25.6 2.37 4
Milk beverage, coffee flavored 11-5-a 0.07 88.9 0.62 1
Yogurt, whole milk, unsweetened 11-9-a 0.10 82.9 0.98 4
Lactic acid bacteria beverage 11-10-b 0.00 — 0.00 4

Skim milk powder, domestic 11-17-a 0.85 19.0 0.89 4
Process cheese 11-23 0.58 46.6 1.90 4
Asparagus, green, raw 12-4-a 1.68 3.6 23.00 1
Asparagus, green, boiled, canned 12-5 1.26 3.8 18.61 1
Kidney beans, pods, immature, raw 12-6-a 2.36 7.6 36.39 1
Green soybeans, immature, raw 12-8-a 5.44 13.3 16.63 1
Garden peas pods, immature, raw 12-9-a 2.04 3.4 20.14 1
Green peas, canned 12-11 7.74 4.6 21.22 1
Osaka-shirona, leaves, raw 12-12-a 1.51 4.4 28.38 1
Okra pods, immature, raw 12-14-a 4.59 4.1 38.54 1

Turnip root, raw 12-16-a 1.30 3.2 27.17 1
Turnip root, salted 12-16-c 1.77 1.2 20.59 1
Pumpkin, raw 12-17-a 2.99 6.3 11.04 1
Cauliflower, raw 12-20-a 1.71 4.5 28.74 1
White ground shavings, dried 12-21-a 25.84 1.5 38.78 1
Chrysanthemum, edible flowers, raw 12-22-a 2.99 1.7 28.69 1
Cabbage, raw head 12-24-a 1.42 6.4 25.11 1
Cucumber, raw fruit, whole 12-25-a 0.85 4.3 21.64 1
Nukazuke cucumber pickles, fruit 12-25-c 1.41 13.3 10.89 1
Pot herb mustard, raw leaves 12-27-a 2.01 2.0 36.96 1

Edible burdock, boiled root 12-31-b 3.58 3.0 50.98 13



No.

122
123
124
125
126
127
128
129
130

131
132
133
134
135
136
137
138
139
140

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

161
162
163
164
165
166
167
168
169
170

171
172
173
174
175
176
177
178
179
180

181
182

NISHIMUNE ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991)

Table 1. (Continued)

Food

Systematic No. 
of Japanese 
standard nu
trition table

Total
dietary
fiber

(wet% )
RSD
(% )

Total
dietary

fiber
(dry %)

Assay
method

Komatsuna, leaves, raw 12-32-a 1.73 16.0 28.42 1
Garland chrysanthemum, leaves, raw 12-39-a 1.39 5.0 32.55 12
Ginger tuber, raw 12-41-a 1.83 3.7 32.38 13
Sugukina, pickles 12-48 3.78 4.0 26.35 13
Water dropw or, raw leaves 12-49-a 2.18 4.1 30.62 1
Celery, stalk 12-50 1.93 6.4 26.08 12
Royal fern, fresh & boiled 12-51-b 3.45 6.6 53.54 1
Japanese radish immature greens 12-54 1.18 8.0 21.58 1
Japanese radisn greens 12-55-a 2.74 7.0 28.83 1

Japanese radisn 12-56-a 1.34 12.2 26.29 1
Japanese radisn, cut & dried 12-57 17.89 1.8 23.04 1
Japanese rad is i, pickles 12-58 3.79 2.6 27.92 1
Broad leaved mustard, leaves 12-65 2.42 1.9 29.42 1
Bamboo shoots, boiled 12-67-b 2.27 5.7 37.56 1
Onion, raw 12-70-a 1.50 3.3 15.26 1
Head lettuce, b jtte r head type 12-72 1.14 7.5 23.98 1
Head lettuce, crisp head type 12-73 0.96 2.8 24.92 1
Chingen tsual, leaves, raw 12-74-a 1.01 4.1 24.44 1
Wax gourd, fru it raw 12-81-a 0.84 5.2 28.18 1

Sweet corn, boiled 12-83-b 2.01 7.1 7.42 13
Tomato, raw 12-85 0.79 13.0 17.53 1
Tomato, juice, canned 12-86-b 0.52 9.3 9.83 1
Egg plant, raw 12-87-a 1.66 4.9 27.88 12
Rape, flower cluster, raw 12-91-a 2.67 1.6 28.04 1
Chinese chive, leaves raw 12-93-a 1.92 4.7 30.39 1
Carrot, raw root 12-94-a 2.55 10.0 25.11 1
Welshonion, leaf & leaf sheath 12-96 1.89 1.9 27.28 1
Nozawana, pickles, seasoned 12-99 1.69 0.4 23.71 1
Chinese cabbage, head, raw 12-101-a 1.09 1.9 23.98 1
Chinese cabbage, head, salted 12-101-b 2.03 3.7 23.93 1
East Indian lotus, root raw 12-103-a 1.11 7.2 10.62 1
Parsley 12-104 3.14 3.5 31.61 1
Sweet pepper, raw fruit 12-108-a 1.97 1.4 35.35 1
Hirosimana, leaves, raw 12-1 10-a 1.34 5.9 28.42 1
Japanese butterbur petiole, raw 12-111-a 0.98 3.1 27.70 1
Japanese butterbur petiole, boiled 12-11 1-b 1.41 4.1 85.42 13
Swiss chard leaves, raw 12-113-a 2.88 5.2 39.36 1
Broccoli, head, raw 12-114-a 2.68 2.4 28.00 1
Spinach, raw leaves 12-117-a 2.50 5.4 28.31 1

Mytsuba, leafstalk & leaves, green 12-123-a 2.26 2.3 31.81 1
Myoga, bract & flower 12-124 1.41 6.7 44.49 13
Brussels sprouts, head, raw 12-125-a 4.52 4.0 34.74 1
Soybean sprouts, raw 12-126-a 1.56 10.0 23.83 1
Mungbean sprouts 12-127-a 1.20 5.2 21.01 1
Blackgram sprouts 12-128-a 1.39 15.3 22.27 1
Lily scale, raw 12-131-a 6.97 2.8 21.46 1
Scallion, sweetened pickles 12-136 8.91 9.5 41.39 1
Shallot 12-139-a 2.17 9.5 30.96 1
Bracken, fresh, boiled 12-142-b 3.95 24.2 62.93 1

Apricot, dried 13-3 8.29 2.9 11.34 1
Strawberries, raw fruit 13-6 1.52 6.7 18.18 1
Strawberry jam 13-7 0.76 21.5 1.14 1
Figs, raw fruit 13-8 1.46 5.0 11.57 1
Satsuma mandarins, common 13-17-b 1.05 5.1 10.16 1
Satsuma mandarin fruit juice 13-19-a 0.27 108.4 3.47 2
Japanese persimmons, raw fruit 13-26-a 1.60 6.0 10.02 1
Japanese persimmons, dried fruit 13-27 10.80 4.1 20.25 1
Kiwi fruit, raw fruit 13-31 2.65 12.3 16.19 2
Grapefruit, raw w /o membrane 13-37 0.73 15.2 7.83 2

Watermelon, raw fruit 13-45 0.22 13.6 2.14 1
Japanese plum 13-47 0.77 7.2 8.21 1
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Table 1. (Continued)
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Systematic No. 
of Japanese 
standard nu
trition table

Total
dietary
fiber

(wet%)
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(%)

Total
dietary
fiber

(dry%)
Assay

method

Japanese pears 13-52-a 1.07 9.7 9.25 12
European pears w/o skin 13-52-c 1.74 2.7 12.92 1
Pineapple, raw fruit 13-58 0.92 14.3 6.45 12
Pineapple, canned 13-60 1.00 2.4 5.66 12
Bananas, raw fruit 13-64 1.48 5.2 7.02 1
Bananas, dried 13-65 6.47 6.5 25.96 1
Grapes,raw fruit 13-70 0.39 4.2 2.06 1
Raisins 13-71 4.60 6.2 20.27 12
Hybrid melon (Ams), raw fruit 13-80-a 0.41 10.7 4.05 13
Muskmelon, raw fruit 13-80-a 0.96 6.0 9.07 1
Peaches, canned with syrup 13-83-a 1.47 3.2 7.81 13
Apples, raw fruit w/o skin 13-88 1.63 6.3 11.90 1
Apple juice, single strength 13-89-a 0.08 21.4 0.63 1
Apple drink, 30% apple juice 13-89-e 0.01 100.1 0.09 1
Enokitake fungi, raw 14-1-a 2.87 7.4 26.87 1
Jew's-ear, brack, dried 14-3-a 74.18 1.6 86.32 1
Shiitake fungi, uncooked raw 14-6-a 4.54 3.6 43.20 1
Shiitake, uncooked dry 14-7-a 43.41 2.1 47.43 1

Honshimeji fungi, raw 14-9 2.30 5.6 28.02 1
Shimeji fungi, raw 14-9 3.09 3.8 30.62 1
Nameko fungi, raw, uncooked 14-11-a 1.80 4.7 34.26 1
Common mushroom, raw, uncooked 14-18-a 1.55 16.0 16.78 1
Common mushroom, boiled 14-18-b 2.23 2.6 28.33 1
Green laver, dried 15-2 38.62 6.5 44.09 12
Purple aver, dried 15-3 29.68 4.1 31.07 12
Makonbu kelp, dried 15-15 28.58 5.2 31.38 12
Konbu Kelp, salted, dry 15-20 14.61 3.7 19.64 2
Agar-agar, dry 15-26 81.29 1.7 97.31 12

Hljiki algae, boiled & dried 15-28 54.94 2.8 62.53 1
Mozuku algae, raw, desalted 15-33-b 0.65 19.1 62.29 1
Wakame algae, raw 15-34 9.90 31.4 24.65 2
Wakame, dried 15-35-a 37.95 9.8 43.73 2
Coffee, instant 16-30-c 14.18 60.1 14.80 1
Coffee drink, canned 16-31 0.08 74.1 0.93 13
Consomme, dried 17-1 0.61 21.8 0.71 13
Soy-sauce, Koikuti thicker type 17-3-a 0.81 40.1 2.73 1
Worcester sauces, common 17-5-a 0.39 48.1 1.10 1
Worcester sauces, thick type 17-5-c 1.36 15.3 4.01 1

Tomato ketchup 17-6-a 1.01 51.4 19.72 1
Mayonnaise, whole egg type 17-10-a 0.07 82.6 1.32 1
Curry roux 17-16-b 4.34 16.9 6.02 3
Dip sauce for staked beef 17 1.16 12.4 3.25 1
Sprinkling mix for rice with tea 17 2.03 15.0 2.07 1
Miso soup, precooked & dried 18 6.19 3.2 6.68 1
Gyo-za, frozen 18-3 2.10 8.3 8.46 1
Coroquettes, frozen, potato type 18-6-b 1.37 6.8 4.17 1
Shumai, frozen 18-8 1.33 34.7 3.22 14
Hamburg, frozen 18-9 1.22 4.4 3.36 4

Meat balls, frozen 18-13 1.59 19.9 5.59 4
Processed rice products, mixed 1 0.34 30.1 0.43 3
1:1 mixture of hard & medium flour 1 2.44 6.0 2.76 3
Starch noodle, potato starch, mixed 2 1.11 17.1 1.28 1
Bun with minced beef, bean, jam, etc. 4 1.16 17.5 3.45 3
Potato tips & other snacks, mixed 4 3.44 9.6 5.00 3
Cookies, mixed 4 1.60 9.6 2.00 3
Japanese crackers, mixed 4 1.37 18.3 1.43 13
Sponge-cake & other cakes, mixed 4 0.80 19.2 1.39 13
Japanese cakes & sweet pastes, mixed 4 3.47 35.6 5.41 3
Buns & desert rolls, mixed 4 2.20 16.3 3.65 3
Cooked soy beans, Yuba, mixed 7 5.65 6.1 10.45 1
Cooked green peas, Adzuki beans etc. 7 4.25 17.7 5.96 1
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244 Salted or boiled & dried fishes 8 1.27 36.3 2.88 4 23 6
245 Fishes boiled down in soy sauce 8 1.44 15.2 2.94 4 23 6
246 Garlic bulb, sweet pepper, etc., mixed 12 8.64 10.8 34.36 1 6 3
247 Komatsuna, turnip leaves, Perilla 12 1.78 2.7 27.78 1 9 3
248 Pickled vegetables, mixed 12 3.32 11.9 21.89 12 12 5
249 Orange marmalade & apricot jam 13 1.38 7.0 42.54 2 12 6
250 Fliratake & other fungi, mixed 14 3.22 3.5 30.89 1 7 3

251 Shaved dry kelp & other algae, mixed 15 18.34 3.0 26.83 2 8 4
252 Corn soup powder, hash roux, etc. 17 4.98 6.0 5.21 4 8 3

aThe first numeral of each systematic number (5) indicates the following food group. 1: cereals, 2: potatoes and starches, 3: sugars and 
sweeteners, 4: confectioneries, 6: nuts and seeds, 7: pulses, 8: fishes and shellfishes, 9: meats, 10: eggs, 11: milks, 12: vegetables, 13: fruits, 
14: fungi, 15: algae, 16: beverages, 17: seasonings and spices, 18: prepared foods.
The number in “assay method” corresponds to the method in Table 2. Two or 3 numerals in “assay method” indicate that more than one meth

od was used for the analyses. “Number of assay” and “number of laboratories” were counted after the statistical rejection of outliers. The RSDs 
for intralaboratory variation were always smaller than the RSD shown.

Tab le  2. Reagents used and the ir cond itions In m odified vers ions of o ffic ia l A O A C  method

Method I Method II Method III Method IVa

Scope of application Other samples than 
those indicated in 
Methods II—IV

Seaweed that tends 
to be solid gel. 
Fruits that contain 
much organic acids

Cereals that con
tain low TDF

Animal foods with 
low TDF and high 
protein

Samples, g 1 0.5 3 3
Termamyl (Novo 120L) 0.1 mL (120K Novo 

U/mL) 90°C X 15 min
0.1 mL 90°C X 15 min 0.3 mL 90°C X 1 h 0.3 mL 90°C X 1 h

Protease (Sigma 
P5380)

5 mg (7-15 U/mg) 
60°C X 1 h

5 mg 60°C X 1 h 15 mg 60°C X 1.5 h 15 mg 60°C X 16 h

Pepsin (Merck 7185) 15 mg (1 m Anson 
U/mg) pH 1.5, 
40° C X 16 h

Amyloglucosidase 25 mg (6 U/mg) or 25 mg or 0.3 mL 25 mg or 0.3 mL 25 mg or 0.3 mL
(Boehringer 208469 
or Sigma A9913)

0.3 mL (1.2-3K U/mL) 
60°C X 0.5 h

60°C X 0.5 h 60°C X 1 h 60°C X 0.5 h

Special note Secondary defatting 
for all samples

Secondary defatting 
for all samples

Method IV-2: The same conditions were used as in Method IV except nondigestible protein was measured by the Biuret method.

0 10 20 30 40 50

TDF (In the a ssay  sam ple, % )
Figure  1. R e la tive  standard deviation  of total d ietary fiber va lue in sam p les contain ing different leve ls  of d ietary fiber. The av 

erage value  for 247 sam p les w as 15.7%  (ana lys is  sam p le) TDF; equation for regression curve, Y  = 36.4X-0 -594.
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N D P/TD F (in  the a ssay  sam p le)
F igure  2. R e la tive  standard deviation  of total d ie tary  fiber va lue In sam p les conta in ing different le ve ls  of nondigestlb le 
protein. The co rre la tion  coe ffic ien t w a s  0.832 for 50 sam ples; equation for regression  line, Y  = 9.87 +  12.79X. S am p les w h ich  
conta ined > 5%  NDP w ere ana lyzed. To m ake  c le a r the favorab le  effect of pepsin treatment, th is figure conta ins the data re

jected  for Tab le  1, and a lso  the data obtained without pepsin treatment.

Resu lts  and D iscuss ion

The minor modifications introduced into the Prosky meth
od are summarized in Table 2. All procedures other than 
those described in Table 2 were carried out according to the 
published versions ( 1 ), except for the method of calculation 
and the method of ethanol precipitation. That is to say, only 
one TDF value was determined from every duplicate run of 
enzyme reactions, and overnight standing after the addition 
of ethanol was recommended.

Method II was introduced because of the need to reduce 
the viscosity of seaweed samples in the acid conditions of the 
amyloglucosidase reaction and to reduce acidification of the 
starting buffer (pH 6.0) by organic acids contained in the 
citrus samples and other fruits. Method III was introduced to 
increase the accuracy of data by increasing the absolute 
amount of dietary fiber precipitate weighed at the last stage 
of enzyme reactions. The rationale of the increased sample in 
this method is shown in Figure 1. The lower applicable limit 
of the enzymatic-gravimetric method seems to be about 2 % 
TDF concentration in the analytical sample (see Guidelines 
for Interlaboratory Collaborative Study Procedure (8 )).

Tab le  3. E ffect of pepsin treatm ent on d ietary fiber va lue3

Food

Dietary fiber, av. ±  SD, % (N)

Difference (%) 
(% vs Method IV)

Method IV 
w/o pepsin Method IV

Mackerel 0.37 ±0.24 (10) 0.44 ±  0.25 (10) -0 .07  (-16.1% )
t value 0.599
Av. NDP 16.37 9.73

Squid 1.35 ±0 .90 (7) 1.17 ±0 .50  (7) 0.18(15.7%)
t value 0.471
Av. NDP 6.30 4.09

Chikuwa 0.76 ±  0.30 (9) 0.67 ±  0.30 (9) 0.09(12.6%)
t value 0.600
Av. NDP 3.58 1.39

a No statistically significant difference was observed by the addition 
of pepsin treatment.

Method IV was introduced to overcome both a low content 
of dietary fiber as in Method III and a high amount of NDP. 
The logic of this modification is based on the fact that the 
relation between the RSDs of the TDF values and the N D P  
per TDF value (see Figure 2) in samples o f relatively high 
N D P content (>5%) clearly shows that the amount of N D P  
must be considerably reduced to achieve low RSDs. Actual
ly, some of the N D P obtained in Figure 2 were not nondigest- 
ible but seemed to be digestible if we applied some other 
proteases such as pepsin (see N D P values in Table 3), or if we 
had a longer digestion period. We also found that the RSD  
for N D P values was much higher than the RSD for TDF  
values in almost all food samples. Method IV was not suffi
cient for many animal foods without the pepsin treatment; if 
we omitted the pepsin treatment, we usually obtained sub
stantially larger RSDs. The N D P was measured by the 
Biuret method in Method IV-2. W e limited the use of Meth
od IV-2  to determination of the amount of underestimate of 
TDF in animal foods, with the results shown in Table 4.

The results o f determination of TDF of Japanese foods are 
shown in Table 1. The results o f Table 4 are not included in . 
Table 1. It can be seen that Prosky’s method is excellent for 
vegetables and very good for cereals and fruits when per
formed carefully, but the application to animal food was 
relatively difficult. The amounts of TDF obtained by Meth
ods IV and IV-2 are compared in Table 4. It is shown that in 
some animal foods the value of TDF is underestimated if 
N D P is measured by the Kjeldahl method. The RSDs ob
tained throughout this study by the Kjeldahl method are 
summarized in Table 5. The relation between RSDs and the 
content of TDF in the assay sample shown in Figure 1 indi
cates that when the assay sample contains less than about 2 % 
TDF, the RSD is expected to be more than 30%, and those 
samples appear to be outside the lower limit of the applicable 
range of this method ( 8). In other words, if we get a higher 
RSD in a sample which contains more than 2% TDF, there 
should be some specific reason for the variation of data. 
Many participants in this collaboration had no previous expe
rience in TDF analysis. The value of 14.5% average RSD
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Tab le  4. Resu lts  of total d ietary fiber determ ination w ith nondigestib le protein by K je ldah l method and B iuret method

Food
TDF (wet%) 

Kjeldahl Biuret
Relative 
S.D. %

No. Of 
analyses Food

TDF (wet %) 
Kjeldahl Biuret

Relative 
S.D. %

No. of 
analyses

Mackerel, raw 0.41 56.1 20 Ham, mixed press 0.36 74.3 8
0.93 41.2 22 0.56 29.0 8

Tunas, lean, raw 0.31 95.0 6 Sausage, mixed 1.01 65.1 8
0.67 36.2 6 1.23 49.3 8

Squid, raw 0.57 19.6 8 Chicken egg, whole, 0.13 15.0 10
0.52 34.8 4 fresh 0.39 29.4 10

Shrimp, whole, boiled 2.05 42.3 11 Ordinary liquid milk 0.22 25.6 10
& dried, w/o shell 5.50 34.4 11 0.28 32.8 10

Fish paste, Kamaboko, 0.56 29.5 8 Yogurt, whole milk, 0.10 82.9 8
steamed 0.65 12.9 5 unsweetened 0.15 81.1 8

Fish paste, Kamaboko, 0.19 34.2 10 Lactic acid bacteria 0 114.0 6
broiled 0.29 89.9 12 beverage 0 184.7 6

Fish paste, Chikuwa, 0.46 36.2 7 Cheese, processed 0.58 46.6 6
broiled 0.64 19.4 7 0.89 30.9 6

Fish paste, Satsuma- 0.26 15.0 10 Meat balls, frozen 1.54 16.4 20
age, fried 0.42 7.8 10 1.84 9.9 8

Beef chuck loin 0.58 65.7 6 Sea foods, mixed, 1.44 15.2 23
total edible 0.82 32.7 6 cooked, Tsukudani 2.28 24.0 10

Chicken, thigh, broiler 0.12 47.8 21 Corn soup powder & 4.98 6.0 8
1.02 78.0 14 other roux, mixed 5.17 3.2 5

Chicken, thigh, broiler 0.21 110.4 11
flesh only 0.52 38.2 11

Tab le  5. R e la tive  standard deviation  of the TDF assay  
using Methods I—IV

Av. TDF 
(wet%)

No. of 
samples

Av. RSD
(%)

No. of 
analyses

No. of 
rejected 

data

All measurements 4.81 252 19.3 3428 78
Without animal

foods and
microbial foods 5.32 220 14.5

(repeatability and reproducibility mixed) in Table 5 seems to 
be low enough when we make allowance for TDF contents as 
low as 5.32%. The reported average values for 9 unknown 
samples were 17.6% RSD for samples containing an average 
TDF of 19.1% (1 ,2 ) .

For confirmation of comparable results by a variant 
(Method III) of the official method (Method I) when applied 
to the same sample, we carried out pilot experiments and 
found that the 2 methods were comparable. The results by 
the 2 methods for various samples are shown in Table 6 . It

Tab le  6. Com parison of Method I w ith Method li la

Dietary fiber, av. ±  SD, % (N)

No. Food Method I (N) Method III (N) lll-l lll-l/l (%)

(14) Somen-Hiyamugi noodle 2.10 ±0 .62 (9) 2.28 ±  0.18(31) 0.18 8.57
(26) Well-milled rice 0.72 ±  0.34 (64) 0.82 ±  0.27 (34) 0.11 15.5

3 Barley, milled & cut 5.82 ±0 .69 (4) 4.97 ±2 .32 (8) -0.85 -14.59
21 Wheat germ 11.07 ±  0.97(10) 11.36 ±0.40 (2) 0.29 2.62
27 Mochi, glutinous rice cake 0.40 (1) 0.31 ±  0.03 (4) -0.09 -22.50
32 Popcorn, popped 10.27 ±1.17 (7) 10.19 ±0.04 (2) -0.08 -0.78
33 Corn flakes 2.89 ±0 .30 (7) 2.90 ±0.00 (3) 0.01 0.35
58 Peas, whole, boiled 5.37 ±0.21 (4) 5.00 ±0 .00 (3) -0.37 -6.89

121 Edible burdock root, boiled 3.53 ±0 .07 (8) 3.72 ±0 .03 (3) 0.19 5.38
124 Ginger tuber, raw 1.84 ±0.02 (2) 1.83 ±0 .08 (6) -0.01 -0 .54
125 Sugukina, pickles 3.81 ±0 .16 (3) 3.60 ±0 .10 (3) -0.21 -5.51
141 Sweet corn, boiled 2.08 ±0 .00 (3) 1.96 ±0.17 (5) -0.12 -5.77
157 Japanese butterbur petiole 1.42 ±0.07 (6) 1.39 ±0 .02 (3) -0.03 -2.11
162 Myoga, bract & flower 1.35 ±0 .05 (4) 1.48 ±0.09 (3) 0.13 9.63
191 Hybrid melon (Ams), raw fruit 0.43 ±0 .02 (4) 0.38 ±0 .06 (3) -0.05 -11.63
193 Peaches, canned with syrup 1.43 ±0 .06 (2) 1.50 ±0 .02 (6) 0.07 4.90
216 Coffee, drink, canned 0.07 ±  0.06 (10) 0.12 ±0 .02 (2) 0.05 71.43
217 Consomme, dried 0.76 ±  0.36 (10) 0.67 ±0 .02 (2) -0.09 -11.80
238 Japanese crackers, mixed 1.65 ±0 .07 (2) 1.23 ±0 .15 (4) -0.42 -25.45
239 Sponge cake & cakes mixed 1.06 ±0 .04  (2) 0.75 ±0 .10 (10) -0.31 -29.25

Av 2.90 0.28 (19) 2.82 0.21 (20) -0 .08 -0.92
(-2.8%  vs 2.90)

a No. corresponds to that of Table 1. Nos. 14 and 26 were results of pilot experiments for comparing the 2 methods. N <  3 means analyses by a 
single lab.
No statistically significant difference was observed between the 2 results (t values were 1.478 and 1.584 for No. 14 and No. 26, respectively).
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was also confirmed that the introduction of pepsin treatment 
did not affect the final result obtained, shown in Table 3.

To reduce the variation of TDF data, we found it impor
tant to overcome the following factors. The conditions which 
tend to increase variations o f data were (a) incomplete diges
tion of proteins, (b) too low amounts of TDF, and (c) incom
plete enzyme reaction (by incomplete hydration of sample 
with a residual fat; some enzyme inhibitory components of 
sample, etc.). The factors which tend to increase or decrease 
the value of TDF were (a) rate of discard of the food to obtain 
the edible portion, (b) incomplete extraction of the fat from 
the sample, and (c) incomplete digestion of starch (by low 
temperature, improper pH, incomplete mixing through solid 
gel formation, protected susceptibility to the amylase by 
incomplete heat denaturation of cell structures or the molec
ular structure, etc.).
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Microwave Digestion
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A  m icrow ave-ass isted  m ethod for preparing sam p les for de
term ination of e lem ents in so lid  w aste  has been deve loped 
(draft E P A  Method 3051). Validation  of the sam p le  prepara
tion method w as perform ed through a co llabora tive  study to 
determ ine its p rec is ion  and accu racy . F ifteen  Independent 
laborato ries d igested 4 National Institute of S tandards and 
Techno logy (NIST) standard re ference m ateria ls  (SR M s) 
and 1 so lvent recovery  w aste  In duplicate. D igestates w ere 
ana lyzed  for 19 e lem ents using inductive ly  coup led  p lasm a 
(ICP) em iss ion  spectroscopy. The p rec is ion  and b ia s  of the 
m ethod w ere  evaluated. W hen com pared  w ith an open ves
se l hot-p late d igestion m ethod (SW -846 Method 3050), the 
m icrow ave  method produced s im ila r ana ly tica l resu lts w ith 
better overa ll p rec is ion . B ia s  for the 1 sam p le  that a llow ed 
th is determ ination w as found to be exce llen t.

The techniques typically used to prepare Resource Conserva
tion and Recovery Act (RCRA) wastes for analysis for met
als and other elements can require several hours or even 
several days to complete. These techniques also often involve 
use of acid digestions and thermal decomposition steps, 
which may result in analyte losses, incomplete recoveries, 
and/or sample contamination. These limitations are well 
known to the analytical community and to end users of data 
produced by these methods, including the U .S. Environmen
tal Protection Agency (EPA), state agencies, and industry. 
The inefficiency o f these techniques reduces laboratory sam
ple throughput, drives up the cost of analytical testing, and 
impedes decision-making. Given these concerns, EPA is in
terested in developing cost-effective sample preparation 
techniques for metals and other elements in environmental 
and process waste samples. Once developed, these techniques 
can then be written as methods for inclusion in Test Methods 
for Evaluating Solid Waste SW-846 and made available to 
the user community (1). One of these new methods uses 
microwave-assisted sample digestion.

Microwave-assisted sample digestion is now receiving con
siderable attention and use in the laboratory. The procedure 
generally involves placing a sample in an acid solution in a 
closed vessel equipped with a pressure relief valve. The vessel 
is then subjected to microwave energy in a modified micro- 
wave oven. The conditions of high pressure generated in the 
container, coupled with the rapid heating of the sample via 
direct microwave energization of the acid molecules, can 
result in significantly reduced preparation time— from sever
al hours in a conventional convection oven, hot plate, or 
steam bath, to several minutes in the microwave oven (2 ).

Received April 13, 1990. Accepted August 9, 1990. 
'Research Associate, CEM Corp., Indian Trail, NC 28079.

Many studies have been conducted in the area of micro
wave-assisted digestion. The field has evolved since the days 
when analysts used commercially available microwave ovens 
and open vessels (3), venting via an acid trap (4), or a stream 
of C 0 2 gas (5), and the use of a partially evacuated desicca
tor that was removed and vented in a fume hood at several 
stages during the digestion (6 ). Workers now are able to 
digest an ever-growing number of matrixes ranging from 
biological materials (7 -13), to food (14-17), to geological 
materials (18-20) using sophisticated laboratory ovens and 
specially designed Teflon® digestion vessels.

Preparation of oils and soils can be performed with a 
number of microwave-based methods or techniques, depend
ing on the degree of dissolution desired. Parameters varied 
include digestion time, microwave power, and acids or com
binations of acids used. Sediments have been digested using a 
mixture of aqua-regia/HF (21), HNC>3/ 7 :3  HC1:HF (20), 
H N O 3/H C IO 4/H F  (22), and sewage sludge by H N 0 3 (23).

Microwave decomposition procedures take advantage of 
direct energy absorption by acid and water. They also rely on 
the equilibrium between microwave energy converted to 
heat, heat loss by the digestion vessels, and equipment config
urations affecting both energy processes (24). Establishing 
the temperature and pressure conditions used in the test must 
also be based on several fundamental reactions involving 
nitric acid decomposition relevant to organic and geological 
compounds. Reaction rates are controlled by the temperature 
of nitric acid. There are minimum temperatures required for 
nitric acid to efficiently oxidize particular organic com
pounds, whether it is heated by conventional methods or 
through the microwave heating mechanism (24-27). There 
are also examples of total decomposition of geological mate
rials using microwave energy that suggest appropriate target 
temperatures (28). A  balance of each of these parameters 
was used to predict appropriate test conditions. These theo
retically appropriate conditions were subjected to evaluation 
and then to validation.

Using the research cited above and temperature and pres
sure profile studies conducted by the National Institute of 
Standards and Technology (N IST ), we were able to deter
mine standardized microwave oven preparation conditions 
for oils and soils and establish a draft EPA method (Method 
3051) (29). The method uses concentrated nitric acid as the 
digestion medium. The intent is not to completely solubilize 
all elements in the sample; rather, it is to solubilize those 
elements most likely to become environmentally available, 
providing a “leach” digestion and not a “total” solubiliza
tion. Previous work has been reported on evaluation of this 
draft method at the Research Triangle Institute (RTI) using 
N IST  standard reference material (SRM ) representative of 
oils and soils (30). It was reported that this method should be
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a suitable alternative to SW -846 Method 3050, with a sub
stantial tim e/cost savings. Based on these results, a collabo
rative study of the method was conducted for final validation 
of Method 3051.

The present paper reports on results of the collaborative 
study for validation of the microwave method. Four NIST  
SRM s and 1 solvent recovery waste were digested by 15 
laboratories using the draft microwave method (Method 
3051) and SW -846 Method 3050. Analysis o f these digests 
was carried out using inductively coupled plasma (ICP) 
emission spectroscopy.

Experim enta l

M i c r o w a v e  O v e n

The M DS-81D microwave system (CEM  Corporation, 
Indian Trail, NC) was used for this study. The oven resem
bles a standard microwave oven, but is equipped with addi
tional features to facilitate sample preparation. The unit has 
a Teflon-coated microwave cavity and a variable-speed cor
rosion-resistant exhaust system. The main element of the 
system consists o f a precise variable microwave power sys
tem. Other elements include a rotating turntable, Teflon 
vessels with caps, a patented pressure relief valve, and a 
capping system. The Teflon sample vessels and caps are 
designed to withstand pressures up to 10 0  psi and tempera
tures up to 200° C.

In developing the method, temperature measurements in 
the microwave field were made using an optical fiber mea
surement system (Model 750, Luxtron Corp.). Pressure mea
surements were accomplished by bringing the pressure from 
the vessel out of the microwave cavity to a pressure transduc
er. Both measurements were electronically recorded against 
time (2, 24).

C o l l a b o r a t i v e  S t u d y  M a t e r i a l s

The collaborative study was carried out using the following 
materials: N IST SRM  2704, Buffalo River sediment; NIST  
SRM  4355, Peruvian soil; N IST  SRM  1085, wear metals in 
oil; N IST SRM  1634b, trace elements in fuel oil; and solvent 
recovery waste. To simulate a contaminated soil, a 1-to-l 
mixture of SRM  1634b and SRM  2704 was prepared and 
analyzed.

M i c r o w a v e  T e s t  M e t h o d

Reproducing conditions of the test is the key element in 
transferring this procedure and obtaining consistent results. 
The method relies on coupling microwave energy from a 
similar field strength to an identical quantity of acid. If the 
field strength is different, or if the mass of acid is changed, 
the energy transfer and resulting temperature profile will be 
different. Conditions also depend on a balance between the 
heat gained and lost from the digestion vessels. This is deter
mined by the applied microwave energy field and the heat 
loss characteristics of a particular type of vessel (24). A 
microwave calibration procedure is described in SW -846 
Method 3051. This calibration method must be used to trans
form a given instrument’s partial power settings to applied 
microwave power, in watts (24).

If the temperature profile can be reproduced under differ
ent conditions, the chemical reactions should be the same and 
produce identical results. In fact, the validation study used 2 
different sets o f conditions to produce the same results. 
Therefore, 2 sets of conditions are specified in the method- 
one for 2 vessels and one for 6 vessels. These are considered 
equivalent. The conditions produced in these alternative 
method configurations are shown in Figure 1.

In the procedure, a 0.1 to 0.5 g o f solid sample is placed in a 
120 mL vessel (< 0 .25  g, if  organic material) with 10 mL 
H N O 3; then 2 or 6 vessel groups are placed in the microwave 
with accompanying vapor trap vessels. We applied micro- 
wave power at 344 and 574 watts, respectively, to the 2 vessel 
group and the 6 vessel group for 10 min. The microwave 
energy heats the acid in each vessel to 170°C in ca 5 min.; it is 
then sustained at 170-180°C  for the balance of 10 min.

The leveling of temperature is due to heat loss o f the vessel 
that reaches a thermal equilibrium with the applied power. It 
is the balance of this applied microwave energy and heat loss 
that is primarily responsible for the temperature profile (24).

Pressure in the vessel is a combination of the partial pres
sures of nitric acid, the water contained in the acid and 
sample, and gaseous digestion products produced in the de
composition reaction. For solid samples containing small 
quantities of carbon, pressure contributed from the reaction 
is low. Pressure does not control the reaction, but is a result of 
temperature on the vessel contents and on reaction products. 
Pressure does not have a significant effect on the reaction

Figure 1. Tem perature p ro files of sam p les in 10 m L n itric  a c id  for m icrow ave-ass isted  sam ple preparation (draft Method 3051).
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rates, but it must be kept to less than the maximum pressure 
rating for the vessel. Pressures in closed microwave vessels 
cannot be predicted from temperature data because vessels 
continuously lose heat and different vessels produce different 
pressure conditions (24).

Vapor trap vessels reduce the likelihood of analyte loss 
when decomposing samples produce significant gas. This 
second vessel traps hot acid vapor and any aerosol expelled 
when the pressure relief valve of the first vessel opens. A  PFA  
Teflon tube connects the digestion vessel to the second vessel 
with a double-ported cap. A second port on the catch vessel is 
connected to the center well of the carousel to capture poten
tial venting from this overflow vessel. The acid and any 
sample condensed in the second vessel is washed back into the 
sample digestion vessel at the end of the microwave proce
dure. Vessel contents are filtered into an acid-cleaned 50 mL 
volumetric flask following digestion.

C o l l a b o r a t i v e  S t u d y  D e s i g n

The objective of the collaborative study was to validate the 
draft microwave method. This involved determination of the 
precision of the method within a single laboratory and also 
the total or between-laboratory precision of the method. In 
addition, bias of the method was evaluated for those samples 
for which known or accepted compositional values are avail
able.

A total of 15 laboratories participated in the study. Each 
laboratory was sent aliquots o f the 4 N IST  SRM s and the 
solvent waste, along with instructions and a copy of the draft 
method. Each laboratory was instructed to digest 2 repli
cates— 1 replicate to be digested under “2 vessel” conditions 
(344 watts, 10 min) and the other replicate to be digested 
under “6 vessel” conditions (574 watts, 10 min). In addition, 
each laboratory was to perform duplicate digestions using 
SW -846 Method 3050, an open vessel hot-plate acid diges

tion. All digests were forwarded to RTI where ICP analyses 
were performed.

Resu lts and D iscussion

ICP analyses were performed on the digests for the follow
ing 19 elements: silver, aluminum, boron, barium, beryllium, 
calcium, cadmium, cobalt, chromium, copper, iron, magne
sium, manganese, molybdenum, nickel, lead, strontium, va
nadium, and zinc. ICP results for the microwave method 
(now proposed as EPA Method 3051) and for Method 3050 
are shown in Tables 1 and 2, respectively. Buffalo River 
sediment, Peruvian soil, the 1 -to-1 mixture of Buffalo River 
sediment/trace elements in fuel oil, and the solvent recovery 
waste were analyzed for all 19 elements. SRM  1085, wear 
metals in oil, was analyzed for the 9 elements that are certi
fied by NIST. The number of observations varies from the 
ideal o f 30 because of exclusion of outliers and nondigested 
samples.

A comparison of results for the microwave Method 3051 
and SW -846 Method 3050 is included in Tables 3 through 7 
for Buffalo River sediment, Peruvian soil, the 1-to-l mixture 
of Buffalo River sediment/trace elements in fuel oil, wear 
metals in oil, and the solvent recovery waste. The precision is 
expressed as percent relative standard deviation (RSD) and 
is calculated as follows:

RSD, % =  X 100% 
mean

The F test was applied to compare standard deviations and 
the t test was applied to compare means at the 95% confi
dence limit. The percent difference is calculated as follows:

M, - M ,
Difference, % = ------------1 X 100%

M 2

Tab le  1. ICP ana lyses of m icrow ave  Method 3051 digests ( g g / g )

Sample3

1 2 3 4 5
Element Mean ±  SD (n )b Mean ±  SD (n) Mean ±  SD (n) Mean ±  SD (n) Mean ±  SD (n)

Ag <4.0 <4.0 234 ±  36 (22) <4.0 <4.0
Al 1.18 ±  0.14% (30) 1.92 ±  0.22% (30) 295 ±  31 (28) 0.685 ±  0.145% (21) 0.148 ±  0.027% (28)
B 34.6 ±  9.3 (30) 35.5 ±  7.5 (30) 20.7 ±  7.6 (22) 37.4 ±  7.0(25)
Ba 77.7 ±  5.9 (30) 135 ± 1 1  (30) 43.5 ±  7.9 (22) 538 ±  110(28)
Be 0.562 ±  0.068 (30) 0.493 ±  0.069 (30) 0.297 ±  0.064 (23) <0.25
Ca 2.00 ±  0.38% (30) 1.09 ±0.28%  (30) 1.13 ±0.26%  (23) 0.219 ±  0.093% (28)
Cd 3.19 ±  0.61 (29) 0.901 ±  0.227 (27) 1.50 ±0.22 (21) 4.90 ±  1.04(27)
Co 10.7 ±  1.5 (30) 10.4 ±  1.2 (30) 5.89 ±  1.27 (23) 21.9 ± 5 .0  (26)
Cr 81.7 ±  5.3 (30) 13.8 ±  1.2 (28) 293 ±  27 (30) 43.1 ±4.9(21) 161 ±  24 (26)
Cu 80.3 ±  6.9 (30) 53.4 ±  5.7 (30) 289 ±  24 (30) 41.4 ±  5.0 (23) 208 ±  33 (26)
Fe 2.96 ±0.21%  (30) 2.50 ±  0.39% (30) 311 ± 3 5  (27) 1.58 ±  0.18% (19) 0.316 ±  0.052% (26)
Mg 0.810 ±0.047%  (30) 0.705 ±0.041%  (30) 270 ±  29 (28) 0.410 ±  0.064% (23) 0.038 ±  0.009% (26)
Mn 460 ±  26 (30) 541 ±  29 (30) 238 ± 3 0  (21) 31.7 ±  5.0(26)
Mo <2.5 <2.5 238 ±  30 (30) <2.5 19.1 ±3.4(28)
Ni 36.4 ±  2.5 (27) 9.59 ±  1.10(28) 293 ±  25 (30) 30.5 ±  5.1 (23) 50.9 ±  10.0 (26)
Pb 143 ±  9 (30) 121 ± 8 (30 ) 279 ±  22 (30) 74.5 ±  8.9 (20) 437 ±  70 (26)
Sr 33.0 ±  2.0 (30) 81.0 ± 7 .0  (30) 17.5 ± 2 .0  (19) 71.1 ±  13.5(26)
V 21.0 ±  2.5 (30) 61.2 ± 5 .8  (30) 34.2 ±  6.5 (23) 9.92 ±  1.76 (26)
Zn 383 ±  26 (30) 366 ±  27 (30) 195 ±  30 (23) 748 ±  108(28)

a Sample: 1 = NIST 2704, Buffalo River sediment; 2 = NIST 4355, Peruvian soil; 3 = NIST 1085, wear metals In oil; 4=1:1 mixture of 2704 and 
1634b, trace elements In fuel oil; 5 = solvent recovery waste. 

b n = number of observations.
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Tab le  2. ICP ana lyses of Method 3050 d igests (f i g / g )

Sample3

1 2 3 4 5
Element Mean ±  SD (n)b Mean ±  SD (n) Mean ±  SD (n) Mean ±  SD (n) Mean ±  SD (n)

Ag <4.0 <4.0 172 ±  52 (24) <4.0 <4.0
AI 1.31 ±  0.37% (24) 2.55 ±  0.69% (27) 277 ±  26 (26) 0.638 ±0.170% (18) 0.141 ±  0.030% (27)
B 55.4 ±  25.8 (27) 56.8 ±21.7 (27) 23.8 ± 7 .8  (19) 39.6 ±  10.8(27)
Ba 85.3 ±  17.9(27) 160 ±  28 (27) 45.8 ± 8 .6  (19) 513 ±  132(27)
Be 0.682 ±  0.209 (25) 0.608 ±  0.115(27) 0.335 ±  0.097 (20) <0.25
Ca 1.83 ±  0.20% (27) 1.02 ±  0.12% (27) 0.932 ±  0.075% (20) 0.190 ±  0.077% (27)
Cd 3.32 ±  0.44 (27) 1.03 ±0 .20 (23) 1.67 ±0 .20 (21) 4.96 ±  0.86 (27)
Co 11.1 ± 2 .8  (27) 13.7 ±  2.8 (27) 5.89 ±  1.43 (20) 21.6 ± 8 .3  (27)
Cr 83.3 ±  14.0 (27) 17.1 ±  2.4 (25) 274 ±  34 (26) 42.3 ±  6.0 (18) 157 ±  35 (27)
Cu 83.2 ±  11.0(24) 57.0 ±  9.0 (27) 274 ±  24 (26) 39.0 ±  5.4(18) 206 ±  35 (25)
Fe 3.06 ±  0.31% (27) 2.98 ±  0.34% (25) 288 ±  26 (24) 1.52 ±0.20%  (20) 0.345 ±  0.074% (23)
Mg 0.850 ±  0.120% (27) 0.785 ±  0.097% (27) 244 ±  25 (25) 0.419 ±  0.050% (20) 0.038 ±  0.007% (25)
Mn 472 ±  57 (27) 606 ±  76 (27) 238 ±  23 (20) 31.5 ±  5.0 (25)
Mo 2.95 ±  0.90 (23) <2.5 258 ±  29 (26) <2.5 20.0 ±  4.2 (27)
Ni 37.7 ±  5.2 (27) 9.93 ±  1.46 (24) 282 ±  26 (26) 31.4 ±  5.6(19) 51.2 ±  11.7 (25)
P b 147 ±  17 (27) 131 ±  14(27) 279 ±  20 (26) 76.4 ±  8.2(18) 463 ±  83 (25)
Sr 35.0 ±  7.0 (26) 98.9 ±  19.0 (27) 17.7 ±3 .3  (20) 71.0 ±  16.8(27)
V 24.2 ±  7.2 (25) 81.4 ±  17.3 (27) 37.4 ±  10.2(19) 9.73 ±  1.86(26)
Z n 393 ±  61 (27) 401 ±  49 (27) 207 ±  24 (20) 747 ±  120 (27)

3 Sample: 1 = NIST 2704, Buffalo River sediment; 2 = NIST 4355, Peruvian soil; 3 = NIST 1085, wear metals in oil; 4=1:1 mixture of 2704 and 
1634b, trace elements in fuel oil; 5 = solvent recovery waste.

6 n = number of observations.

where Mi =  the mean of Method 3051 and M 2 =  the mean of 
Method 3050.

Because HC1 and H 2O2 are used in addition to H N O 3 for 
Method 3050, higher recoveries for Method 3050 would be 
expected. This is generally true; however, differences be
tween the 2 methods are slight. Recoveries are very similar 
for SRM  2704 (Buffalo River sediment) (Table 3), with the 
exception of boron. The large difference in boron recovery is 
probably directly attributable to leaching from the borosili- 
cate glassware used for Method 3050. Recovery differences 
range from a low of 2 % for chromium and zinc to a high of

18% for beryllium. A  comparison of method precision for 
Buffalo River sediment, as expressed in percent RSD, shows 
the microwave method to be more precise than Method 3050 
for 15 out of 17 elements (Table 3). The 2 exceptions are 
calcium and cadmium. For all 17 elements, based on the F 
test, standard deviations were significantly different at the 
95% confidence limit.

For SRM  4355 (Peruvian soil) (Table 4), differences in 
recoveries between the 2  methods are more pronounced, with 
percent differences generally ranging from 5 to 30% lower for 
the microwave method. Even so, with the exception of boron

Tab le 3. Com parison  of m icrow ave  Method 3051 and Method 3050 based on ICP ana lyses of SR M  2704, Buffalo R iver
sedim ent (/ig/g)

Element

3051 3050

Difference, %
SD equiv. at 95 % 
confidence limitMean ±  SD (n) RSD, % Mean ±  SD (n) RSD, %

Ag <4.0 <4.0
AI (%) 1.18 ±0.14 (30) 12 1.31 ± 0.37 (24) 28 -10 No
B 34.6 ± 9.3 (30) 27 55.4 ± 25.8 (27) 46 -38 No
Ba 77.7 ± 5.9 (30) 8 85.3 ±  17.9 (27) 21 -9 No
Be 0.562 ±  0.068 (30) 12 0.682 ±  0.209 (25) 31 -18 No
Ca (%) 2.00 ± 0.38 (30) 19 1.83 ±0.20 (27) 11 +9 No
Cd 3.19 ±  0.61 (29) 19 3.32 ±  0.44 (27) 13 -4 No
Co 10.7 ±  1.5 (30) 14 11.1 ±2.8 (27) 25 -4 No
Cr 81.7 ±5.3 (30) 7 83.3 ±  14.0 (27) 17 -2 No
Cu 80.3 ±  6.9 (30) 9 83.2 ± 11.0 (24) 13 -3 No
Fe (%) 2.96 ±  0.21 (30) 7 3.06 ± 0.31 (27) 10 - 3 No
Mg (%) 0.810 ±  0.047 (30) 6 0.850 ±0.120 (27) 14 - 5 No
Mn 460 ± 26 (30) 6 472 ± 57 (27) 12 - 2 No
Mo <2.5 2.95 ±  0.90 (23)
Ni 36.4 ±  2.5 (27) 7 37.7 ±  5.2 (27) 14 - 3 No
Pb 143 ± 9 (30) 7 147 ±  17 (27) 11 - 3 No
Sr 33.0 ±  2.0 (30) 6 35.0 ±  7.0 (26) 20 - 6 No
V 21.0 ±2.5 (30) 12 24.2 ±  7.2 (25) 30 -13 No
Zn 383 ±  26 (30) 7 393 ±  61 (27) 15 - 2 No

n = num ber o f obse rv a tio n s .
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Tab le  4. Com parison  of m icrow ave  Method 3051 and Method 3050 based on ICP ana lyses of SR M  4355, Peruv ian so il
(M9/9)

E lem ent

3 0 5 1 3 0 5 0

D ifferen ce, %
SD  equiv. a t 9 5 %  
co n fid en ce  limit

M ean equiv. a t 9 5 %  
co n fid en ce  limitM ean ±  SD (n) R SD , % M ean ±  SD (n) R SD , %

Ag < 4 . 0 __ __ < 4 . 0 — — —

Al (% ) 1 .9 2  ±  0 .2 2 (30) 12 2 .5 5  ±  0 .6 9 (27) 27 - 2 5 No
B 3 5 .5  ±  7 .5 (30) 21 5 6 .8  ± 2 1 . 7 (27) 3 8 - 3 8 No

B a 13 5  ±  11 (30) 8 1 6 0  ±  28 (27) 18 - 1 6 No
B e 0 .4 9 3  ±  0 .0 6 9 (30) 14 0 .6 0 8  ± 0 . 1 1 5 (27) 19 - 1 9 No

C a (% ) 1 .0 9  ±  0 .2 8 (30) 25 1 .0 2  ± 0 . 1 2 (27) 12 ± 7 No
Cd 0 .9 0 1  ±  0 .2 2 7 (27) 25 1 .0 3  ±  0 .2 0 (23) 2 0 - 1 2 Y e s No
C o 1 0 .4  ±  1 .2 (30) 12 1 3 .7  ±  2 .8 (27) 21 - 2 4 No
Cr 1 3 .8  ±  1 .2 (28) 8 17 .1  ± 2 . 4 (25) 14 - 1 9 No
Cu 5 3 .4  ±  5 .7 (30) 11 5 7 .0  ±  9 .0 (27) 16 - 6 No
F e  ( % ) 2 .5 0  ±  0 .3 9 (30) 16 2 .9 8  ±  0 .3 4 (25) 11 - 1 6 Y e s No
Mg (% ) 0 .7 0 5  ±  0 .0 4 1 (30) 6 0 .7 8 5  ±  0 .0 9 7 (27) 12 - 1 0 No
Mn 5 4 1  ±  29 .1 (30) 5 6 0 6  ±  7 6 (27) 12 - 1 1 No
Mo < 2 . 5 — — < 2 .5 — — —

Ni 9 .5 9  ±  1 .1 0 (28) 11 9 .9 3  ±  1 .4 6 (24) 15 - 3 Y e s Y e s

Pb 121 ±  8 (30) 7 131 ±  14 (27) 11 - 8 No
S r 8 1 .0  ±  7 .0 (30) 9 9 8 .9  ±  19 .0 (27) 19 - 1 8 No

V 6 1 .2  ±  5 .9 (30) 10 8 1 .4  ±  1 7 .3 (27) 21 - 2 5 No

Zn 3 6 6  ±  27 (30) 7 4 0 1  ±  4 9 (27) 12 - 9 No

n = num ber o f observations.

a g a in ,  d i f f e r e n c e s  a r e  a l l  2 5 %  o r  le s s . In  p r e l im in a r y  s tu d ie s , m e n t / t r a c e  e le m e n ts in  fu e l  o il  ( T a b l e  5 )  a r e  q u i te  s im ila r .

i t  w a s  d e te r m in e d  t h a t  P e r u v ia n  so il  is  h ig h ly  r e a c t iv e  u n d e r T h e r e  is  e x c e l le n t  a g r e e m e n t  w ith  M e th o d  3 0 5 0 .  W i t h  t h e

m ic r o w a v e  c o n d it io n s . T h is  c o u ld  a c c o u n t  f o r  lo w e r  re c o v e r - e x c e p t io n  o f  c a lc iu m , p e r c e n t  d if f e r e n c e s  ra n g e d  f r o m  0  to

ie s  i f  t h e  s o lu t io n  w a s  lo s t  t h r o u g h  v e n tin g  d u r in g  e x c e s s iv e 1 3 % . F o r  th is  n o n h o m o g e n e o u s  m a t e r ia l  c h o s e n  to  s im u la te

p r e s s u r e  b u ild u p  in  t h e  m ic r o w a v e  v e s s e l . T h e  m ic r o w a v e a n  o ily  w a s te , p r e c is io n s  f o r  t h e  2  m e th o d s  w e r e  g e n e r a lly

m e th o d  e x h ib i t s  b e t t e r p r e c is io n  f o r  1 4  o u t  o f  1 7  e le m e n ts . s im ila r .  S t a n d a r d  d e v ia t io n s  w e re  s t a t is t i c a l ly  e q u iv a le n t  a t

S t a n d a r d  d e v ia t io n s  w e re  s ig n if ic a n t ly  d if f e r e n t  w ith  t h e  e x - t h e  9 5 - p e r c e n t  c o n f id e n c e  l im it  f o r  13  o u t  o f  1 7  e le m e n ts . O f

c e p t io n  o f  c a d m iu m , ir o n , a n d  n ic k e l . U s in g  th e  t te s t  to t h e s e  1 3  e le m e n ts , 1 2  h a d  e q u iv a le n t  m e a n s  a t  th e  9 5 - p e r c e n t

compare means, of these 3 elements, only nickel was equiva- confidence limit.
lent at the 95% confidence limit. Recoveries for SRM 1085 (wear metals in oil) are general-

Recoveries for the 1-to-l mixture of Buffalo River sedi- ly higher for the microwave method than for Method 3050

Tab le  5. Com parison  of m icrow ave  Method 3051 and Method 3050 based on ICP ana lyses of 1:1 m ixture of Buffa lo R iver
sed im ent and tra ce  e lem ents in fuel o il (hq/q)

3 0 5 1 3 0 5 0
SD  equiv. a t 9 5 % Mean equiv. a t 9 5  %

Elem ent Mean ±  SD (n) R SD , % Mean ±  SD (n) R SD , % D ifferen ce, % co n fid en ce limit co n fid en ce  limit

Ag < 4 . 0 __ __ < 4 . 0 __ __ __

Al (%) 0 .6 8 5  ±  0 .1 4 5 (21) 21 0 .6 3 8  ± 0 . 1 7 0 (18) 27 ±7 Y e s Y e s
B 2 0 .7  ±  7 .7 (22) 37 2 3 .8  ±  7 .8 (19) 33 - 1 3 Y es Y e s
B a 4 3 .5  ±  7 .9 (22) 18 4 5 .8  ±  8 .6 (19) 19 - 5 Y e s Y e s
B e 0 .2 9 7  ±  0 .0 6 4 (23) 22 0 .3 3 5  ±  0 .0 9 7 (20) 29 - 1 1 No
C a (%) 1 .1 3  ±  0 .2 6 (23) 2 3 0 .9 3 2  ±  0 .0 7 5 (20) 8 ± 2 1 No
Cd 1 .5 0  ± 0 . 2 2 (21) 15 1 .6 7  ±  0 .2 0 (21) 12 - 6 Y e s No
C o 5 .8 9  ±  1 .2 7 (23) 22 5 .8 9  ±  1 .4 3 (20) 2 4 0 Y e s Y e s
Cr 4 3 .1  ±  4 .9 (21) 11 4 2 .3  ±  6 .0 (18) 14 ±2 Y e s Y e s
Cu 4 1 .4  ± 5 . 0 (23) 12 3 9 .0  ±  5 .4 (18) 14 ± 6 Y e s Y e s
F e  (%) 1 .5 8  ±  0 .1 8 (19) 11 1 .5 2  ±  0 .2 0 (20) 13 ± 4 Y e s Y e s
Mg (%) 0 .4 1 0  ±  0 .0 6 4 (23) 16 0 .4 1 9  ±  0 .0 5 0 (20) 12 - 2 Y e s Y e s
Mn 2 3 8  ±  3 0 (21) 13 2 3 8  ±  23 (20) 10 0 Y e s Y e s
Mo < 2 .5 — — < 2 . 5 — — —
Ni 3 0 .5  ±  5.1 (23) 17 3 1 .4  ±  5 .6 (19) 18 - 3 Y e s Y e s
Pb 7 4 .5  ±  8 .9 (20) 12 7 6 .4  ±  8 .2 (18) 11 - 2 Y e s Y e s
S r 1 7 .5  ±  2.1 (19) 12 1 7 .7  ± 3 . 3 (20) 19 - 1 No
V 3 4 .2  ±  6 .5 (23) 19 3 7 .4  ±  1 0 .2 (19) 2 7 - 8 No
Zn 1 9 5  ±  3 0 (23) 15 2 0 7  ±  2 4 (20) 12 - 6 Y e s Y e s

n =  num ber of obse rvations .
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Table 6. Comparison of microwave Method 3051 and Method 3050 based on ICP analyses of SRM 1085, wear metals In oil
(pg/g)

Element

3051 3050

Difference, %
SD equiv. at 95 % 
confidence limit

Mean equiv. at 95 % 
confidence limitMean ±  SD (n) RSD, % Mean ±  SD (n) RSD, %

Ag 234 ±  36 (22) 15 172 ±  52 (24) 30 + 3 6 No
AI 295 ±  31 (28) 10 277 ±  26 (26) 9 + 6 Yes No
Cr 293 ±  27 (30) 9 274 ±  34 (26) 12 + 7 Yes No
Cu 289 ±  24 (30) 8 274 ±  24 (26) 9 + 5 Yes No
Fe 311 ±  35 (27) 11 288 ±  26 (24) 9 + 8 Yes No
Mg 270 ±  29 (28) 11 244 ±  25 (25) 10 +  11 Yes No
Mo 238 ±  30 (30) 13 258 ±  29 (26) 11 - 8 Yes No
Ni 293 ±  25 (30) 8 282 ±  26 (26) 9 + 4 Yes Yes
Pb 279 ±  22 (30) 8 279 ±  21 (26) 7 0 Yes Yes

n  = number of observations.

Table 7. Comparison of microwave Method 3051 and Method 3050 based on ICP analyses of solvent recovery waste
________________________________________ (n*g/g)_________________________________________

3051 3050
----------------------------------------- ----------------------------------------- SD equiv. at 95 % Mean equiv. at 95%

Element Mean ±  SD (n) RSD, % Mean ±  SD (n) RSD, % Difference, % confidence limit confidence limit

Ag <4.0 — __ <4.0 __ __ __

AI (%) 0.148 +  0.027 (28) 18 0.141 ±  0.030 (27) 21 +5 Yes Yes
B 37.4 ±  7.0 (25) 19 39.6 ±  10.8 (27) 27 - 6 No
Ba 53 8 +  110 (28) 20 513+  132 (27) 26 +5 Yes Yes
Be <0.25 — — <0.25 — — —

Ca (%) 0.219 ±  0.093 (28) 42 0.190 +  0.077 (27) 40 +  15 Yes Yes
Cd 4.90+  1.04 (27) 21 4.96 ±  0.86 (27) 17 - 1 Yes Yes
Co 21.9 +  5.0 (26) 23 21.6 +  8.3 (27) 38 +  1 No .
Cr 161 + 2 4 (26) 15 157 ±  34.7 (27) 22 +2 No
Cu 208 ±  33 (26) 16 206 ±  35.1 (25) 17 +  1 Yes Yes
Fe (%) 0.316 ±  0.052 (26) 16 0.345 ±  0.074 (23) 21 - 8 No
Mg (%) 0.038 ±  0.009 (26) 24 0.038 ±  0.007 (25) 18 0 Yes Yes
Mn 31.7 +  5.1 (26) 16 31.5 +  5.0 (25) 16 +  1 Yes Yes
Mo 19.1+3.4 (28) 18 20.0 ±  4.2 (27) 21 - 4 Yes Yes
Ni 50.9 ±  10.0 (26) 20 51 .2+  11.7 (25) 23 - 1 Yes Yes
Pb 437 ±  70 (26) 16 463 ±  83 (25) 18 - 6 Yes Yes
Sr 71.1 ±  13.5 (26) 19 71.0 ±  16.8 (27) 24 0 Yes Yes
V 9.92 ±  1.76 (26) 18 9.73+  1.86 (26) 19 +2 Yes Yes
Zn 748 ±  108 (28) 14 747 ±  120 (27) 16 0 Yes Yes
n  = number of observations.

Table 8. ICP analysis of SRM 1085, wear metals In oil, using microwave Method 3051 ( n g / g )

Element Mean ±  SD RSD, % NIST value Bias, %

Ag 234 ±  35.9 15 291a -2 0
AI 295 +  31.1 10 296 0
Cr 293 ±  26.6 9 298 - 2
Cu 289 ±  23.8 8 295 - 2
Fe 311 ±  34.7 11 300 +4
Mg 270 ±  29.1 11 297 - 9
Mo 238 ±  30.3 13 292 -1 8
Ni 293 ±  25.0 8 303 - 3
Pb 279 +  22.1 8 305a - 8

3 Not certified.

(Table 6 ). With the exception of silver, recoveries were from 
0 to 11% higher. Lower recoveries for silver would be expect
ed for Method 3050 because of precipitation by hydrochloric 
acid. Except for silver, the precision is excellent for both 
methods. Standard deviations were equivalent for 8  out of 9 
elements. It should be noted that Method 3050 is not general
ly used for oils; SW-846 Method 3040 is normally applied.

For the solvent recovery waste, which was chosen to repre
sent a “real world” sample, recoveries are again quite similar 
(Table 7). With the exception of silver, which precipitates in 
the presence of hydrochloric acid, and calcium, recovery 
differences were from 0 to 8 %. Microwave method precision 
is superior for 13 out of 17 elements; although overall, it is 
generally similar to that obtained by Method 3050 for this 
nonhomogeneous material. For the 2 methods, standard devi
ations were equivalent for 13 out of 17 elements, and all 13 
elements had statistically equivalent means at the 95% confi
dence limit.

Because the microwave digestion method was designed to 
provide a “leach” digestion and not a “total” solubilization, it 
was only feasible to determine bias for SRM 1085 (wear 
metals in oil), where the elements are readily extracted from 
the matrix into solution. Table 8  presents a comparison of 
elemental levels obtained using the microwave method with 
NIST-certified values. Of 9 certified elements, 7 exhibit 
excellent recovery with 0 to 9% bias. Silver and molybdenum 
are low, but have generally provided poor recoveries in our 
laboratory regardless of method.
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Conclusion
Evaluation of the draft microwave digestion method 

through a collaborative study indicates that this method 
should prove a suitable alternative for SW-846 Method 3050 
with a substantial time/cost savings.

Comparison of draft Method 3051 with Method 3050 
reveals similar analytical results with overall better precision. 
Bias for the 1 sample that allowed this determination was 
found to be excellent.

In addition to equal or better precision and increased sam
ple throughput, another advantage of microwave Method 
3051 over Method 3050 is an assured uniformity of experi
mental conditions. The equipment is identical and parame
ters such as digestion time, microwave power, and volume of 
acid are strictly controlled.
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P A C K A G I N G  M A T E R I A L S

Determination o f Benzene in Polypropylene Food-Packaging M aterials and Food-Contact 
Paraffin W axes

SA N D R A  L. VARNER and H ENRY C. HOLLIFIELD
Food and Drug Administration, Division o f  Food Chemistry and Technology, Washington, DC 20204 
DENIS ANDRZEJEW SKI
Food and Drug Administration, Division o f  Contaminants Chemistry, Washington, DC 20204

An analytical procedure was developed for determination of 
benzene in polypropylene food packaging and was adapted 
for determination of benzene in commercial paraffin waxes 
intended for food-contact use. The polymer was dissolved in 
hexadecane at 150°C. The wax was melted In an 80°C oven. 
A simple helium-sparging apparatus was used to remove the 
volatile chemical from the polymer or wax. The contaminant 
was collected In methanol, distilled water was added, and 
the resulting solution was analyzed by headspace gas chro
matography. The Instrument was equipped with a 30 m fused 
silica open tubular capillary column and a photoionization 
detector. Average recoveries of benzene from polymer and 
paraffin wax at low parts-per-billion concentrations were 63 
and 70%, respectively. Limits of detection and quantitation 
for analysis of polypropylene were 8 and 17 ppb, respective
ly; the limit of quantitation for analysis of paraffin wax was 2 
ppb. In several commercial polypropylene products exam
ined, benzene levels ranged from none detected to 426 ppb. 
In 3 commercial waxes examined, concentrations of 16-73 
ppb benzene were determined. The presence of benzene 
was confirmed by gas chromatography/mass spectrometry.

Some commercial food-grade polypropylene has been found 
to contain small amounts of benzene, according to reports 
made available through industry (personal communication, 
Jerome H. Heckman, Keller and Heckman, Washington, 
DC, 1986). Low levels o f this contaminant can be present in 
the hexane used as a polymerization solvent. Polymer manu
factured by a new fast-acting catalyst system had the highest 
concentrations; levels in the low parts-per-million range were 
found in some lots. When no hexane or fast-acting catalyst 
was used, benzene concentrations were in the low parts-per- 
billion range.

Polypropylene is used to manufacture food-packaging ma
terials, such as syrup bottles, yogurt cups, and salad tubs. 
Because of its high melt temperature, some microwavable 
containers are also produced from polypropylene. With di
rect contact and extended storage times, chemicals from 
packaging materials can migrate into foods; therefore, any 
items held in benzene-containing polypropylene containers 
could become contaminated. Because the amount of migra
tion is related to concentration of the migrant in the polymer, 
it is important to determine levels of benzene.

In the work reported by industry (personal communica
tion, Jerome H. Heckman, Keller and Heckman, Washing
ton, DC, 1986), benzene was separated from polymer by 
vacuum distillation and purge-and-trap procedures and 
quantitated by gas chromatography. A  potential problem 
with both techniques is that the polypropylene is not dis
solved. As observed with styrene in polystyrene, vinyl chlo-
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ride in polyvinylchloride, and many other monomer/polymer 
systems ( 1 ), residual levels of benzene could remain trapped 
in the undissolved plastic, yielding low results and making 
quantitation of low parts-per-billion levels very difficult.

Residual levels of benzene have been determined previous
ly in styrene-containing polymers (2). The polymers were 
dissolved, and the resultant solutions were analyzed by head- 
space gas chromatography (HS-GC). Similarly, a method 
was developed in which polypropylene is dissolved before 
analysis for trace levels of benzene. The contaminant is re
moved from the resulting solution by sparging with helium, 
collected in methanol, and determined by HS-GC. (A similar 
purge-and-trap method has been used to determine vinyl 
chloride residues in polyvinyl chloride food packaging (3). 
Benzene levels as low as 8  ppb can be detected in the polypro
pylene.

Several commercial food packages were examined by this 
method, including syrup bottles, yogurt cups, salad and des
sert tubs, bottle caps, and cookie trays. For positive identifi
cation, analytical results were confirmed by mass spectrome
try (MS).

The method was subsequently modified for determination 
of benzene in paraffin wax. As a result of a manufacturing 
malfunction, commercial wax from a major producer inad
vertently became contaminated with minute amounts of ben
zene. Because some of the product was intended for food- 
contact use, a method was needed to determine benzene in 
the wax. In the modified method, paraffin wax is melted, and 
benzene is removed by sparging with helium, collected in 
methanol, and determined by HS-GC. Analytical results 
were confirmed by MS. Production lots representing 3 com
mercial waxes were monitored to assure that the problem had 
been remedied.

Experimental
A p p a ra tu s

(a) Screw-cap bottles.—1 oz narrow-mouth clear glass 
(35 ± 0.5 mL), with screw caps and Teflon-faced septa 
(Alltech Associates, Inc., Deerfield, IL 60015, Cat. Nos. 
9529,95301, and 95302).

(b) Crimp-top bottles.—40 and 100 mL clear glass (All
tech Associates, Inc.). Fermpress tools H 207 and HO 207 
(Perkin-Elmer Corp., Norwalk, CT 06859, Cat. Nos. B003- 
8134 and B003-8135) were used to cap and uncap bottles, 
respectively.

(c) Headspace sample vials.—23 mL clear glass (Perkin- 
Elmer Corp., Cat. No. 0105-0129).

(d) Septa.—Aluminum-faced with crimp-top seals and 
spacers (Perkin-Elmer Corp., Cat. No. B010-4243).

(e) Tubing.—Stainless steel, od 1/16 in. (1.6 mm), id 0.04 
in. (1.0 mm) (Alltech Associates, Inc., Cat. No. 30181).

(f) Gas chromatograph.—Perkin-Elmer Model Sigma
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2000 equipped with automated headspace sampler Model 
HS-100, subambient accessory for the column oven (Perkin- 
Elmer Corp.), and H-nu photoionization detector (HNU 
Systems, Inc., Newton Highlands, MA 02161). Operating 
conditions of headspace sampler: temperature 60° C; pres
surization time 0.5 min with helium pressure 75 kPa; injec
tion time 0.05 min; withdrawal time 0.2 min; equilibration 
time 0.5 min; and transfer line 90°C. GC operating condi
tions: column 25°C (or 30°C) for 10 min, increasing at 
30°C/min to 150°C for 5 min; detector 200°C; helium carri
er flow rate 6 mL/min; and helium make-up gas flow rate 30 
mL/min. (The subambient accessory was used to maintain 
the column at 25 or 30°C.) A 10.2 eV lamp was installed in 
the detector. Under these conditions (column 25°C), ben
zene elutes in 6.8 min. Instrument background signal was 
automatically zeroed at start of each analysis. Data were 
collected by an IBM 9000 computer with chromatography 
software package (IBM Corp., Boca Raton, FL 33432).

(g) G C  colum n.—30 m DB-1 Megabore fused silica open 
tubular (FSOT) capillary (0.53 mm id) (J & W Scientific, 
Inc., Rancho Cordova, CA 95670).

(h) G as ch rom atograph -m ass spectrom eter.—Finnigan 
Model 9500 gas chromatograph interfaced with glass jet 
separator to Finnigan MAT 3300 quadrupole mass spec
trometer, equipped with Finnigan INCOS 2300 data system 
(Finnigan MAT, San Jose, CA 95134). GC column: nickel, 2 
ft (61 cm) X 1/8 in. (3.2 mm) od, packed with SE-30 on 80/ 
100 mesh Chromosorb W-HP. GC operating conditions: in
jection port 180°C; column 95°C; separator 200°C; helium 
carrier gas. Operate mass spectrometer in multiple ion detec
tion (MID) mode with electron ionization. Monitor ions at 
m / z  78, 77, 52, 51, and 50. MS parameters: electron energy 
70 eV; filament current 0.49 mA; preamplifier 10 A/V; 
multiplier 1400 V; scan time 1.1 s. Inject headspace sample 
with solvent divert on; after 3 min, turn divert off and begin 
acquisition of MID data.

R e a g e n ts

(a) Benzene.—Certified 99 mol/% pure, thiophene-free 
(Fisher Scientific Co., Pittsburgh, PA 15238, Cat. No. B414-
1).

(b) M eth an ol.—For purge-and-trap analysis (American 
Burdick & Jackson, Muskegon, MI 49442, Cat. No. 232-1). 
Analyze by headspace sampling technique to assure absence 
of interferences at retention time of benzene.

(c) H exadecane.—99% (Aldrich Chemical Company, 
Inc., Milwaukee, WI 53233, Cat. No. H670-3). Analyze 
blank to determine suitability of particular solvent lot; sol
vent should not contain more than 3-5 ppb benzene.

(d) W ater.—Deionized, distilled, obtained from Milli-Q 
water purification system (Millipore Corp., Bedford, MA 
01730). Test under conditions of analysis to assure absence of 
substances with approximate retention time of benzene.

(e) Silicon e bath  f lu id .—High thermal stability and boil
ing point over 360°C (Thomas Scientific, Swedesboro, NJ 
08085, Cat. No. 6428).

(f) P olypropylen e p e lle ts .—Exxon 1024 homopolymer 
(Sweetheart Plastics Inc., Wilmington, MA 01887).

P rep a ra tio n  o f  S ta n d a rd s

S to c k  s ta n d a rd  so lu tion .—Accurately weigh 1 oz narrow- 
mouth bottle, screw cap, and septum. Pipet 25 mL methanol 
into bottle, cap, and reweigh. Using 50 p L  syringe, add 30 p L  
benzene to methanol by quickly uncapping bottle and inject

ing standard. (This procedure is used to avoid puncturing 
septum, which would shorten lifetime of standard.) Immedi
ately recap bottle, and thoroughly mix solution by shaking. Reweigh bottle, and calculate benzene concentration (ca 
1300 ppm). Prepare fresh stock solution every month. Stock 
solution may be stored at room temperature.

W o rk in g  s ta n d a r d  so lu tio n.— Dilute stock standard solu
tion with methanol to prepare working standard solution of 
ca 130 ppm benzene. Pipet 1 part stock standard solution into 
1 oz narrow-mouth bottle containing 9 parts methanol. 
Quickly cap bottle and thoroughly mix solution by shaking. 
Prepare fresh working standard every month. Working stan
dard may be stored at room temperature.
From above solutions of stock standard and working stan

dard, prepare headspace standards for quantitation of ben
zene. Pipet 10 mL methanol-water (5 + 5) into 23 mL 
sample vial. Using 10 p L syringe, inject predetermined vol
ume of stock standard or working standard solution into 
measured solvent and cap vial. Thoroughly mix solution by 
shaking. Prepare headspace standards daily and use for only 
one injection.
S e p a ra tio n  o f  B e n z e n e  from  P o ly p ro p y le n e

Cut polypropylene containers into pieces ca 1/4 X 1 in. (6 
X 25 mm) to fit into crimp-top bottles. Accurately weigh 10 g 
polymer and place in 100 mL bottle. Add 70 mL hexadecane 
and cap bottle, using aluminum-faced septa. Place mixture in 
150°C oven for 3 h to dissolve polymer. Remove polymer 
solution from oven and place in oil bath heated to 150°C 
(Figure 1). (Prepare oil bath by filling 400 mL beaker with 
silicone bath fluid. Place beaker on hot plate with magnetic 
stirrer and heat oil to 150°C, adjusting temperature with 
variable transformer.) Connect polymer solution to helium 
source and to trapping solvent with 1/16 in. (1.6 mm) od 
stainless steel tubing. To condense and trap volatiles purged 
from polymer, add 5 mL methanol to each of 2 headspace 
sample vials. Seal vials with aluminum-faced septa and con
nect them in series. Place vials in ice bath. Sparge polymer 
solution for 1 h with helium delivered at ca 50 mL/min flow 
rate. Pass purge gas with extracted chemicals through cooled 
methanol. After sparging, disconnect vials containing trap
ping solvent. Uncap vials, and add 5 mL deionized, distilled 
water. Reseal vials. Analyze resulting solutions by HS-GC.
S e p a ra tio n  o f  B e n z e n e  from  Paraffin  W ax

With metal spatula, break paraffin wax into pieces that 
will fit into crimp-top bottle. Weigh ca 10 g and place in 40 
mL bottle. Cap, using crimp-top seals and aluminum-faced 
septa. Place bottle in 80°C oven for 1 h to melt wax. Remove 
bottle from oven and place in oil bath heated to 80°C (Figure
1). Sparge contents of bottle and continue with the method as 
described in the previous section.
D eterm in a tio n  o f  B e n z e n e  L e v e ls

Equilibrate solutions resulting from extraction of benzene 
from polypropylene or paraffin wax for 30 min in automated 
headspace sampler heated to 60°C. After injection, maintain 
column temperature at 25°C (or 30°C) for 10 min. When 
determining benzene in polypropylene, raise column tem
perature rapidly to 150°C and maintain for 5 min to remove late-eluting components.
To calculate benzene levels in polypropylene containers or 

paraffin wax, prepare calibration curve daily from external 
headspace standards. Analyze at least 3 standards over the
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concentration range of benzene suspected to be present in 
polymer containers or wax. Add together heights of peaks 
obtained for both trapping solutions to determine total 
amount of benzene. For determinations of benzene in poly
propylene, analyze hexadecane blank; if a peak is found at 
the retention time of benzene, subtract its height from total 
peak height obtained for polymer.
R e c o v e r y  S tu d ie s

The percentage of benzene recovered from the polymer 
was determined by analyzing spiked test portions of polypro
pylene pellets. Studies were conducted at concentrations of 
ca 130, 52, and 20 ppb, with 3 determinations at each level. 
(Because of instrument malfunction, only 2 results are re
ported for the 20 and 130 ppb levels.) The polymer was 
accurately weighed and placed in a crimp-top bottle. Hexa
decane was added, and the solution was fortified with the 
prepared benzene standards. Unfortified polymer was ana
lyzed with each group of spiked test portions, and the height 
of the chromatographic peak found at the retention time of 
benzene was subtracted from the heights of the spike peaks. 
Corrected results were quantitated by comparison to the 
peak heights of standards prepared in methanol-water (5 +
5) with the same quantity of benzene as the fortified test 
portions.
The percentage of benzene recovered from the wax was 

estimated by analyzing 2 spiked test portions of commercial 
paraffin wax. The wax with the lowest benzene concentration 
was accurately weighed and placed in crimp-top bottles. Test 
portions were spiked with the prepared benzene standards at 
levels of ca 500 and 100 ppb. The amount of benzene purged 
from the fortified wax was determined from the calibration 
curve. The benzene concentration in the unspiked wax was 
subtracted, and the result compared to the spiking level to 
determine the percentage of benzene recovered.
Infrared A n a ly s is  o f  C o m m e rc ia l P o ly p ro p y le n e  P a ck a g in g

A number of commercial polypropylene food-contact ma
terials were analyzed. The products, which were examined 
after food contact, included syrup bottles, yogurt cups, salad

and dessert tubs, bottle caps, cookie trays, and catsup con
tainers. Infrared (IR) spectra were obtained to identify the 
polymeric composition of the packages as follows: pieces 1/4 
in. (6 mm) square were cut from the containers. Each section 
was placed between 2 sheets of smooth aluminum foil and 
hot-pressed into a thin (1-2 mil) film with a Rucker PHI 
Model SP-215C heated bench press. A Perkin-Elmer Model 
1430 ratio recording IR spectrophotometer was used to ob
tain the spectrum from each film. The qualitative make-up of 
each polymer product was determined from comparisons 
with standard spectra.
G C /M S  A n a ly s is  o f  C o m m e rc ia l P o ly p ro p y le n e  P a ck a g in g  
a n d  C o m m e rc ia l P araffin  W ax

Benzene was determined in samples of 3 commercial par
affin waxes. The presence of benzene in commercial polypro
pylene materials described in the previous section and in 
commercial waxes was confirmed by electron ionization 
MID GC-MS. The methanol-water (5 + 5) solutions result
ing from the extraction of benzene from the polymer and 
paraffin wax, along with standards and a methanol-water 
blank, were examined. After the headspace sample vials were 
heated in an oven at 80°C for 15 min, 2 mL headspace was 
manually injected into the instrument. Five ions present in 
the mass spectrum of benzene were monitored. Their reten
tion times and relative abundances in test portions were 
compared to those in the standards.

Results and Discussion 
M eth o d  D e v e lo p m e n t

For determination of benzene in polypropylene food-con
tact materials, a method was developed in which the polymer 
was dissolved to enable more efficient extraction of the ana
lyte from the matrix. A benzene-free solvent was sought that 
would dissolve the polymer in a relatively short time and at a 
reasonable temperature. Hexadecane met these criteria. At 
150°C, 10 g polypropylene dissolved in 70 mL hexadecane in 
2-3 h. The weight of polymer to be analyzed (10 g) was 
chosen on the basis of a compromise between sensitivity and
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Figure 2. Headspace gas chromatogram of 20 ppb benzene standard, prepared in methanol-water (5 + 5). Columntemperature was 30°C.

dissolution time. The polymer-solvent mixtures were held in 
the oven for 3 h to assure that all packaging pieces completely 
dissolved.
After the polypropylene was dissolved, the benzene con

centration could be determined by HS-GC. However, direct 
headspace analysis of the polymer solutions resulted in a high 
detection limit (about 500 ppb) because the high solubility of 
benzene in hexadecane led to a low concentration in the 
headspace. To reduce the detection limit, a purge-and-trap 
method was developed to transfer the benzene from the poly
mer solution into a solvent in which it is less soluble, and to 
concentrate it in a small volume of solution.
A simple purge-and-trap apparatus was constructed (Fig

ure 1). To prevent solidification, the polymer solution was 
placed in an oil bath heated to 150°C. The polymer solution 
and the methanol used as the trapping solvent were contained 
in bottles and vials sealed with aluminum-faced septa. (Tef
lon linings are typically used to prevent adsorption of vola
tiles into rubber septa; however, Teflon has been reported to 
adsorb low levels of benzene (4).) All connections were made 
with 1/16 in. (1.6 mm) stainless steel tubing. The tubing was 
pushed through the septa to form gas-tight connections. (The 
connections were tested to ensure that no leakage occurred.) 
A small piece of septum material was removed when the steel 
tubing was forced through. To prevent these plugs from 
blocking the connections, small holes were drilled in the sides 
of the tubing about 1/4 in. (6.4 mm) from both ends. The 
tubing connected to the polymer solution occasionally be
came blocked. This difficulty was overcome by using wide- 
bore tubing of 0.04 in. (1.0 mm) id and by closely monitoring 
the sparging operation. After each analysis, the tubing was 
rinsed with hot hexadecane followed by ethyl ether.
To trap the benzene that was sparged from the polypropyl

ene, a solvent was needed that was not contaminated with 
benzene, that did not contain any interferences, and in which

benzene was soluble. Methanol manufactured for purge-and- 
trap analysis was the solvent of choice. Two traps of 5 mL 
each were used to collect the purged benzene; small amounts 
of the chemical were found in the second volume of methanol. 
Deionized, distilled water was added to the collection vials 
after sparging to lower the solubility of benzene and thus 
increase the sensitivity of the method.
The resulting solutions were analyzed by HS-GC. The 

injection conditions were chosen on the basis of a compromise 
between detection limit and resolution, i.e., greater pressur
ization and longer injection times resulted in higher sensitiv
ity but poor separation. A Megabore FSOT capillary column 
was used for separations. These columns have a larger capac
ity than smaller bore capillaries, and good resolution was 
obtained with headspace injections. A column temperature 
of 30°C was used for initial analyses. Because of interfer
ences present in some of the polymer packaging products, the 
temperature was decreased to 25°C to improve resolution. 
To clean the column of any late-eluting compounds, the 
temperature was increased to 150°C at the end of each analysis.
A flame ionization detector (FID) was connected to the 

gas chromatograph for the initial method development work. 
The methanol-water (5 + 5) solvent yielded a large tailing 
peak that interfered with the measurement of benzene. To 
eliminate the solvent background, a photoionization detector 
was installed with a 10.2 eV lamp, which eliminated the 
detector response for water and methanol. This detector is 
also more sensitive than the FID for determination of aro
matic hydrocarbons.
The GC system was equilibrated each day before analyses 

by injecting the headspace from 1 p L benzene in sample vial, 
followed by 3 headspace injections of 500 ppb benzene stan
dards. Because the peak heights were still somewhat inconsis
tent, benzene standards were injected before each analysis of
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RETENTION TINE (MINUTES)
Figure 3. Headspace gas chromatograms from analysis of polypropylene pellets spiked with 20 ppb benzene. Column temperature was 30°C. Chromatograms labeled vial 1 and vial 2 represent analyses of first and second volumes of trapping solution, respectively.

packaging to enable more accurate quantitation. To calcu
late the total concentration of benzene, the heights of the 
peaks obtained for both trapping vials were summed.
E v a lu a tio n  o f  M e th o d

A headspace gas chromatogram of 20 ppb benzene in 
methanol-water (5 + 5) is shown in Figure 2. The retention 
time of benzene is 5.8 min with a column temperature of 
30°C. (When the column is cooled to 25°C, benzene elutes in
6.8 min.) The other peaks represent contaminants present in 
the water. Analyses of methanol-water blanks showed no 
peaks at the retention time of benzene. Blanks of hexadecane 
that were analyzed by the method described above had levels 
of 3-5 ppb benzene. The calibration curves, prepared from 
external headspace standards, were linear over the concen
tration range examined-13 ppb to 1 ppm benzene.
The limit of detection (LOD) has been defined as the 

lowest concentration that is statistically different from an 
analytical blank. In accordance with the American Chemical 
Society (ACS) recommendation that this value be calculated 
as the blank signal plus 3 times its variability (5, 6), the LOD 
for determination of benzene in polypropylene by this meth
od is 8 ppb. The concentration above which numerical results 
may be determined with a specified degree of confidence is 
the limit of quantitation (LOQ). The ACS suggests that this 
value be calculated as the blank signal plus 10 times its 
variability, which corresponds to an uncertainty of ±30% at 
the 99% confidence level (5, 6). The LOQ for determination 
of benzene in polypropylene by this method is 17 ppb.
Recovery studies were carried out at spiking levels of 130, 

52, and 20 ppb benzene. Chromatograms from analysis of 
polypropylene pellets fortified with 20 ppb benzene are 
shown in Figure 3. As stated previously, a small peak is

present at the retention time of benzene in the chromatogram 
for the second trapping vial. (Twenty-five percent or less of 
the benzene was in the second trapping vial. The percentage 
varied with the concentration of benzene.) The other peaks 
represent additional volatile compounds found in the poly
mer or reagent blank. Unfortified test portions of the poly
propylene pellets had an average of 15 ppb benzene. The 
results of the evaluation are summarized in Table 1. Benzene 
recoveries from polypropylene ranged from 54 to 72%, with 
averages of 70% (coefficient of variation (CV) = 2.8%) at 
130 ppb, 64% (CV = 5.5%) at 52 ppb, and 55% (CV = 1.4%) 
at 20 ppb. Benzene recoveries became somewhat lower as 
fortification concentrations decreased.
B e n z e n e  L e v e ls  in  P o ly p ro p y le n e

A number of commercial polypropylene food-packaging 
materials were examined for benzene by the HS-GC method 
described here. (IR spectra confirmed that the containers 
were manufactured from polypropylene.) Chromatograms 
from the analysis of a whipped topping container are dis
played in Figure 4. The heights of the peaks at the retention 
time of benzene correspond to a total concentration of ca 8 
ppb.
Table 1. Recovery of benzene from spiked polypropylene pellets

Benzene added,
ppb Ree., %a

20 54, 56
52 69, 58, 64

130 72, 68

a Each value represents a single determination.
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RETENTION TIME (MINUTES)
Figure 4. H eadspace  gas chrom atogram s from  ana lys is  of whipped topping container. Co lum n tem perature w as 30 °C. 
Chrom atogram s labe led  v ia l 1 and v ia l 2 represent ana lyses of first and second vo lum es of trapping solution, respective ly . The

apparent benzene concentration  Is 8 ppb.

The number of extraneous peaks in the chromatograms 
varied between packaging products because of the different 
additives and manufacturing processes used, and/or because 
of the different components absorbed from the foods stored 
in the packaging. In all cases, the benzene peak was suffi
ciently resolved from the neighboring peaks to allow accurate 
peak height measurements and, hence, quantitation. Analy
ses of several blanks of hexadecane found 3-5  ppb benzene. 
(The peak height value was subtracted from values obtained 
for the unknowns before benzene concentrations were calcu
lated.) Calibration curves were obtained on each day by 
analyzing 3 external headspace standards.

Apparent levels o f benzene found in polypropylene pack
ages are summarized in Table 2 (results are not corrected for 
recovery). Concentrations ranged from none detected to 515 
ppb. The average level o f benzene found in the packaging 
products was 133 ppb. Yogurt cups and dessert tubs ap
peared to contain the highest levels.

To confirm the identity o f benzene, 8 of the packages were 
re-examined by M ID GC-M S, as indicated in Table 2. Fresh 
test portions were analyzed. Ions at m/z  78, 77, 52, 51, and 
50 were monitored. Retention time and relative abundance of 
the ions were determined by analyzing benzene standards; 
the concentrations of the standards were comparable to levels 
found in the polymer packaging by HS-GC. Blanks of metha
nol-water (5 +  5) were interspersed between standards and 
test portions to ensure the absence of carry-over from the 
previous injection.

Based on agreement of retention time and relative abun
dance for the ions monitored in the test portions compared 
with the same data for the standards, the identity of benzene 
was confirmed in the 8 polypropylene containers. Benzene

concentration ranges for the packages were estimated by 
comparing responses observed for m/z  78 from known 
amounts of standard with responses recorded from the test 
portions. These approximate benzene levels were similar to 
those obtained by HS-GC for 5 of the food-contact materials. 
However, for the salad tubs previously determined to contain 
515 and 385 ppb benzene, the M ID M S data indicated lower 
concentrations (less than 100 ppb). The third salad tub, with
92.2 ppb benzene, was estimated to contain less than 50 ppb 
by G C /M S. Thus, because some polypropylene food packag
ing may contain a component(s) that elutes at the same time 
as benzene, the identity and concentration of benzene should 
be confirmed by MS.

Tab le  2. Benzene leve ls  found In polypropylene food 
packag ing

Product Benzene level, ppba

Syrup bottle A, B, C, D (17), 23, ND, ND
Syrup bottle E, F, G, ND, 52, 46
Whipped topping tub A, B, C ND, (8), 60*
Yogurt cup A, B 4 2 6 ,*  256*
Dessert tub A, B 188, 370
Salad tub A, B, C 5 1 5 ,* *  3 8 5 ,* *  9 2 * *
Bottle caps A, B, C 6 3 ,*  165, 112
Catsup bottle (15)
Cookie tray 111*

a Values in parentheses =  concentrations >L O D  (8 ppb) and <LOQ 
(17 ppb). Each value represents a single determination. ND =  None 
detected.
* =  Identity and concentration confirmed by MS.
* *  =  MS analysis indicated lower concentrations (< 1 0 0 , < 1 0 0 , < 5 0  
ppb, respectively).



VARNER ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991) 373

RETENTION TIME (MINUTES)
Figure 5. H eadspace  gas chrom atogram s from  ana lys is  of paraffin wax. Chrom atogram s labe led  v ia l 1 and v ia l 2 represent 

ana lyses of first and second  vo lum es of trapping solution, respective ly . The apparent benzene concentration  is  16 ppb.

M o d i f i c a t i o n  o f  M e t h o d  f o r  P a r a f f i n  W a x

The method developed for quantitation of benzene in poly
propylene was modified for its determination in paraffin wax. 
Because of the low melting point o f wax, a solvent did not 
have to be added to dissolve it. When placed in an 80°C  oven, 
test portions melted in 30-60  min. After 1 h, the melted wax 
was taken out of the oven, and the benzene was removed from 
the wax by using the simple purge-and-trap apparatus shown 
in Figure 1. To prevent solidification, the wax was placed in 
an oil bath heated to 80°C. The test portions and the metha
nol used as the trapping solvent were in bottles and vials 
sealed with aluminum-faced septa. After the wax was 
sparged, with helium for 1 h, vials containing the trapping 
solvent were disconnected, and deionized, distilled water was 
added. The 1 /16  in. (1.6 mm) od tubing connected to the 
paraffin wax in the sparging set-up became blocked when 
cooled to room temperature after analysis; therefore, the 
tubing was rinsed with chloroform between determinations.

The solutions containing methanol-water (5 +  5) and 
purged volatiles were analyzed by HS-GC as described previ
ously. The chromatographic column was conditioned each 
day by injecting standards containing high levels of benzene. 
Standards were also injected before analysis of each wax. To 
calculate the total concentration of benzene, the heights of 
the peaks obtained for both trapping vials were summed.

By defining the limit of quantitation as that concentration 
yielding a peak height 10 times the level of the background 
noise (5), 2 ppb benzene can be determined. This limit varied 
with the age of the detector lamp; with a new lamp, lower 
concentrations of benzene could be determined.

Recovery studies were carried out with fortifications at 
101 and 504 ppb benzene. Because of the limited supply of

paraffin wax, only 1 determination was conducted at each 
concentration. The amounts of benzene recovered were 67 
and 73%, respectively. Recoveries are similar to those ob
tained for determination of benzene in polypropylene.

Commercial paraffin waxes were examined for benzene by 
the HS-GC method developed. Figure 5 shows chromato
grams from 1 of the analyses. After peak heights obtained for 
both trapping vials at the retention time of benzene were 
added together, the wax was calculated to contain 16 ppb of 
the contaminant. Only a few other peaks appear in the chro
matograms: These peaks are minor and do not appear close to 
the retention time of the component of interest.

Apparent levels o f benzene found in the 3 paraffin waxes 
are summarized in Table 3. Concentrations ranged from 16 
to 73 ppb, with levels o f 61 ,18  (av.), and 69 (av.) ppb for the 
3 waxes, respectively. M ID GC-M S was used to confirm the 
identity of benzene, as described previously. Ions at m/z  78, 
77, 52, 51, and 50 were monitored. The retention time and 
relative abundance of the ions were determined by analyzing 
benzene standards at comparable concentrations. These data 
agreed with those obtained for the test portions; thus, the 
presence of benzene was confirmed in the 3 paraffin waxes 
that were examined.

Tab le  3. Benzene  found in food-contact paraffin w axes

W ax
Benzene found, 

PPba

1 61
2 16, 20
3 65, 73

a Each value represents a single determination.
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Conc lus ions

This method, which combines a purge-and-trap procedure 
and HS-GC, can determine low parts-per-billion levels of 
benzene in polypropylene food packaging. The method was 
used to analyze a number of items, including syrup bottles, 
yogurt cups, salad and dessert tubs, bottle caps, and cookie 
trays. Benzene concentrations ranged from none detected to 
426 ppb.

The method was modified to determine low parts-per- 
billion levels of benzene in paraffin waxes. Three commercial 
paraffin waxes were analyzed, and concentrations of 16-73  
ppb were found in the test portions examined.

The method could possibly be adapted to determine ben

zene in other materials with the limitation that they be in 
liquid form.
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PESTICIDE AND INDUSTRIAL CHEMICAL RESIDUES

Determination of Dioxins and Furans in Foods and Biological Tissues: Review and Update
D A V ID  F IR E S T O N E
F o o d  a n d  D r u g  A d m in is tr a t io n , D iv is io n  o f  C o n ta m in a n ts  C h e m is tr y ,  W a sh in g to n , D C  2 0 2 0 4

Determ ination of tra ce  res idues of po lych lo rinated d ibenzo- 
p-d ioxins and d ibenzofurans (PC D D s and PC D Fs) In various 
m atrixes Is ca rr ied  out by a lim ited number of laboratories in 
the United S tates, Canada, and other countries. Current 
m ethods for ana ly s is  of foods and b io log ica l t issues in c lude a 
com bination  of preparation, extraction , c leanup, iso lation, 
determ ination, and identity confirm ation  procedures. Soxh- 
let, liqu id/liqu id , so lid -phase, and co lum n extraction  p roce
dures are  used as w e ll as  treatm ent w ith ac id  or base before 
so lvent extraction . C leanup  and iso la tion  steps inc lude su lfu
r ic  a c id  partitioning; adsorption chrom atography on F lo ris il, 
s ilic a  gel, or a lum ina; ge l perm eation chrom atography; m ulti
stage co lum n chrom atography on su lfu ric  a c id  s ilic a  and 
a lk a li s ilica ; carbon  co lum n chrom atography; and liquid 
chrom atography fractionation  w ith s ize  exclusion , normal- 
phase, and reverse -phase  co lum ns. A ctiva ted  carbon and 
m ultistage ch rom atograph ic co lum ns are  w ide ly  used In 
c leanup schem es. Isom er-specific  identification  and quanti
tation of PCD D  and P C D F  congeners at parts-per-trillion 
leve ls  or low er are  ca rr ied  out by high resolution (cap illa ry ) 
gas chrom atography (H R G C ) and m ultip le Ion detection 
m ass spectrom etry. In addition to ch em ica l methods, b ioas
sa y  p rocedures have been recom m ended (e.g., use of mono
c lona l antibod ies, for Im munoassay determ ination of PCD D s 
and PCD Fs).

The formation and environmental distribution of polychlori
nated dibenzo-/?-dioxins (PCDDs) and polychlorinated di
benzofurans (PCDFs) are of great interest because of the 
toxicity and persistence of some PCDD and PCDF conge
ners. Also, recent reports have indicated that the food chain 
is the major source of human exposure to these compounds 
(1, 2). Because quantitation at extremely low levels is re
quired, a variety of combinations of multistage chromato
graphic cleanup procedures, capillary high resolution gas 
chromatography (H RG C), and high or low resolution mass 
spectrometry (H RM S, LRM S) or tandem mass spectrome
try (M S /M S ) have been developed to confirm the presence 
of sub-parts-per-trillion (sub-ppt) as well as ppt levels of 
various congeners in a variety of matrixes.

A variety of procedures for determination of PCDDs and 
PCDFs in foods and biological tissues involve a series of 
complex extraction and cleanup procedures before quantita
tion and confirmation by G C /M S (3 -7 ). G C /M S systems 
with multiple ion detection (M ID) are generally used for 
analyte quantitation and confirmation. A  survey conducted 
by the Ontario Ministry o f the Environment (8) showed that 
a number of different extraction, cleanup, and G C /M S tech
niques were being used to examine various environmental 
materials. Many cleanup methods were based on combina
tions of acidic and basic silica and alumina column chroma
tography. The use of carbon column chromatography was 
increasing. Most laboratories reported that cleaned up ex

Received June 1, 1990. Accepted October 3, 1990.

tracts were analyzed by H R G C /L R M S. Their principal 
quality control procedure was adding stable isotope-labeled 
standards to test samples before extraction and determining 
the percentage of recovery of the standards after analysis.

Rappe (9) noted the following requirements for generating 
good analytical data: (7) representative sampling, (2) high 
selectivity, (5) high specificity, (4) high sensitivity, (5) reli
able quantification, (6) good reproducibility, and (7) confir
mation. He pointed out that, although many complex clean
up systems are used to extract PCDDs and PCDFs, very few 
studies have compared the different systems. With suitable 
cleanup, the level o f quantitation of PCDDs and PCDFs 
depends on the MS technique used and the level o f chlorina
tion. Quantitation levels for octachlorinated congeners are 
generally 10 times those for the tetra- and pentachlorinated 
congeners. Rappe observed that a low resolution mass spec
trometer operating with single ion monitoring (SIM ) and 
electron ionization (E l) has a quantitation level in the range 
of 1-10 pg/injection. Quantitation levels o f 0 .05-2  pg/injec- 
tion can be obtained with high resolution mass spectrometers 
operating in the E l mode. According to Rappe, congener 
identity confirmation requires that (7) isomer specificity 
must be demonstrated initially and verified daily; (2) GC 
retention time must be within ± 3  s of the retention time of 
the 13C i2-labeled congener, which normally elutes before the 
,2C i2 (unlabeled) compound; (5) all isomers must elute with
in a defined elution window; (4) the signal-to-noise ratio 
must exceed 3; (5) the relative intensities of ions in the 
chlorine cluster must be within ±10% of the theoretical val
ues; (6) fragment ions must display the correct chlorine 
cluster ratios; (7) H RM S data should confirm the empirical 
formula; and (5) known interferences (artifacts) should be 
eliminated.

Hass and Friesen (10) reviewed methods for determina
tion of PCDDs in 1979. They concluded that the most sensi
tive and specific methods required efficient cleanup, determi
nation by capillary HRGC, and identification by negative ion 
chemical ionization (N IC I) as well as EI-M S. Crummett
(11), who outlined the status of analytical systems for deter
mination of PCDDs and PCDFs in 1983, observed that many 
extraction-cleanup and G C /M S systems were available. Se
lection of specific methodology depended on the matrix to be 
analyzed and the sensitivity, specificity, and degree of cer
tainty required. Available techniques could be combined in 
an almost infinite number of ways to produce methods that 
seem to be reliable. Because generally acceptable validation 
studies were seldom carried out, quality assurance programs 
were needed.

Afghan et al. (12) described advances in ultratrace deter
mination of PCDDs and PCDFs in various matrixes. Several 
extraction methods and cleanup procedures included the fol
lowing techniques: gel permeation chromatography (GPC), 
liquid-liquid extraction with N a 3P0 4, liquid-liquid extrac
tion with H 2S 0 4, basic alumina column chromatography, 
and carbon column chromatography. Noting that E l at 70 
eV was used most widely in conventional M S analyses, the
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authors suggested that H 2-NICI would provide enhanced 
sensitivity for penta- to octachlorinated PCDDs.

Because a variety of MS techniques have been used for 
determination of PCDDs and PCDFs, Clement et al. (13) 
organized a “round robin” study to determine the feasibility 
of using H R G C /M S /M S  with reduced cleanup for analysis 
of environmental materials (e.g., fish and sediments that 
contain many coextractants). Fish extracts were subjected to 
3 degrees of cleanup. Minimal cleanup involved only lipid 
removal (passage through a column of 44% H 2SO4 on silica). 
Intermediate cleanup involved lipid removal plus cleanup 
with a dual-column system (H 2S 0 4 -s ilica /N a 0 H -silica and 
A g N 0 3-silica/ alumina). Full cleanup included use of re
verse-phase (C-18) liquid chromatography (LC) after inter
mediate cleanup. The authors reported that the level of 
cleanup needed depends on the matrix, the specific PC D D / 
PCDF congeners determined, and the instrumentation used. 
Some extracts contained such a high level of chemical inter
ference that even highly selective systems such as H R G C / 
M S /M S  required more than minimal cleanup. Another 
“round robin” (14) comparing H R G C /M S /M S  with re
duced cleanup to H R G C /L R M S  and H R G C /H R M S  
showed that G C /M S /M S  with minimal pretreatment was 
suitable for analysis of environmental materials such as fish 
or soil. However, the procedure should be validated by com
parative MS analysis of selected, fully cleaned up test por
tions.

High sensitivity El sources developed recently for magnet
ic instruments permit improved sensitivity, made possible by 
lowering the emission current (<1 mA) and ionization energy 
(ca 28-40  eV) and increasing the trap current (> 500  fiA) in 
the ion source. These modifications produce a lower level of 
helium ionization, which leads to an increase in the signal-to- 
noise ratio. Alexander et al. (15) installed a new, high-sensi
tivity, El-only ion source (VG Analytical, Ltd.) in VG ZAB- 
2F, 70/70E , and 70S high resolution mass spectrometers 
used to measure PCDDs and PCDFs in human serum and 
plasma. Levels of 20 fg on column (signal-to-noise ratio 
>3:1) were routinely determined using the new source, and 
the linearity range extended into the lower femtogram levels. 
Source operation included use of 500 ¡j.A trap current and
28-36 eV ionization energy.

Charles et al. (16) showed that the sensitivity of H R G C / 
M S /M S  for determination of PCDDs and PCDFs was en
hanced at increased collision gas pressures and at lower colli
sion energies, with collision energy optimal in the range of 
20-40  eV. McCurvin et al. (17) also reported greatly en
hanced sensitivity with H R G C /M S /M S  (Finnigan MAT 
TSQ-70 triple quadrupole mass spectrometer) vs H R G C / 
LRM S (Finnigan M AT 4500 quadrupole mass spectrome
ter). In addition, McCurvin et al. (18) compared the capabil
ities of G C /L R M S, G C /H R M S, and G C /M S /M S  for 
PC D D /PC D F determinations. H RM S achieved the lowest 
limits o f detection (5:1 signal-to-noise peak) at 200-400 fg. 
M S /M S  achieved comparable detection limits, while LRMS 
quadrupole systems displayed detection limits that were 1 - 2  
orders of magnitude higher.

Because analytical methodology for trace residues of 
PCDDs and PCDFs is not standardized, current analytical 
schemes used for analysis o f foods and tissues were reviewed. 
In 1988, inquiries were mailed to 55 laboratories concerning 
their procedures for determination of PCDDs and PCDFs in 
foods and biological tissues. Responses as well as selected 
reports published in recent years were reviewed to document

extraction, cleanup, and quantitation techniques and to re
cord analytical schemes used for various food and biological 
matrixes.

D iscussion

Responses were received from 18 laboratories in the Unit
ed States, Canada, Europe, and Japan that were analyzing 
foods and/or tissues for PCDD/PCDF residues. The various 
extraction, cleanup, quantitation, and confirmation tech
niques used in these laboratories and reported in the recent 
literature by other laboratories are shown in Table 1. The 
number of laboratories using each of these techniques is 
shown in Table 2. A binary solvent system, usually hexane- 
methylene chloride, cyclohexane-methylene chloride, or 
hexane-acetone, was most frequently used for extraction.

Tab le  1. Extraction , c leanup, and quantitation techniques*

Extraction techniques

1. Soxhlet extraction
2. Moderate heating or reflux with alkali followed by solvent 

extraction
3. Room temperature digestion with HCI followed by solvent 

extraction
4. Room temperature digestion with alkali followed by solvent 

extraction
5. Solvent extraction
6. Solid-phase (column) extraction with solvent
7. Steam distillation extraction
8. Supercritical fluid (C 0 2) extraction

Preliminary cleanup techniques

a. Liquid-liquid partitioning
b. Adsorption chromatography on Florisil
c. Adsorption chromatography on silica gel
d. Adsorption chromatography on alumina
e. Gel permeation chromatography (GPC) (Bio-Beads S-X3, 

etc.)
f. Size-exclusion liquid chromatography (LC)
g. Bulk lipid removal by H2SO4 oxidation (column or 

liquid partitioning)
h. Alkali or trisodium phosphate wash
i. Multistage column chromatography (H2S 0 4-siiica/ 

alkali-silica, etc.)
j. Silver nitrate-silica column cleanup

k. Alkali-silica column cleanup

Isolation techniques

A. Carbon column chromatography
B. Multistage column chromatography
C. Adsorption chromatography on Florisil
D. Adsorption chromatography on alumina
E. Normal phase LC
F. C-8 reverse-phase LC
G. C -18 reverse-phase LC
H. GC cleanup

Quantitation/confirmation techniques

l. HRGC/EC
II. HRGC/LRMS

III. HRGC/HRMS
IV. HRGC/mass selective detector
V. HRGC/M S/M S

VI. HRGC/EC and 2 capillary columns of differing polarity

a Variation in numbering systems for the sets of techniques within this 
table allows identification of each technique under the column 
labeled "Schem e” in Table 3.
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Tab le  2. Labo ra tories using various extraction , cleanup, 
and quantltation/identity-confirm ation techn iques

Technique
No. of 

laboratories

Extraction
Steam  distillation extraction into hexane 1
Extraction with organic solvents

Acetonitrile 1
Benzene or toluene 3
Diethyl ether 1
Methylene chloride 1
Hexane or pentane 9
Binary solvent systems 20
Multiple solvent systems 5

Acid or base treatment before solvent extraction
Concentrated HCI (room temperature) 5
Strong alkali with heat 4
Strong alkali at room temperature 3

Cleanup
Sulfuric acid extraction 23
Adsorption chromatography

Alumina 32
Silica 8
Florisil 7
Acid silica 18
Basic silica 18
Silver nitrate silica 6

Carbon column 29
GPC 8
Reverse-phase LC 6
Normal-phase LC 2
Preparative gas chromatography 1

Quantitation/identity-confirmation
HRGC/LRMS 24
HRGC/HRMS 13
HRGC/mass selective detector 3
HRGC/M S/M S 3
HRGC/EC 4
HRGC/EC (with 2 capillary columns of

differing polarity) 1

Treatment with acid or ba.se followed by solvent extraction 
and solid-phase (column) extraction was also used as an 
initial treatment. Preparation of the test portion by using hot 
ethanolic alkali, which has been long employed in the deter
mination of PCDDs and PCDFs, decomposes these com
pounds (19-21). The higher the degree of chlorination of 
PCDDs or PCDFs, the greater the degradation. 2,3,7,8- 
TCDD, however, is stable in hot alkali. Jasinski (Food and 
Drug Administration, Detroit, MI, personal communication, 
1988) observed that alkali digestion at room temperature 
decomposes PCDFs (lower chlorinated congeners are more 
stable than higher chlorinated congeners), although PCDDs 
are stable.

Cleanup techniques include sulfuric acid partitioning and 
column chromatography with various adsorbents. GPC, re- 
verse-phase LC, and carbon column chromatography can be 
automated. Multistage chromatographic columns with acid- 
and alkali-silica and activated carbon columns are widely 
used in various cleanup schemes that are modifications of the 
procedures proposed by Smith et al. (22) and/or Lamparski 
et al. (23).

Niemann et al. (24) described a procedure for determina
tion of ppt residues o f 2,3,7,8-TCDD in fish that involved test 
portion digestion in base, extraction with hexane, sulfuric

acid wash of the hexane extract, 3 LC cleanups using size 
exclusion, C-8, and C-18 LC columns to remove interfering 
coextractive substances, and quantitation by capillary GC 
with electron capture detection. G C /M S with MID that 
monitored 12 ions including the fragment ion cluster result
ing from loss o f COC1 was used to confirm the presence of
2,3,7,8-TCDD in the extract. Fehringer et al. (25) modified 
the methods of Niemann et al. (24) and Lamparski et al. (23) 
and used the combined method to survey fish from the Great 
Lakes and selected Michigan rivers for 2,3,7,8-TCDD resi
dues. Thompson et al. (26) used 2 LC fractionations for 
determination of 2,3,7,8-TCDD in fish tissue. Twenty gram 
portions of homogenized tissue were digested overnight at 
room temperature with concentrated hydrochloric acid; di
gests were extracted with hexane, and extracts were cleaned 
up on a sulfuric acid-silicic acid column. The extracts were 
then fractionated by normal-phase silica LC and then by 
normal-phase alumina LC before analysis by G C /M S.

Sherry and Tse (27) carried out an investigation of extrac
tion-cleanup procedures for determination of PCDDs in fish, 
designed to improve efficiency without compromising perfor
mance. Solid-phase extraction was as efficient as liquid- 
phase acidic (HC1) extraction, while using less equipment 
and glassware and permitting 16 extractions a day/lone op
erator vs about 6 for liquid-phase extraction. Elimination of 
acid/base treatments or basic alumina chromatography 
compromised analytical performance. Use of a multilayer 
cleanup column (sulfuric acid-silica/potassium  hydroxide- 
silica/silver nitrate-silica) for single step removal of several 
interference types was less time-consuming than liquid-phase 
acid/base treatments and allowed extract processing without 
emulsions. A  method consisting of the following procedures 
was developed: solid-phase (neutral column) extraction, 
GPC multilayer column chromatography, basic alumina 
chromatography, and determination by H R G C /L R M S. The 
method was evaluated by analyses of a variety of fish. Results 
indicated acceptable performance with l3C i2-T C D D  recov
eries o f 75% or greater (mean recovery for 10 fish determina
tions, 101% at the 50 p g /g  level).

LC and GPC have not been used as much as standard 
column chromatographic techniques for analyte cleanup be
fore quantitation by capillary column H RM S or LRMS. 
Lindstrom and Rappe (28) used a typical method for deter
mining low or sub-ppt levels o f PCDDs and PCDFs in milk. 
The extraction-cleanup procedure, a modification of the 
method of Smith et al. (22), involves a solvent extraction with 
ethanol-ether-hexane (2 +  1 + 2 ) ,  chromatography on a 
potassium silicate-silica gel column, cleanup on an activated 
carbon-glass fiber column, chromatography on a basic sili
ca-acidic silica column followed by chromatography on an 
acidic aluminum oxide adsorbent, and then quantitation of 
the PCDD and PCDF fraction by capillary H R G C /H R M S  
with SIM . Interlaboratory recovery and validation studies 
were performed and reported by these authors. Nam  et al. 
(29) investigated the use of supercritical fluid extraction
(SFE) with carbon dioxide as a solvent near its critical point 
for rapid extraction and determination of TCDD and other 
xenobiotics from biological tissues.

Table 3 outlines current analytical schemes. Limits of 
quantitation are generally in the range of 1-10 pg/g . Current 
methods for determination of 2,3,7,8-TCDD, 2,3,7,8-TCDF, 
and their most biologically active 2,3,7,8-substituted conge
ners are isomer specific as verified with available PCDD and 
PCDF standards.
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Tab le  3. A na ly tica l schem es for determ ination of PCD D s and PC D Fs

Matrix Analyte Scheme3
Approx, limit 

of detection, pg/g
Reference

no.

Fish, tissue PCDDs, PCDFs 6-k-k-A-B-D-ll 1 -5 (22)
Fish, adipose, etc. PCDDs, PCDFs 3-i-j-d-G-E-ll-lll 0.2-21 (23, 30)
Fish 2,3,7,8-TCDD 4-g-h-f-F-G-l-ll 3 (24, 31)
Fish 2,3,7,8-TCDDs; PCDDs 2-h-g-d-A-lll 1 -5 ° (32)

Fish PCDDs, PCDFs 1-i-A-lll
20- 100° 
1,° 2 -4 0 ° (33)

Fish PCDDs, PCDFs 1-g-h-d-A-lll low (34)
Fish, tissue PCDDs 5(or 6)-e-A-C-D-ll low (35, 36)
Fish PCDDs 3-e-h-g-d-A-l-ll low (37)
Fish, tissue PCDDs 3-e-h-g-d-A-l V-ll-l 11 low (38)
Fish 2,3,7,8-TCDD 5-g-j-(D-A-D)d-B-I V-l 11 low (39, 40)
Fish PCDDs, PCDFs 1 -g-h-i-D-A-l 11 low (41)
Fish 2,3,7,8-TCDD 3-g-E-E-ll low (26)
Fish PCDDs 6-e-i-D-A-ll low (27)
Chicken, pork, fish, 

adipose PCDDs, PCDFs 5-g-b-(G)-V-lll 2 -4 , 1 0 -20  (OCDD) (42, 43)
Fruits and vegetables PCDDs, PCDFs 5-e-c-k-A-B-D-lll <1 (44)
Fish and meat PCDDs, PCDFs 6-e-c-k-A-B-D-lll <  1 (fat basis)
Food PCDDs, PCDFs 5-e-C-D-A-ll 0.5 (45)
Freeze-dried vegetation PCDDs, PCDFs 6-A-B-C-B-lll <1 (46)
Food, human tissue PCDDs, PCDFs 4-i-j-C-D-ll low (47, 48)
Food, human tissue PCDDs, PCDFs 2-g-a-D-ll 10 (49)
Food, milk, tissue PCDDs, PCDFs 5-g-b-A-V-lll 1-10 (5 0 -5 3 )
Human tissue PCDDs, PCDFs 2-g-h-c-d-H-A-ll low (54, 55)
Food PCDDs, PCDFs 2-g(or 5)-h-c-d-H-A-H-ll low
Biological tissue PCDDs, PCDFs 1-g-g-A-D-VI-ll — (56)
Biological tissue PCDDs, PCDFs 5-g-B-A-D-ll low (57)
Biological tissue TCDD 8-g-A-ll low (29)
Wildlife tissue PCDDs 5-g-b-d-f-G-ll ng/g and sub-ng/g (58)
Wildlife tissue PCDDs, PCDFs 1 -g-g-A-D-l-l l 10 (59)
Animal tissue 2,3,7,8-TCDD 7-G-IV 5 (60)
Eggs, biological tissue PCDDs, PCDFs 5-6-B-A-ll low (61)
Blubber, Arctic PCDDs, PCDFs e-C-D-A-ll <1 (62)
Human tissue PCDFs 2(or 5)-e-g-A-C-ll <1 (63)e
Human adipose tissue 2,3,7,8-TCDD 5-g-k-c-A-B-D-lll 3 -5 (64, 65)
Human serum 2,3,7,8-TCDD 6-k-c-A-B-D-lll 1.25 ppq

Human adipose tissue 2,3,7,8-TCDD, 2-g-c-d-A-lll
(200 g test portion) 
low (66)'

Human adipose tissue
2,3,7,8-TCDF  
PCDDs, PCDFs 5-g-g-d-A-ll-lll low (67)

Human adipose tissue PCDDs, PCDFs 5-g-A-lll ca 1 (68)
Human serum PCDDs, PCDFs 6-k-A-B-D-lll 0 .0 0 3 -0 .0 2
Human adipose tissue; 

liver PCDDs, PCDFs g-i-k-lll <1 (69)
Animal tissue PCDDs, PCDFs 6-d-A-lll 0.05 (70)
Human milk PCDDs, PCDFs 5-e-C-D-A-ll 1 (71)
Human milk PCDDs, PCDFs e-d-c-e-D-D-lll <1 (72)
Human milk PCDDs, PCDFs 5-g-i-j-G-IV-lll <1 (73)
Human milk PCDDs, PCDFs 5-k-A-D-B-D-ll low (74)
Human milk PCDDs, PCDFs 5-A-D-V 1-10 (fat basis) (75)
Human milk PCDDs, PCDFs 5-A-D-lll 0. 1-1 (fat basis) (76)
Human and cow’s milk PCDDs, PCDFs 5-k-c-A-B-D-lll <1 (fat basis) (77)
Human and cow’s milk PCDDs, PCDFs 5-k-A-i-D-l l-l 11 <1 (28, 7 8 -8 0 )
C ow ’s milk 2,3,7,8-TCDD, 5-g-g-i-b-k-d-F-G-l-ll < 0.1 (81)

Cow’s milk
2,3,7,8-TCDF  
PCDDs, PCDFs 5-g-k-k-d-A-lll < 0.01 (82)

a Refer to Table 1 for technique. 
b TCDD/TCDF.
° PCDD/PCDF other than TCDD/TCDF. 
d Semi-automated.
e Also Masuda, Y., Daiichi College of Pharmaceutical Sciences, Fukuoka, Japan, personal communication, 1988. 
'A lso  Tong, H., University of Nebraska, Lincoln, personal communication, 1988.

Either H R G C /H R M S or H R G C /L R M S is generally 
used to quantitate PCDDs and PCDFs and confirm their 
presence in extracts. General criteria for H R G C /LR M S

isomer-specific analysis are listed in Table 4. U .S. Environ
mental Protection Agency (EPA) criteria for H R G C / 
H RM S confirmation are shown in Table 5. Supplemental
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Tab le  4. C rite ria  for H R G C /LR M S  isom er-spec ific  
ana ly s is

Tab le  5. U .S. E P A  ana ly tica l c r ite ria  for H R G C /H R M S  
confirm ation  of 2 ,3,7,8-TCDD and other C D D s/C D Fs  (32)

General criteria Criteria for 2,3 ,7,8-TC D D

1. Efficient extraction and cleanup to assure adequate removal of 
interfering coextractives and recovery of analyte.

2. LC retention windows for specific congeners that also provide 
good recovery of analytes.

3. Correct HRGC retention tim e compared with that of corresponding 
reference standard. The 2,3,7,8-substituted dioxins/furans must 
be separated from their non-2,3,7,8-substituted isomers.

4. Selective ion monitoring; correct nominal mass of monitored ions.
5. Signal-to-noise ratio > 2 .5 .
6 . Chlorine isotope ratios within 2 0 %  (1 0 %  for 2,3,7,8-TCDD) of 

correct values for at least 3 members of molecular ion cluster.
7. Coincidental maxima of 3  or more selective ion scans of individual 

members of molecular ion cluster.
8 . Presence of MS fragment ion from loss of COX from parent ion.

1. Correct HRGC/HRMS retention tim e of 2,3 ,7,8-TC D D  (± 3  s) on a
2 .3 .7 .8 - TCDD isomer-specific column relative to the labeled inter
nal standard. The 2,3 ,7,8-TC D D  isomer must be separated from all 
other isomers. GC peak resolution should not exceed 3 5 %  valley 
for TCDD isomers of equal concentrations eluting before and after
2.3 .7 .8 - TCDD.

2. Correct chlorine isotope ratio of molecular ion, m /z  3 2 0 /3 2 2  
(0 .67 -0 .87 ).

3. Correct HRGC/HRMS multiple ion monitoring response for
2 .3 .7 .8 - TCDD masses and 13C 12-  or 37CI4-TCDD mass (simulta
neous response, ± 3  s, for elemental compositions m /z  320, 322, 
and 334  or 328).

4. Response of m /z  3 2 0 /3 2 2  must be greater than 2.5 times the 
noise level.

U.S. Food and Drug Administration criteria for 2,3,7,8-TCDD

1. Demonstration that cleanup is sufficient so that no other TCDD  
isomer or interfering coextractive coelutes (HRGC) with 2 ,3 ,7 ,8 - 
TCDD.

2. HRGC/EI-MS monitoring of 12 ions at m /z  257, 259, 261, 305, 
307, 320, 321, 322, 324, 326, 332, and 334 (the last 2 Ions from  
the molecular cluster of the 13C i 2-2 ,3 ,7 ,8-TC D D  internal standard).

3. Abundance of ions at m /z  320, 324, 257, and 259 relative to the 
base peak at m /z  322  should be ± 1 0 %  of those abundances 
observed with standards for the same amount of 2,3,7,8-TCDD  
Injected.

4. Relative abundances of m /z  257 and 259 are ca 5 0 %  of base 
peak.

5. No interferences should be observed on ions at m /z  3 0 5 ,3 0 7 , and 
321.

6 . The ion at m /z  321 should display normal isotope abundance 
relative to m /z  320.

criteria for TCDD confirmation include loss o f COC1. How
ever, fragment ions at m / z  257 and 259 cease to be detectable 
at low femtogram levels, as would be the case in analysis of 
serum for TCDD. Commercially available l3C- or 37Cl-la- 
beled PCDDs and PCDFs are used as internal standards.

Quality assurance/quality control plans are important ele
ments of any analytical program. However, most reports of 
PCDD and PCDF data do not describe data validation and/ 
or quality control procedures. EPA quality assurance/quali
ty control requirements for analytical data are outlined in 
Table 6. Both recovery analytes and internal standards for 
M S analysis are required in addition to data from analysis of 
method blanks, fortified matrixes, duplicate test portions, 
and reference environmental test samples. In addition, peri
odic interlaboratory studies must be carried out to check data 
comparability. These studies generally involve distribution of 
blind, coded, environmental reference test samples.

A n a l y s i s  o f  M ilk  a n d  O t h e r  F o o d s

The U.S. Food and Drug Administration recently devel
oped an analytical method capable of determining 2,3,7,8- 
TCDD and 2,3,7,8-TCDF in whole milk at parts-per-qua- 
drillion (ppq) levels (81). This effort was undertaken to carry 
out a domestic survey following Canadian reports o f low 
levels o f 2,3,7,8-TCDD and 2,3,7,8-TCDF in milk packaged 
in polyethylene-coated bleached paperboard cartons. The 
cleanup steps involve extraction of 1 L test portions of milk 
plus internal standard with acetone-hexane (6.25 +  1), 
hexane elution from a sulfuric acid-silica gel column fol
lowed by shaking with concentrated sulfuric acid (to defat

Supplemental criteria
a. COCI loss indicative of TCDD structure.
b. HRGC/HRMS peak matching analysis of m /z  3 2 0 /3 2 2  in real time 

to confirm exact masses that correspond to TCDD elemental 
compositions.

Criteria for other CDDs and CDFs

1. HRGC/HRMS retention tim e of specific C D D /C D F isomer avail
able relative to the labeled internal standard.

2. HRGC/HRMS retention tim e window of respective CDD or CDF 
series of isomers based on reference extract.

3. Chlorine isotope ratio of molecular ions of respective CDD or CDF 
isomers within ± 2 0 %  of theoretical values (penta-1.54, hexa-
1.23, hepta-1.03, octa-0.88).

Supplemental criteria
a. HRGC/HRMS peak matching analysis of molecular ions in real 

tim e to confirm exact masses corresponding to elemental compo
sitions of respective CDDs or CDFs.

b. Comparison of test sample analysis with that of reference which 
contains all tetra- through octa-CDDs and CDFs.

c. HRGC/HRMS analysis to confirm absence of specific chlorinated 
diphenyl ethers at appropriate retention times.

Tab le  6. U .S. E P A  quality  a ssurance/qua lity  control 
requ irem ents for ana ly tica l data (32 )a

Criteria Requirements

Method efficiency achieved for 
13C 12-2 ,3,7,8-TCD D  

Method efficiency achieved for 
13C 12-OCDD

Analytical criteria used for confir
mation of 2,3 ,7,8-TC D D  and other CDDs 
and CDFs

Accuracy and precision for 2,3 ,7,8-TC D D  
and other specified CDDs and CDFs in 
laboratory-fortified sample or control 

Method blank and matrix blank free of 
CDD and CDF contamination at target 
minimum limits of detection

5 0 -1 2 0 %

4 0 -1 2 0 %

Satisfies specified 
criteria

5 0 -1 5 0 %  at > 6  X  
MDL may have 
greater variability 

See below

Target minimum  
LOD for fish,

Compounds pg/g/isom er

2,3,7,8-TC D D 2,3,7,8-TC D F 1 -5
21 TCDD isomers 37 TCDF isomers 1 -5
14 Penta-CDDs 28  Penta-CDFs 2 0 -4 0
10 Hexa-CDDs 16-Hexa-CDFs 3 0 -6 0
2 Hepta-CDDs 4 Hepta-CDFs 4 0 -8 0
OCDD OCDF 5 0 -1 0 0

a Each set of data must satisfy the criteria shown above.
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the extract), chromatography on a multistage (sulfuric acid- 
silicic acid/sodium hydroxide-silicic acid/silicic acid) col
umn mounted over a Florisil column, chromatography on a 
cesium hydroxide-silicic acid/sulfuric acid-silicic acid mul
tistage column over an acid alumina column, and finally C-8 
and C-18 LC. Analytes were determined by H RG C/EI- 
LRM S with MID (3 molecular ions, 2 COC1 fragment ions, 
and 2 13C-2,3,7,8-TCDD or 2,3,7,8-TCDF internal standard 
molecular ions). For 2,3,7,8-TCDD, quantitation was ac
complished by using ion chromatograms for m/z  320 (ana
lyte) and 332 (internal standard) and for m/z  322 (analyte) 
and 334 (internal standard). The mean of the 2 intensity 
values was then calculated. Similarly, 2,3,7,8-TCDF quanti
tation was carried out for m/z  304 and 306 (analyte) and m/  
z 316 and 318 (internal standard), and the mean of the 2 
values obtained was calculated and corrected for the response 
of the reagent blank extract. Ion chromatograms obtained 
for quantitation were also used to calculate analyte recover
ies. This method was able to quantitate and confirm the 
presence of > 2 0  ppq 2,3,7,8-TCDD in milk.

The N ew Zealand Department of Health also conducted a 
survey of PCDDs and PCDFs in retail milk supplies in early 
1989 (82). They based their analytical method on the proce
dures of Smith et al. (22), Ryan and Pilon (83), and Stanley 
et al. (84). A test portion of fixed volume was fortified with 
l3C-labeled standards and extracted with acetone-hexane (2 
+  1) and hexane. The extract was defatted by partitioning 
with concentrated sulfuric acid (83) and then was purified by 
a series of chromatographic columns of silica and alumina
(22) and carbon on Celite (84). The resulting extract was 
dissolved in 10 ¿¿L of toluene containing octachloronaphtha- 
lene standard. Quantitation was carried out by capillary (30 
m DB-5) GC on a high resolution mass spectrometer. Two 
ions in the molecular ion cluster were monitored for each 
congener. The limits of quantitation of various PCDD and 
PCDF congeners was <10  ppq. Levels as low as 15 ppq
2,3,7,8-TCDD were reported in retail whole milk.

DeJong et al. (75) described a method for isolation of 
PCDDs and PCDFs in human milk, using Carbopack C 
graphitized carbon and alumina column chromatography. 
Analysis was performed by H R G C /M S /M S  (VG 70SQ  
tandem hybrid mass spectometer with EBQQ configuration). 
Multiple reaction monitoring was used to detect the 2 most 
abundant ions of the molecular ion cluster of both labeled 
and unlabeled PCDDs/PCDFs. Detection limits were in the 
range of 1 -1 0  p g /g  on a fat basis. (The sensitivity of the M S / 
MS mode was reported to be about 5-fold less than that of 
H RM S.) Liem et al. (76) investigated the use of Carbos- 
phere activated carbon vs Carbopack C for analysis of milk 
and found that Carbosphere was more effective, removing 
larger amounts of fat and improving the recovery of PCDDs 
and PCDFs. Mean recoveries of labeled internal standards 
added to cow’s milk ranged from 72 ±  28% to 102 ±  22% for 
tetra- to octachlorinated congeners at a level of about 25 pg/ 
g milk fat. Detection limits were in the range of 0.1-1 pg/g  
fat.

Beck et al. (44) examined a variety of foods (meat, milk, 
dairy products, eggs, fish, vegetables, vegetable oil, and fruit) 
collected in West Berlin for residues of PCDDs and PCDFs. 
Animal materials other than cow’s milk were ground with sea 
sand and sodium sulfate. Fat was extracted by column elu
tion with hexane-acetone (2 +  1). Fat in cow’s milk was 
extracted with hexane-ether (1 +  1) and sodium oxalate. 
Plant materials (except vegetable oil) were extracted and

purified according to the method of Specht and Tillkes (85). 
This method specifies extraction with acetone followed by 
GPC (Bio-Beads S-X3, Bio-Rad Laboratories, Richmond, 
CA) with ethyl acetate-cyclohexane (1 +  1), column chro
matography on deactivated silica gel, and then activated 
carbon column fractionation according to the method of 
Smith et al. (22). Because of low concentrations of the conge
ners in foods (except cow’s milk), GPC was added as an 
additional cleanup step before chromatography with silica, 
potassium silicate, activated carbon, silica-sulfuric acid, ce
sium silicate, and alumina as described by Smith et al. (22). 
Individual PCDDs and PCDFs were found in animal materi
als at levels ranging from 0.01 to 98 ppt (fat weight basis). 
Concentrations of 0.2 ppt 2,3,7,8-TCDD (fat weight basis) 
were reported in cow’s milk and eggs, whereas 3, 5, and 23 
ppt 2,3,7,8-TCDD (fat weight basis) were reported in red- 
fish, herring, and cod, respectively.

Furst et al. (45) analyzed 107 foods collected in Germany 
for PCDD and PCDF residues. A variety of foods of animal 
and plant origin were examined after solvent extraction and 
cleanup involving GPC on Bio-Beads S-X3 followed by ad
sorption column chromatography on Florisil, acid alumina, 
and Carbopack C. Foods of plant origin had very low levels of 
PCDDs and PCDFs near the detection limit (0.5 p g/g), 
whereas those of animal origin had typical patterns of 
PCDDs and PCDFs with TCDD toxic equivalents as high as
17 pg/g.

Ryan et al. (42) used a gas chromatograph/tandem mass 
spectrometer (Taga 6000, Sciex, Inc., Thornhill, Ontario, 
Canada) to screen for all possible TCDDs and TCDFs in 
chicken and pork fat extracts that were cleaned up by a 
multistep procedure (86) previously used for analysis of fish. 
Health and Welfare Canada evaluated the use of M S/M S  in 
analysis of foods and environmental materials (42) subjected 
to simplified workups. M S /M S  provides additional separa
tion, i.e., improved selectivity. Thus, the GC step, which uses 
short capillary columns and is very rapid compared with 
conventional capillary G C /M S methods, need not separate 
the PCDDs and PCDFs from all other components.

A n a l y s i s  o f  B i o l o g i c a l  T i s s u e s

A number of cleanup procedures have been reported for 
human serum and tissues (4 7 -4 9 ,6 3 -6 9 ). Cleanup and anal
ysis generally included use of carbon chromatography and 
H R G C /H R M S. Patterson et al. (64, 65) reported cleanup 
procedures for determination of 2,3,7,8-TCDD in human 
adipose tissue and human serum that employed the highly 
specific cleanup procedures of Smith et al. (22). Limits of 
detection for 2,3,7,8-TCDD in adipose tissue and serum were 
1 p g /g  and 1.25 pg/kg, respectively; the procedures were 
shown to be unaffected by a number of potentially interfering 
compounds. Patterson et al. (87) also compared 3 extraction 
procedures for determination of PCDDs and PCDFs in hu
man serum.

Chang et al. (61) described a method for determination of 
PCDDs/PCDFs in biological materials. The method in
volved solvent (acetonitrile) extraction of tissue homogenate, 
solid-phase extraction of the extract with a disposable C-18 
bonded silica column (blood plasma is passed through the C-
18 column directly after adding formic acid and degassing), 
column cleanup with a dual-column system consisting of a 
carbcn column and a guard column containing potassium 
silica;e and acid silicate, and analysis by H R G C /LR M S.
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Recoveries o f ,3C |2-labeled surrogates from biological tis
sues fortified at 10 p g /g  ranged from 65 to 85%.

Lapeza et al. (88) described an automated apparatus for 
extraction and enrichment of 2,3,7,8-TCDD in human adi
pose tissue. The apparatus was reported to reduce the ana
lyst’s time by 50% compared to the method that is entirely 
manual. A new automated cleanup apparatus was recently 
developed that improves the versatility and ease of using the 
unit and reduces from 20 to 4 h the time required for the 
initial extraction, cleanup, and adsorption onto activated 
carbon (89). Cramer et al. (90) evaluated an analytical 
method designed for PCDDs and PCDFs in human adipose 
tissues (91, 92) that was applied to determination of polybro- 
minated dioxins and furans in these tissues.

Lindstrom and Rappe (70) developed a procedure for 
H R G C /H R M S determination of PCDDs and PCDFs in 
biological tissues that met the following criteria: (a) mini
mize the analyst’s time when large numbers of tissues are 
analyzed; (b) provide for a total method detection level 
(TM DL) in the range of 0.1-1 pg/g; and (c) generate data 
with a high level of accuracy and precision. The first criterion 
was met by using disposable glassware, an integrated extrac
tion/enrichm ent procedure, and autoinjection H R G C / 
HRM S together with computerized quantitation, which fur
ther reduced the time required. A  TM DL in the range of 0.1 -  
1 Pg/g was achieved with the use o f an H R G C /H R M S SIM  
technique that provided a detection limit of 0.05-0.5 pg 
(signal-to-noise ratio =  3:1) with a test portion of 1-10 g (an 
amount equivalent to 1 /10  of the test portion was injected). 
The third criterion was met by reducing manual manipula
tions in the cleanup procedure on the basis o f analytical 
properties and reagents (22). HRGC was performed using a 
polar capillary column (Supelco SP-2330) for separation of 
all isomers, or a nonpolar column (SPB -5 or CP-Sil 8CB) 
when total separation was not required.

Patterson et al. (93) identified several major areas of po
tential analytical contamination to be avoided by laborato
ries performing analyses of biological materials. It was found 
that white chemical wipes and certain floor cleaning solu
tions as well as cigarette smoke and ash contain PCDDs and 
PCDFs and cause laboratory contamination and analytical 
interferences that prevent accurate quantitation of native 
PCDDs and PCDFs in biological tissue extracts.

Stanley et al. (94) presented a summary of quality assur- 
ance/quality control efforts including data quality criteria 
for a study of PCDDs and PCDFs in human adipose tissue.
2,3,7,8-TCDD results were verified by using both a 60 m DB- 
5 GC column with H RM S at >3000 resolution and a 60 m 
SP-2330 column with H RM S at > 1 0  000 resolution.

Bioassays
Analysis by bioassay requires fewer cleanup steps than 

analysis by G C /M S, offers the potential of reduced cost and 
time for detecting minute amounts of dioxins and furans in 
food or tissue extracts, and provides a quick screening proce
dure for these compounds. In vitro cytosolic receptor-binding 
bioassays approximate potential in vivo toxicities of dioxins, 
furans, and related compounds present in various matrixes 
(95-98). Casterline et al. (97) applied the aryl hydrocarbon 
hydroxylase (A H H ) induction bioassay to extracts o f fresh
water fish to determine the presence o f ppt levels of PCDDs, 
PCDFs, and polychlorinated biphenyls (PCBs) in the fish. 
Their results suggested that fish extracts could be examined 
for AH H  inducers before chemical analysis, although it was

recognized that the sensitivity was not as good as that ob
tained with traditional chemical methods and that the bioas
says could not identify congeners. Safe et al. (99) compared 
the effects o f chemical structure on toxic activity. Rats given 
27 PCDDs, PCDFs, PCBs, and polybrominated dibenzo-p- 
dioxins were used to validate the usefulness of the in vitro 
A H H  induction assay for quantitative estimation of the po
tential toxicity of these compounds. The assay, which is rapid 
and relatively inexpensive, uses the established cultured rat 
hepatoma H -4-IIE  cells, which are capable o f detecting 20-  
50 pg of 2,3,7,8-TCDD equivalents/plate.

Other in vivo and in vitro systems have also been proposed 
for assay of PCDDs and PCDFs (100). The use of immunoas
says (101, 102) has also been suggested for field-portable 
screening. Helder and Seinen (103) described a bioassay 
based on mortability in rainbow trout eleutheroembryos af
ter exposure to PCDDs and PCDFs. Gierthy and Crane
(104) described studies that tested the specificity and sensi
tivity of the TCDD-induced flat-cell effect in the X B F/3T 3  
culture system and its application as a bioassay for determi
nation of PCDDs and related compounds in fish and other 
environmental materials. 2,3,7,8-TCDD at a minimal con
centration of 10'n M induced a morphological change (ap
pearance of flat cobblestone-like cells instead of the multilay
ered fusiform, high-density control cells) and reversible inhi
bition of post-confluent cell proliferation in the XBF-3T3 
system (105). When this flat-cell assay was applied to deter
mination of PCDD activity in fish, simple organic extracts 
caused cell death. However, crude extracts of fish that con
tained either zero or measurable levels o f TCDD, when treat
ed with concentrated sulfuric acid followed by neutraliza
tion, gave flat-cell assay results consistent with G C /M S  
analysis.

Kennel et al. (106, 107) produced monoclonal antibodies 
for use in developing a solid-phase radioimmunoassay (RIA) 
for PCDDs in environmental materials. However, these 
monoclonal antibodies failed to recognize free PCDD in solu
tion (they recognized only dioxin-protein conjugates) and 
thus were unsuitable for screening environmental materials. 
Stanker et al. (108) described the production and use of 
monoclonal antibodies in the development of a competitive 
enzyme-linked immunosorbent assay (ELISA) for evalua
tion of the antibodies’ ability to distinguish among various 
PCDDs, PCDFs, and related compounds. A set o f 5 anti
dioxin antibodies were found to discriminate among various 
congeners as well as recognize tetra- and penta-CDDs and 
CDFs substituted in at least 3 of the 4 lateral (2,3,7,8) ring 
positions. Chlorine substitution on both rings may be neces
sary for antibody binding; chlorines in the 1,2,3,7, and 8 
positions were preferred. The 2,7-dichlorodibenzo-p-dioxin 
was recognized, and it is presumed that the 2,3,7-trichlorodi- 
benzo-p-dioxin, which was not tested, would also have been 
recognized. One of the antidioxin antibodies (DD-1) recog
nized 1,2,3,6,7,8-hexachlorodibenzo-p-dioxin (H CDD) and
1,2,3,7,8,9-HCDD. With this antibody, the competitive 
ELISA is specific for the most toxic congeners of PCDD and 
PCDF and is sensitive in the high-ppt range. The assay takes 
only a few hours to complete and is amenable to automation. 
It is estimated that one analyst can perform 15-20 assays/ 
day with a competitive ELISA.

Sherry et al. (109) evaluated the performance of an RIA  
for detection of PCDDs in fish after minimal or extensive 
cleanup. Fish tissue was extracted with HCl-toluene (1 +  1), 
and the extracts were fortified with unlabeled 2,3,7,8-
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TCDD. (The fish contained no detectable TCDD, levels of 
penta- and heptachlorodioxin below the R IA’s detection lim
it for those homologs, or octachlorodioxin, which did not 
cross-react significantly with the antibody.) Combinations of 
cleanup steps were investigated, including GPC, trisodium 
phosphate wash, sulfuric acid wash, and basic alumina and 
carbon column chromatography. Size of the test portion ana
lyzed as well as degree of cleanup affected assay perfor
mance; Triton solubilization was superior to DM SO solubili
zation. The smallest amount of 2,3,7,8-TCDD detected with 
the assay was 60-70  pg/g , which required a 300 mg test 
portion, Triton solubilization, and all the cleanup steps under 
study.

Conclus ions

A wide variety of extraction, cleanup, and isolation tech
niques are used for isomer-specific determination of PCDD  
and PCDF residues in foods and biological tissues. A series of 
complex extraction-cleanup steps are frequently required to 
eliminate or drastically reduce coextractives that interfere 
with quantitation and identity confirmation of the PCDDs 
and PCDFs. Current cleanup procedures are generally modi
fications of procedures proposed by Smith et al. (22) and/or 
Lamparski et al. (23). Activated carbon and multistage chro
matographic columns with acid- and alkali-silica are widely 
used in various cleanup schemes. Both H R G C /H R M S and 
H R G C /L R M S are used for quantitation and identity confir
mation of PCDD and PCDF congeners. G C /M S /M S  is used 
in some laboratories after minimal pretreatment. Bioassays 
that require minimal cleanup can reduce cost and time for 
screening many test samples. Because analytical methods for 
determination of PCDDs and PCDFs are not standardized, it 
is necessary to conduct periodic interlaboratory evaluation 
studies as well as validation studies of new methods and 
ongoing quality assurance programs along with routine use of 
individual procedures.
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Determination of Nabam Fungicide in Crops by Liquid Chromatography with Postcolumn 
Reaction Detection

C A RL J. M IL E S ' and M IN  ZH O U
U niversity o f  H awaii, D epartm ent o f  A gricu ltura l B iochem istry, 1800 E ast-W est R oad, H onolulu, H I 96822

The ethyleneb isd lth locarbam ate (E B D C ) fungicide, nabam, 
w as determ ined in severa l crop  m atrixes using liqu id ch ro
m atography w ith postcolum n reaction  detection. A fter sepa 
ration by m ice lla r liqu id chrom atography, nabam  (EBD C  so
dium  sa lt) w as ac id  hydro lyzed to ethyiened lam ine and fluor- 
ogen ica lly  labe led  w ith o-phtha la ldehyde-m ercaptoethano l 
(O P A -M E R C ). Standard cu rves w ere linear from the de tec
tion lim it of c a  1 ng to 1000 ng. Nabam  w as recovered  in high 
y ie ld  (89 ±  7 .7% ) over a range of concentrations (0.1 to 20 
ppm) from  fortified sam p les of papaya, lettuce, cucum ber, 
sp inach, and app lesauce  using a sim p le  extraction  method. 
Efforts to convert the more popular E B D C  fungicides, maneb 
and m ancozeb, to nabam  are  d iscussed.

Ethylenebisdithiocarbamate (EBDC) fungicides, such as 
mancozeb and maneb, are the most widely used fungicides 
because they are effective on a wide range of fungi and have 
low toxicity. In addition, the incidence of resistance in major 
crops is low. Although these compounds have relatively low 
toxicity, ethylenethiourea (ETU), a manufacturing and envi
ronmental by-product and metabolite, is carcinogenic. This 
has led the U .S. Environmental Protection Agency (EPA) to 
put EBDC fungicides under special review.

Most EBDCs are complex metal polymers of ethylenebis- 
dithiocarbamic acid or nabam (the sodium salt). Current 
methods for EBDC residue analysis use acid hydrolysis to 
evolve carbon disulfide, which is either distilled or trapped 
and quantitatively measured by titration (1), by colorimetry
(2), or by gas chromatography with flame photometric detec
tion (3). This last method has significantly improved EBDC 
analysis by increasing sensitivity as well as increasing sample 
throughput. These methods lack specificity because natural-

Received May 21,1990. Accepted August 25, 1990. 
'Address inquiries to this author.

ly occurring carbon disulfide and EBDC breakdown prod
ucts, such as dialkyl dithiocarbamate and thiuram disulfide, 
are potential interferences.

Dithiocarbamates have been determined by liquid chro
matography (LC) using a micellar mobile phase (4); some 
EBDC fungicides have been determined by reverse phase LC 
with UV detection (272 nm) after ion-pair methylation (5). 
The latter method used the technique described by Pflug- 
macher and Ebing (6) whereby polymeric metal salts, like 
mancozeb and maneb, are extracted from plant surfaces and 
converted to their monomer, nabam, by an alkaline solution 
of EDTA. It was subsequently found that addition of L- 
cysteine to the EDTA solution yielded better recoveries of 
zineb, maneb, and mancozeb, presumably by preventing re
action between nabam and sample co-extractives (7). In all 
cases, sample homogenization was not possible because of 
resulting low analyte recovery.

Reports that EBDC metal complexes, such as maneb and 
mancozeb, could be converted to nabam by EDTA lead us to 
approach EBDC analysis as described in Figure 1. Micellar 
liquid chromatography was used to separate nabam from co
extractives followed by postcolumn acid hydrolysis to form 
ethylenediamine, which is then fluorogenically labeled with
o-phthalaldehyde-mercaptoethanol (O PA -M E R C ). Ho
mogenized extracts of several crops were fortified over a wide 
range of concentrations and analyzed for nabam.

Experim enta l

L C  A p p a r a t u s

(a) Gradient pump.— With eluant degas module, Model 
GPM and EDM II, respectively (Dionex, Sunnyvale, CA 
94086).

(b) Injector.— 2000 psi limit with 50 pL loop (Dionex).
(c) Analytical column.— 4 X 150 mm, 5 gm Ion Pac NS1 

(Dionex).
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Figure 1. A na ly tica l schem e for EB O C  fungicides.

(d) Reagent pumps.— Two mini-pumps for addition of 
postcolumn reagents delivered at 0.1 to 1.0 m L/m in and 
pressures <1000 psi, Model RP-1 (Dionex).

(e) Reaction coils.— Two 5.2 m X  0.5 mm id X  1.6 mm od 
(ca 1 mL) TFE Teflon® coils woven as described by Engel- 
hardt and Neue (8) and connected to reagent pumps by 3- 
way manifolds (Dionex P /N  024313).

(f) Water bath.— Maintained at 65°C, 6 L Versa-Bath 
(Fisher Scientific, Pittsburgh, PA 15219).

(g) Fluorometer.— Model 980 (Ex 235; Em >418) (Ap
plied Bio Systems, Ramsey, N J 07446) or Model 121 (Ex 
356; Em 450) (Gilson Medical Electronics, Middleton, WI 
53562).

(h) Integrator.— PC Integrator (PE Nelson, Cupertino, 
CA 95014).

(See apparatus configuration in Figure 2.)

R e a g e n t s

(a) Water.— Obtained from a Milli-Q water purification 
system (Millipore Corp., Bedford, M A 01730).

(b) Acetonitrile.— Optima grade (Fisher, Fair Lawn, N J  
07410).

(c) Phosphate buffer.— Dissolve 2.72 g potassium phos
phate monobasic (Fisher, ACS grade) in 1 L water (20 mM) 
and adjust pH to 7.8 with KOH.

(d) Cetylpyridiniumf'phosphate buffer.— Dissolve 358 mg 
cetylpyridinium chloride monohydrate (Aldrich Chem. Co., 
Milwaukee, WI 53233) in 1 L phosphate buffer to produce 1 
mM solution.

(e) Mobile phase.— Combine cetylpyridinium/phosphate 
buffer and acetonitrile (78 +  22) (both degassed) using 
gradient pump controller and deliver at 0.4 m L/min.

(f) Acid hydrolysis reagent.—Combine 2.8 mL concen
trated sulfuric acid (Fisher, ACS grade) in 1 L water (0.1N 
H 2SO4 ) and filter (0.45 /am; Durapore, Millipore). Deliver at 
0.67 mL/min.

(g) Fluorogenic labeling reagent.—Dissolve 38 g sodium 
borate (Fisher, reagent grade) in 1 L water and combine with 
44 mg o-phthalaldehyde (Aldrich) dissolved in 5 mL metha
nol. Add 1 mL mercaptoethanol (Aldrich), filter (0.45 pm), 
and deliver at 0.35 mL/min.

(h) EDTA-M ERC solution.—Dissolve 9.25 g disodium 
EDTA (reagent grade, Baker, Phillipsburg, PA 08865) in 
100 mL water (0.25M) and adjust pH to 9.25 with NaOH. 
Add 1 mL mercaptoethanol (1%, v/\){Caution: Stench).

( i )  Standard solutions.—Dissolve nabam (78%; Crescent 
Chem Co., Inc., Hauppauge, NY 11788), maneb (98%; Du
Pont, Wilmington, DE 19898), or mancozeb (80.3%; Rohm 
& Haas, Philadelphia, PA 19114) in EDTA-MERC solu
tion to yield 1 mg/mL. Dilute to appropriate concentration 
in EDTA-MERC.

G e n e r a l  A p p a r a t u s

(a) Homogenizer.—Tissumizer (Techmar Co., Cincin
nati, OH 45222).

(b) Centrifuge bottle.—Teflon 50 mL capacity (Nalge 
Co., Rochester, NY 14602).

(c) Centrifuge.—Capable of 1500 g (Model RC2-B, Sor- 
vell, Newtown, CT 06470).

(d) Filter.—PVDF Acrodisc, 0.45 pm  pore size, 25 mm 
disc (Gelman Sciences, Ann Arbor, MI 48106).

S a m p l e  E x t r a c t i o n

Crops (papaya, applesauce, cucumber, lettuce, and spin-

T E F L O N  T E F L O N

H 2 S 0 4  O P A / M E R C

R E A G E N T  R E A G E N T

Figure 2. L C  postcolum n reaction  detection  system .
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tim e (hr)
Figure 3. S tab ility  of nabam  In aqueous solutions [0.25M EDTA, pH 9.25, and M ER C  (1 %, v/v)].

ach) obtained from local grocery stores were chopped into 
small pieces (ca 0.5-1 cm) and 50 g homogenized in 50 mL 
EDTA-MERC for 1 min. After fortification, samples were 
centrifuged at 1500 g and filtered (0.45 /im) before injection 
on the LC system. Some samples were fortified before ho
mogenization.

C a l c u l a t i o n s

Residue, fig/g = (PHsam/P H std X (/ig/mL std)
X (total volume/g sample wet wt)

where standard (std) is not corrected for purity, and total 
volume equals milliliters EDTA-MERC added plus millili
ters sample water.

Resu lts and D iscussion

Postcolumn reactions were optimized using flow injection 
analysis (no column) by fixing one reagent flow rate and 
varying the other. During this procedure, it was found that 
borate concentration in the OPA-MERC reagent had to be 
doubled (0.10M) from the concentration used in the base 
hydrolysis reaction for carbamate analysis (0.05M). This 
allowed the pH of the second reaction to approach optimum 
conditions for isoindole formation after acid hydrolysis.

Separations were based on those developed by Kirkbright 
and Mullins (4), using micellar liquid chromatography. We 
substituted cetylpyridinium chloride (CPC) for the cetyltri- 
methylammonium bromide (CTAB) because of a high fluo
rescence background attributed to reaction of OPA-MERC 
with CTAB contaminants. We used CPC concentration (1 
mM) above the critical micelle concentration of 0.12 mM (9) 
to achieve micellar conditions. A phosphate buffer adjusted 
to pH 7.8 was used to control on-column acid hydrolysis. The 
capacity factor of nabam varied linearly as the percentage of 
acetonitrile changed.

Initial separations were performed on a Cjg silica column 
contained in stainless steel. Peak losses that were observed at 
low concentrations of nabam were attributed to reaction with 
iron, although addition of EDTA and diethylenetriamino- 
pentaacetic acid (DETPA) (Aldrich) had no significant ef
fect. Use of a macroporous copolymer resin in a plastic col
umn (Dionex, IonPac NS1) eliminated this problem. To 
control iron in our LC system, we used all metal-free compo
nents, except for fluorometer flow cell connections. Stan

dard curves for nabam were linear from the detection limit of 
ca 1 ng to more than 1000 ng.

Nabam oxidized readily in aqueous solution to the disul
fide (10), which had a different retention time and postco
lumn response from nabam. No significant change in nabam 
concentration was noted for ca 4 h in distilled water or EDTA 
(Figure 3). Addition of mercaptoethanol (1%, v/v) to the 
EDTA stabilized nabam for more than 48 h. Gustafsson and 
Fahlgren (7) reported that L-cysteine stabilized nabam in the 
presence of crop co-extractives.

High yield of nabam from fortified crops was reproducible 
over a wide range of concentrations (Table 1). Recoveries 
averaged 89% with a relative standard deviation of 7.7%. 
These crops were chosen because EBDC is commonly used as 
a fungicide on them (11). Fortification of crop before and 
after homogenization had no significant effect on recovery; 
data in Table 1 are from crops fortified after homogeniza
tion. We estimated method detection limits ( S / N =  3) of 
0.05 ppm with a 50 g crop sample (equivalent to about 3.5 ng 
nabam injected; see Figure 4), although this varied with crop 
type and LC system conditions.

After several hundred crop sample injections, the peak 
shape of nabam deteriorated, probably because of co-extrac-

Tab le  1. R ecove rie s  of nabam  in fortified crops

Crop Fortification cone, (/xg/g) n Av. ±  SD

Papaya 2 0 a 2 8 9  ±  3 .0
2 .5 a 2 9 0  ±  1 .3
2 .0 a 2 9 4  ±  1 .5
1 .0 2 8 6  ±  6 .4
0 .2 2 8 8  ±  1 .5
0 .1 2 7 9  ±  5 .7

Applesauce 1 .0 3 9 4  ±  6 .8
0 .2 2 8 4  ±  6 .6
0 .1 2 7 9  ±  5 .7

Cucumber 1.0 4 9 0  ±  1 .2
0 .2 2 8 9  ±  13
0.1 2 8 8  ±  4 .7

Lettuce 1 .0 3 9 7  ±  7 .9
0 .2 2 9 2  ±  8 .3
0 .1 2 8 6  ±  1.3

Spinach 1.0 4 9 3  ±  3 .9
0 .1 3 81 ±  8 .8

a Based on 2 .5  g sample in 2 .5 mL EDTA-MERC solution.
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Figure 4. Chrom atogram s of nabam  (ca  13 m in) In (A ) con 
tro l app lesauce, (B ) fortified  (0.1 ppm) app lesauce, and (C ) 

0.15 ¿¿g/mL (7.5 ng) nabam  standard.

tives. Reversing the column flow direction restored accept
able peak shape. Using a precolumn with a regular regenera
tion schedule would extend analytical column life. We found 
that certain crops, such as papaya and lettuce, had an inter
ference peak that eluted just after the nabam peak. Observa
tion of this interference peak was dependent on the fluorome- 
ter used (Figure 5). Apparently, the fluorescent interference 
was observed only when excited at 350 nm with a quartz- 
halogen lamp and not when excited at 235 nm with a deuteri
um lamp.

Efforts to recover mancozeb or maneb as nabam from 
solution or from fortified crops were unsuccessful. Recover
ies reached only ca 2% using the extraction scheme described 
as successful by others (6, 7, 12). This included omitting 
homogenization, which, reportedly, severely lowers recover
ies. It is likely that UV absorption at 285 nm (6,12) measures 
products other than nabam and that the méthylation reaction 
included in the extraction step (7) is responsible for the 
differences observed.

Several experiments were done to improve conversion of 
metal polymers to nabam and to explain low yields. The 
possibility that nabam was released but rapidly oxidized was 
minimized by addition of excess thiol (MERC and dithio- 
threitol), which would be preferentially oxidized. Also, addi
tion of Mn2+ or Zn2+ (or both) as well as addition of manco
zeb and maneb to solutions of nabam had no significant 
effect on nabam response after exposure for several hours. 
Fresh standards of mancozeb obtained from the manufactur
er (Rohm and Haas) eliminated the possibility that the metal 
polymers were irreversibly aged. Metal chelators, such as 
dithiocarbamic acid, 1,2-ethanedithiol and DETPA, did not 
improve conversion to nabam, although they are more effec
tive chelators than EDTA.

The fact that addition of EDTA to aqueous solutions of 
maneb and mancozeb caused dissolution suggested that these

Figure 5. Chrom atogram s of nabam  In fortified (0.1 ppm) 
papaya using (A ) ABI fluorom eter and (B ) G ilson fluoro- 

meter.

polymers were simplified by breaking into smaller units with 
this treatment. Increasing mobile phase strength (more ace
tonitrile) to search for other EBDC fragments in EDTA- 
MERC/mancozeb solutions resulted in a peak with a capaci
ty factor of 2.6 using 35% acetonitrile. Unfortunately, this 
peak disappeared when diluted with EDTA-MERC below 
50 mg/L. The analyte represented by this peak may interact 
with the stationary phase or not be quantitatively converted 
to ethylenediamine in the postcolumn reactor.

The present method demonstrates quantitative recovery of 
nabam from fortified and homogenized crops as low as 
0.1 ppm with minimal sample cleanup. The fact that manco
zeb and maneb were not recovered from fortified crops, sug
gests the need for further investigations of alternative meth
ods or procedures for quantitative recoveries. However, even 
if mancozeb and maneb could be converted to nabam, this 
method would not directly measure parent fungicides. Nev
ertheless, it can eliminate many potential interferences in 
EBDC analysis by using the selectivity of both micellar sepa
ration and postcolumn reaction detection.
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Determining Organohalides in Animal Fats Using Gel Permeation Chromatographic 
Cleanup: Repeatability Study
D O N A LD  P. G O O D SPEED  and LA RRY  I. C H E ST N U T
U .S .  D e p a r t m e n t  o f  A g r i c u l t u r e ,  F o o d  S a f e t y  a n d  I n s p e c t i o n  S e r v i c e ,  S c i e n c e  a n d  T e c h n o l o g y  W e s t e r n  
L a b o r a t o r y ,  B o x  4 0 0 8 ,  A l a m e d a ,  C A  9 4 5 0 1

Eva luation  of a prev iously  published ge l perm eation ch ro
m atograph ic (G PC ) p rocedure w as undertaken to determ ine 
whether it can  be used for add itional organoch lorine pesti
c id e s. A fte r repeatab ility  stud ies of m any pestic ides, the 
fo llow ing com pounds w ere  approved for inc lusion  in the U.S. 
Department of Agricu ltu re  D om estic Residue Monitoring P ro
gram: coum aphos-S , stirophos, ch lo rpyrifos, ronnel, carbo- 
phenothion, ch lorfenvinphos, phosalone, kepone, captan, lin- 
uron, and endosu lfan I and II. R ecove rie s  ranged from  54%  
for cap tan  to 123%  for ronnel. Ranges of C V s  varied from  0 -  
9.5%  for carbophenoth lon to 7 .1 -47 .7%  for kepone. A l
though the m inimum accep tab le  recovery  of 50%  w as at
ta ined for a ll 12 pestic ides, the antic ipa ted  C V  of 20%  w as 
w a ived  to include ch lo rpyrifos, endosulfan I and il, and ke 
pone. Fo r a  m u ltiresidue procedure involving approxim ate ly 
40 com pounds, these resu lts w ere  w ithin the accep tab le  
crite ria .

The U.S. Department of Agriculture Food Safety and In
spection Service (USDA/FSIS) is responsible for the whole
someness of the nation’s meat and poultry products and has a 
long history of monitoring pesticides in the food chain. In the 
fall of 1986, a study was undertaken to include additional 
pesticides in the current USDA gel permeation chromato
graphic (GPC) procedure for chlorinated hydrocarbons (1). 
Compounds were added and deleted as statistical data were 
generated and evaluated. This procedure was collaboratively 
studied by Ault and Spurgeon in 1984 (2) for aldrin, alpha 
BHC, lindane, c is -  and fra/w-chlordane, oxychlordane, diel- 
drin, o , p - D D T ,p ,p - D D T ,p ,p - D D E ,p ,p - T D E ,  endrin, hepta- 
chlor epoxide, HCB, methoxychlor, mirex, and toxaphene. 
The method was adopted official first action for all the com
pounds listed except toxaphene.

In August 1987, a report to U.S. Congressman Morris 
Udall from Leon Panetta (Chairman, Subcommittee on Do
mestic Marketing, Consumer Relations and Nutrition) fo
cused on the use of oncogenic pesticides in the United States

Received April 17, 1990. Accepted June 26, 1990.

(3). Two of the pesticides implicated in this study were lin- 
uron and captan. Based on this report, the Chemistry Divi
sion of USDA included these 2 compounds (and others) in 
the repeatability study.

A report in February 1989 by the Natural Resources De
fense Council of a 2-year study of pesticides in children’s 
food, further substantiated the need to monitor other pesti
cides (i.e., captan) in food (4).

Fat from 4 species (beef, pork, poultry, and sheep) was 
used in this repeatability study. Recovery of 50% or greater 
at the minimum proficiency level (see below) without modifi
cation of the methodology was the main stipulation for ac
ceptance. CVs of 20% or less were anticipated but not re
quired.

Compounds that were included in the trial but did not meet 
these criteria were: dichlorvos, crufomate, trichlorfon, dia- 
zinon, dioxathion, and dichlofenthion.

M ETHOD

A p p a r a t u s  a n d  R e a g e n t s

(a) G e l  p e r m e a t io n  c h r o m a to g r a p h ic  s y s t e m  ( G P C ).— 
AutoPrep gel permeation chromatograph (Analytical Bio- 
Chemistry Laboratories, Inc., PO Box 1097, Columbia, MO 
65205) or equivalent.

(b) S o lv e n t  c o n c e n tr a tio n  a p p a r a tu s .—Auto Vap (Ana
lytical Bio-Chemistry Laboratories, Inc.) or equivalent. Pa
rameters: dump time: 32 min; keeper time: 0.01 s; evapora
tion time: 17 min; cool dry time: 30 s; diluent time: 5 s; mixing 
time: 10 s; transfer time: 2 s; rinse time: 15 s; wash time: 3.50 
min; evaporation temperature: 58°C; cleaning temperature: 
45°C; vacuum: 300 torr.

(c) G a s  c h r o m a to g r a p h  (G C ).—Electron capture detector 
(ECD) (63Ni) operated as in AOAC official method 29.008 
(14th Ed., 970.52H, 15 Ed.) (5). Conditions: capillary col
umn: DB-608, fused silica, 30 m 0.53 mm id; detector: 63Ni 
electron capture/FPD (1:1 split, optional); injector tempera
ture: 230°C; detector temperature: 325°C; carrier gas: ultra- 
pure He with flow rate of 20 mL/min; makeup gas: argon/ 
methane with flow rate of 30 mL/min; splitless mode: valve
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on for 1.5 min. Glass column effluent splitter. Oven tempera
ture program: initial temperature, 170°C; hold for 10 min; 
increase temperature at rate of 3°C/min; final temperature, 
260°C.

(d) S o lv e n ts .—Methylene chloride (CH 2CI2 ), cyclohex
ane (C6 H 12) and isooctane. Nanograde quality.

(e) G e l  c o lu m n .—Prepared with Bio Beads SX-3,200-400 
mesh according to U S D  A  C h e m is tr y  L a b o r a to r y  G u id e b o o k ,  
Procedure 5.003C (1).

(f) P e s t ic id e  s ta n d a r d s .—U.S. Environmental Protection 
Agency, Research Triangle Park, NC 27711. Purity range: 
95-99%.

G P C  C a l ib r a t io n  P r o c e d u r e

Adjust flow rate through the SX-3 gel column to 5 mL/ 
min. Determine the correct “dump” and “collect” times for 
desired residues. Fractionate volume of eluant from 150 to 
320 mL to ensure residue collection. Evaporate fractions, 
reconstitute in isooctane, and determine collection volume by 
GLC-EC.

D e t e r m i n a t i o n

Weigh 2 g rendered fat into 10 mL volumetric flask. Forti
fy “blank” fat at this point with appropriate levels of pesti
cides. Add 0.2 ppm aldrin and dilute to 10 mL with CH 2C12-  
C6H | 2  (1 + 1); mix thoroughly. Centrifuge or filter if partic
ulate matter is visible. Load sample loops on GPC with 8 mL 
sample. A 5 mL aliquot equivalent to 1 g of sample is accept
ed into sample loop. Process through GPC/AutoVap using 
dump/collect times from calibration procedure. Adjust final 
volume for GC quantitation as required. Usually, the final 
volume is 5 mL and injection volume is 3 ph  for a sample 
weight of 0.6 mg injected into the GC.

C a l c u l a t i o n s

For this study, all results were calculated using aldrin as

Tab le 1. Average  recovery, recovery  range, and range of 
C V s  for ea ch  pestic ide  for a ll sp e c ie s  at a ll leve ls

Pesticide Av. rec., % Rec. range, % CV range

Ronnel 106 87-123 1.6-12.7
Chlorpyrifos 80 62-100 4.0-29.0
Chlorfenvinphos 77 55-100 2.4-11.1
Stirophos 92 72-111 1.8-14.9
Carbophenothion 96 75-111 0-9.5
Coumaphos-S 98 88-110 2.7-16.7
Linuron 69 57-83 3.6-12.6
Endosulfan I 93 86-103 8 .8-22.2
Captan 75 54-95 5.1-12.9
Kepone 68 58-81 7.1-47.7
Endosulfan II 89 76-101 4.4-26.2
Phosalone 105 93-111 5.0-15.2

the internal standard. The following formula was used to 
quantitate each pesticide.

ppm = cone std Og/m L) X 
peak size sample pL  std 

peak size std y .L  sample 
diln vol

A

1 g sample

Official sample results should be corrected for percent 
recovery of fortified sample (fat) carried through the entire 
procedure.

R e p e a t a b i l i t y  S t u d y

Samples of rendered fat from each of 4 species (beef, pork, 
poultry, and sheep) were fortified at 4 levels: zero, minimum 
proficiency level, one-half minimum proficiency level, and 
twice minimum proficiency level. (Minimum proficiency lev
el is the smallest amount of analyte expected to be identified

mo
X

Figure 1. Chrom atogram  of m ixed  pestic ide  standard of ch lo rinated hydrocarbons and ch lo rinated organophosphates
(0 .2 -0 .6  p g / g ) .
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Figure 2. Chromatogram of additional pesticides Included In repeatability study (0.2-0.6 /tg/g).

and quantified, and upon which ongoing analytical capability 
will be based.) The fat was rendered at 80°C for 1-4 h in a 
forced-air oven.

Animal fats for this study were “official” samples submit
ted for analysis and determined to be “pesticide-free.” A 
single analysis was performed at 3 levels on each species on 3 
different days by the current GPC procedure using a mega
bore column and electron capture detection. Average recov
ery for 3 days, the standard deviation, and coefficient of 
variation for each pesticide at each level are shown in Appen
dix A, Tables 1-A to 20-A.

Results and Discussion

The objective of this study was to include as many addi
tional pesticides as possible in our current GPC methodology 
without changing parameters. Many previously considered 
compounds, such as dichlofenthion, dioxathion, and crufo- 
mate, were deleted because they could not be recovered with
out modification of existing conditions.

Although average recoveries for the 12 pesticides (Table 
1) were acceptable (>50%), CVs for some compounds cov
ered a wide range [e.g., kepone (Tables 14-A, 17-A, and 19- 
A)]. Chlorpyrifos, on the other hand, showed good repeat
ability in beef, pork, and sheep fat, but very poor repeatabili
ty in poultry fat.

Figure 1 shows the separation of 18 pesticides by GLC 
with electron capture detection using a DB-608 megabore 
column. The compounds include HCB, BHC, lindane, hepta-

chlor, aldrin (internal standard), ronnel, chlorpyrifos, hepta- 
chlor epoxide, chlorfenvinphos, dieldrin, /?,p-DDE, endrin, 
p ,p -TDE, p ,p -DDT, carbophenothion, mirex, methoxychlor, 
and coumaphos-S. Chromatography of linuron, endosulfan I, 
captan, kepone, and phosalone under the same conditions are 
shown in Figure 2. (Results for these pesticides are shown in 
Tables 13-A to 20-A.)

Results of this study were evaluated and accepted by the 
USDA Chemistry Division, Washington, DC. These 12 com
pounds are now part of the more than 40 pesticides included 
in the USDA Residue Monitoring Program.
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Appendix A. Pesticide Results by Type of Sample

Table 1-A. Recovery of ronnel and chlorpyrifos from fortified beef fat

Ronnel Chlorpyrifos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.12 0.20 0.36 0.077 0.13 0.25
Av. rec., % 123 102 89 77 67 63
Std dev. 0.015 0.015 0.0058 0.0090 0.0058 0.010
CV, % 12.7 7.6 1.6 11.7 4.4 4.0
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Table 2-A. Recovery of chlorfenvinphos and stirophos from fortified beef fat

Chlorfenvinphos Stirophos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.059 0.11 0.24 0.080 0.14 0.31
Av. rec., % 59 55 59 80 72 77
Std dev. 0.0056 0.0042 0.0058 0.0051 0.021 0.012
CV, % 9.4 3.8 2.4 6.4 14.9 3.7

Table 3-A. Recovery of carbophenothion and coumaphos-S from fortified beef fat

Carbophenothion Coumaphos-S

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.076 0.15 0.35 0.093 0.18 0.36
Av. rec., % 76 75 86 93 88 90
Std dev. 0.0046 0.010 0.012 0.016 0.012 0.020
CV, % 6.0 6.7 3.3 16.7 6.4 5.6

Table 4-A. Recovery of ronnel and chlorpyrifos from fortified pork fat

Ronnel Chlorpyrifos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.11 0.20 0.35 0.068 0.12 0.25
Av. rec., % 113 98 87 68 62 63
Std dev. 0.012 0.015 0.0058 0.0096 0.0058 0.017
CV, % 10.5 7.6 1.6 13.8 4.8 6.9

Table 5-A. Recovery of chlorfenvinphos and stirophos from fortified pork fat

Chlorfenvinphos Stirophos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.064 0.11 0.24 0.079 0.16 0.32
Av. rec., % 64 57 61 79 80 81
Std dev. 0.0068 0.0058 0.0058 0.0061 0.010 0.0058
CV, % 10.6 5.2 2.4 7.7 6.3 1.8

Table 6-A. Recovery of carbophenothion and coumaphos-S from fortified pork fat

Carbophenothion Coumaphos-S

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.082 0.18 0.36 0.089 0.18 0.37
Av. rec., % 82 88 90 89 88 92
Std dev. 0.0078 0.015 0.010 0.0093 0.0058 0.012
CV, % 9.5 8.5 2.8 10.4 3.2 3.1

Table 7-A. Recovery of ronnel and chlorpyrifos from fortified poultry fat

Ronnel Chlorpyrifos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.11 0.22 0.42 0.087 0.18 0.35
Av. rec., % 113 108 104 87 90 88

Std dev. 0.0058 0.0058 0.025 0.025 0.050 0.066
CV, % 5.1 2.7 6.0 29.0 27.8 18.7
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Table 8-A. Recovery of chlorfenvlnphos and stirophos from fortified poultry fat

Chlorfenvlnphos Stirophos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. ree., ppm 0.10 0.20 0.38 0.10 0.22 0.40
Av. ree., % 100 100 96 100 110 101
Std dev. 0.010 0.020 0.035 0.010 0.017 0.021
CV, % 10.0 10.0 9.2 10.0 7.9 5.2

Table 9-A. Recovery of carbophenothlon and coumaphos-S from fortified poultry fat

Carbophenothlon Coumaphos-S

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 
Av. rec., ppm 
Av. rec., % 
Std dev.
CV, %

0.10
0.11

110
0
0

0.20
0.21

103
0.0058
2.8

0.40
0.44

109
0.035
8.0

0.10
0.11

110
0.010
9.1

0.20
0.21

105
0.017
8.3

0.40
0.41

102
0.042

10.2

Table 10-A. Recovery of ronnel and chlorpyrifos from fortified sheep fat

Ronnel Chlorpyrifos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.4C 0.10 0.20 0.40
Av. rec., ppm 0.12 0.22 0.42 0.10 0.20 0.37
Av. rec., % 117 108 106 100 98 93
Std dev. 0.0058 0.0058 0.032 0.010 0.012 0.020
CV, % 4.9 2.7 7.6 10.0 5.9 5.4

Table 11-A. Recovery of chlorfenvlnphos and stirophos from fortified sheep fat

Chlorfenvlnphos Stirophos

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.090 0.18 0.36 0.11 0.21 0.44
Av. rec., % 90 90 91 110 107 111
Std dev. 0.010 0.020 0.021 0.010 0.0058 0.032
CV, % 11.1 11.1 5.7 9.1 2.7 7.3

Table 12-A. Recovery of carbophenothlon and coumaphos-S from fortified sheep fat

Carbophenothlon Coumaphos-S

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.11 0.21 0.44 0.11 0.21 0.43
Av. rec., % 110 107 111 107 107 108
Std dev. 0.010 0.0058 0.032 0.0058 0.0058 0.038
CV, % 9.1 2.7 7.3 5.4 2.7 8.7

Table 13-A. Recovery of linuron and endosulfan 1 from fortified beef fat

Linuron Endosulfan I

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.25 0.50 1.0 0.10 0.20 0.40
Av. rec., ppm 0.21 0.34 0.57 0.090 0.17 0.35
Av. rec., % 82 67 57 90 86 87
Std dev. 0.0098 0.018 0.021 0.016 0.027 0.070
CV, % 4.8 5.3 3.6 17.5 15.5 20.2



GOODSPEED & CHESTNUT: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74. NO. 2, 1991) 393

Table 14-A. Recovery of captan and kepone from fortified beef fat

Captan Kepone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.025 0.050 0.10 0.10 0.20 0.40
Av. rec., ppm 0.019 0.045 0.095 0.073 0.14 0.23
Av. rec., % 76 91 95 73 70 58
Std dev. 0.0010 0.0059 0.0085 0.0058 0.010 0.040
CV, % 5.3 12.9 9.0 7.9 7.1 17.3

Table 15-A. Recovery of endosulfan II and phosalone from fortified beef fat

Endosulfan II Phosalone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.081 0.16 0.31 0.099 0.21 0.43
Av. rec., % 81 80 76 99 104 107
Std dev. 0.0036 0.024 0.048 0.015 0.031 0.036
CV, % 4.4 15.1 15.6 15.2 14.8 8.3

Table 16-A Recovery of linuron and endosulfan 1 from fortified pork fat

Linuron Endosulfan I

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.25 0.50 1.0 0.10 0.20 0.40
Av. rec., ppm 0.21 0.34 0.58 0.096 0.19 0.35
Av. rec., % 83 69 58 96 93 88
Std dev. 0.026 0.026 0.051 0.014 0.041 0.061
CV, % 12.6 7.6 8.7 15.0 22.2 17.4

Table 17-A. Recovery of captan and kepone from fortified pork fat

Captan Kepone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.010 0.020 0.040 0.10 0.20 0.40
Av. rec., ppm 0.0072 0.012 0.022 0.081 0.12 0.23
Av. rec., % 72 60 54 81 58 58
Std dev. 0.00066 0.00092 0.0011 0.014 0.021 0.076
CV, % 9.1 7.8 5.1 16.7 17.8 32.4

Table 18-A. Recovery of endosulphan II and phosalone from fortified pork fat

Endosulfan II Phosalone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.093 0.18 0.35 0.11 0.19 0.44
Av. rec., % 93 88 88 106 93 111
Std dev. 0.014 0.037 0.093 0.0078 0.011 0.044
CV, % 14.7 21.3 26.2 7.4 5.0 9.9

Table 19-A. Recovery of endosulfan I and kepone from fortified poultry fat

Endosulfan I Kepone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.10 0.18 0.41 0.074 0.15 0.25
Av. rec., % 101 92 103 74 77 63
Std dev. 0.0089 0.016 0.069 0.023 0.070 0.12
CV, % 8.8 8.9 16.7 30.6 45.7 47.7
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Table 20-A. Recovery of endosulfan II and phosalone from fortified poultry fat

Endosulfan II Phosalone

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Added, ppm 0.10 0.20 0.40 0.10 0.20 0.40
Av. rec., ppm 0.10 0.20 0.39 0.10 0.22 0.44
Av. rec., % 100 101 98 103 109 110
Std dev. 0.011 0.045 0.10 0.0052 0.018 0.043
CV, % 11.4 22.1 26.2 5.1 8.8 9.8

Multiresidue Screen for Organophosphorus Insecticides Using Gel Permeation 
Chromatography— Silica Gel Cleanup

D IR K  M . H O L S T E G E , D A V ID  L. S C H A R B E R G , E L IZ A B E T H  R. R IC H A R D S O N , and G R E G O R Y  
M Ô L L E R 1
University o f  California, Davis, California Veterinary Diagnostic Laboratory System, Toxicology Laboratory, 
Davis, CA 95616

A multiresidue screen for quantitative determination of 43 
organophosphorus insecticides In 5 g of plant and animal 
tissues is described. The organophosphorus insecticides are 
extracted with methanol-dichloromethane (10 +  90, v /v) 
and cleaned up using automated gel permeation chromatog
raphy with hexane-ethyl acetate (60 +  40) eluant and in-line 
silica gel minicoiumns. Concentrated extracts are analyzed 
by gas chromatography with flame photometric detection. 
The method recovers 43 organophosphorus Insecticides in 
the range of 72 to 115% . Analysis of fortified bovine liver (n  
=  5) shows an average 95.9 ±  4.8%  recovery at the 0.05 
jug/g level and 93 ±  3.8%  at the 0.5 ¿ig/g level. Analysis of 
fortified bovine rumen content (n =  5) shows an average 98 
±  4.2%  recovery at the 0.1 ¿tg/g level and 98.7 ±  2.8%  at 
the 1 jug/g level. Method detection limits ranged from 0.01 to 
0.05 ng/g for the compounds studied using a nominal 5 gram 
sample.

Previous work has demonstrated the utility of a multiresidue 
approach to pesticide residue analysis (1,2). Current organo
phosphorus (OP) insecticide screen methodology usually re
quires extraction with a polar solvent, followed by liquid- 
liquid partition. The sample is concentrated by evaporation, 
often with a solvent exchange, before gas chromatographic 
(GC) analysis. Liquid-liquid partition is labor intensive and 
the subsequent cleanup steps required for complex sample 
matrixes must be useful for target compounds across a wide 
polarity range. This may require multiple fractionation and 
analysis of the same sample.

Extraction solvents such as acetone (3, 4), ethyl acetate
(5), acetonitrile (6), and toluene/hexane (7) have been used 
for OP analysis. These solvents either inadequately extract 
the more polar OPs such as methamidophos (8) or extract 
large amounts of water. This water may be removed by 
subsequent liquid-liquid partition (3), solid phase extraction
(9) or by salting out with NaCl or Na2S0 4  (10). Single or
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multiple extractions with more polar solvent mixtures can 
improve the extraction efficiency of polar OP compounds
(3); however, dissolved water remains and must be removed 
by some means.

In pesticide residue screening, the cleanup step is often 
eliminated to allow for rapid analysis (10). For complex 
matrix samples, this can have negative effects on analytical 
quality. Removal of matrix from sample extracts enables 
more consistent and reproducible injections during analysis, 
as well as minimizing matrix effects on column behavior and 
detector response. Reducing the number of extraneous peaks 
on a chromatogram decreases the necessity for confirming 
analyses. With the injection of cleaner samples, the lifetime 
of expensive columns is extended and instrument downtime is 
minimized.

Common multiresidue approaches to the removal of coex
tractives have met with limited success when applied to a 
wide range of OP compounds. Liquid-liquid partitioning 
with immiscible solvents such as petroleum ether-acetoni
trile (11, 12) is labor intensive (9), requires multiple back 
extractions, and is inadequate for recovery of some OP com
pounds. Sweep co-distillation can successfully cleanup sam
ples; however, decomposition of some OP compounds has 
been observed (13). Adsorbent column chromatography has 
been applied to OP analysis with varying success. Florisil has 
been shown to retain some OP insecticides (14), and will 
oxidize OP insecticides with thio-ether groups. Neutral alu
mina can degrade some OP compounds (15). Magnesia- 
charcoal columns have been shown to retain acephate (16). 
Silica has been used successfully for OP analysis, but re
quires a wide range of solvent polarities to elute all OP 
insecticides (4,17). Solid phase extraction minicolumns have 
been used successfully to cleanup extracts before OP analysis
(9) and concomitant miniaturization of analysis can be desir
able for small samples or increased production efficiency.

Gel permeation chromatography (GPC) has been effec
tively applied to cleanup OP extracts. Solvent systems such 
as cyclohexane-methylene chloride (18), hexane-methylene 
chloride (19) and ethyl acetate-cyclohexane (4) have all 
been used. Cyclohexane in the mobile phase adds viscosity
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and thus diminishes chromatographic resolution. Methylene 
chloride is a recognized workplace hazard with expensive 
waste disposal. The evaporation step following GPC cleanup 
is impaired with the use of low volatility solvents (cyclohex
ane) or solvents incompatible with many GC analyses (dich- 
loromethane).

The present paper describes a multiresidue OP method for 
the complex matrixes of the various types of samples used in 
veterinary diagnostic toxicology investigations. These may 
include feed and environmental samples as well as postmor
tem tissues and ingesta. The method uses extraction with 
methanol-dichloromethane (10 + 90, v/v), followed by gel 
permeation chromatography cleanup and analysis by gas 
chromatography with flame photometric detection. The pro
tocol was tested for 43 organophosphorus insecticides by 
means of a recovery study from pooled bovine liver and 
pooled bovine ingesta also known as rumen content. As a 
sample matrix, rumen content can be described as a water 
saturated, partially digested, grain and vegetation mixture.

METHOD

(e) Temperature controlled nitrogen gas evaporator.— 
(N-Evap Analytical Evaporator, Organomation Assoc. Inc., 
Berlin, M A).

(f) Screw cap test tubes.— 10 mL and 50 mL, with PTFE 
lined caps (Fisher Scientific).

(g) French square homogenization vessels.— 250 mL, 
with Teflon® lined caps (Fisher Scientific).

(h) Silica gel solid phase extraction columns.— 6 mL, 
500 mg disposable (Bakerbond SPE, J. T. Baker, Inc.).

(i) Tissue homogenizer.— (Polytron Model PT 10/35, 
Brinkman Instruments, Inc.).

(j) Analytical paper filter disks.— 1 /2  in., No. 740-E  
(Schleicher & Schuell Inc., Keene, N H ).

(k) Single-use syringe with Luer tip.— 6 mL (Monoject, 
Division of Sherwood Medical, St. Louis, MO).

R e a g e n t s

(a )  Methylene chloride, hexane, ethyl acetate, acetone, 
toluene.— Pesticide grade (Fisher Scientific).

(b) Sodium sulfate.— ACS reagent grade (Fisher Scien
tific), washed with ethyl acetate and oven dried at 120°C.

E q u ip m e n t  a n d  A p p a r a t u s

(a) G as ch rom atographs.—( 1 ) (Model 5890, Hewlett- 
Packard) equipped with flame photometric detector (FPD); 
phosphorous filter (525 nm); autosampler (Model 7673, 
Hewlett Packard); 30 m X 0.53 mm X 1.0 ¿tm DB-17 capil
lary column (J & W Scientific); glass insert with 0.5 cm 
loosely packed silanized glass wool; He carrier gas flow, 15 
psi (12 mL/min); detector flows: H2 at 40 psi, air at 60 psi; 
temperature program: 60°C for 0.5 min, 30°C/min to 
160°C, 5°C/min to 280°C, 280°C for 4.2 min; run time: 32 
min; split/splitless injection, valve off at 0.5 min; injector 
temperature: 240°C; detector temperature: 280°C; volume 
of injection: 2.0 ¡iL. (2) (Model Sigma 2000, Perkin Elmer) 
equipped with nitrogen phosphorous detector (NPD); auto
sampler (Model AS-2000, Perkin Elmer). 30 m X 0.25 mm X 
0.25 /am DB-5 capillary column (J & W Scientific); glass 
insert with 0.5 cm loosely packed silanized glass wool; carrier 
gas flow: helium at 20 psi (2.5 mL/min); detector gas flows: 
H2 at 4 psi (2 mL/min), air at 5 psi (120 mL/min); tempera
ture program: 60°C for 0.5 min, 30°C/min to 160°C, 5°C/ 
min to 290°C, 290°C for 5 min. Run time 34.8 min; split/ 
splitless injection; valve off at 0.5 min; injector temperature: 
240°C; detector temperature: 300°C; volume of injection: 2 
u L .

(b) C entrifuge.—IEC Centra-7R refrigerated centrifuge 
(International Equipment Company, USA).

(c) D ata  ou tp u t an d  processing  sy s tem .—Chromatogra
phy data system (Turbochrom data system with 900 series 
interface, Perkin Elmer-Nelson); integrator (Model LCI- 
100, Perkin Elmer).

(d) G el p erm ea tio n  ch rom atograph .—(Model 1002A 
Autoprep GPC, ABC Laboratories) with 5 mL sample loop. 
Additional fittings included: 4-way switching valve to remove 
column from solvent path (Rainin Instrument Co.); 0.5 cm 
Luer-lock to solid phase extraction column fitting (Bio-Rad 
Laboratories); low pressure 1 /4-28 tube couplings, flange
less PFTE fittings for 1 /8 in. and 1 /16 in. tubing, 1 /16 in. od 
X 0.01 mm id PFTE tubing (Rainin Instrument Co.). GPC 
column: 25 mm id X 300 mm packed with 60 g S-X3 Bio
beads, 200-400 mesh (Bio-Rad Laboratories); mobile phase, 
hexane-ethyl acetate (60 + 40); flow rate, 5 mL/min; 19 min 
dump cycle, 29 min collect cycle, 4 min wash cycle.

P r e p a r a t io n  o f  S t a n d a r d  S o lu t io n

Dissolve 25 mg neat organophosphorus insecticide in 25 
mL toluene to make 1000 jug/mL standard solution. Some 
compounds may need to be dissolved in methanol before 
dilution in toluene. Subsequent dilutions are made using 
ethyl acetate. OP compounds are divided into 4 mixes for 
analysis on the standard column. An initial standard solution 
of each of the 4 mixes is made at 50 ¿¿g/mL. This is then 
diluted to 0.5 /ig/mL with ethyl acetate for analysis (Table
D-

E x tr a c t io n

Thoroughly mix sample to obtain a representative subsam-

Table 1. Organophosphorus insecticide standard mixes 
and CAS registry numbers

Mix A

Coumaphos [56-72-4]
DEF [78-48-8]
Diazinon [333-41-5]
Ethion [563-12-2]
Fonofos [944-22-9] 
Methidathion [950-37-8] 
Methyl parathion [298-00-0] 
Mevinphos [7786-34-7] 
Parathion [56-38-2]
Phorate [298-02-2] 
Phosalone [2310-17-0] 
Terbufos [13071-79-9]

Mix C

Azinphos-methyl [86-50-0] 
Chlorfenvinphos [470-90-6] 
Dichlorvos [62-73-7] 
Demeton-0 [298-03-3] 
Demeton-P [126-75-0] 
Dioxathion [78-34-2]
EPN [2104-64-5] 
Fenamiphos [22224-92-6] 
Fenthion [55-39-9] 
Phosphamidon [13171-21-6]

Mix B

Carbophenothion [786-19-6] 
Dicrotophos [141-66-2] 
Dimethoate [60-51-5] 
Disulfoton [298-04-4] 
Isofenphos [25311-71-1] 
Malathion [121-75-5] 
Merphos [150-50-5]
Naled [300-76-5]
Phosmet [732-11-6] 
Tetrachlorvinphos [961-11-5]

Mix D

Acephate [30560-19-1] 
Chlorpyrifos [2921-88-2] 
Crotoxyphos [7700-17-6] 
Crufomate [299-86-5] 
Ethoprop [13194-48-4] 
Fensulfothion [115-90-2] 
Methamidophos [10265-92-6] 
Monocrotophos [919-44-8] 
Propetamphos [31218-83-4] 
Profenophos [41198-08-7] 
Ronnel [299-84-3]
Triazophos [24017-47-8]
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Figure 1. Schematic of GPC-SPE automatic cleanup system. 
V1 =  6-way manual ioad/run valve. V2 =  3-way solenoid 
dump/collect valve. V3 =  24-way, 3-gang solenoid sample 
selector valve. V4 =  4-way manual eluent bypass valve. R1 
=  0.010 in. Id capillary restrictor. SPE =  silica gel solid 

phase column.

pie. Fracture crop samples by Stein milling with liquid nitro
gen. Mix tissue samples in Waring blender or chop finely if 
there is insufficient sample for blending. Weigh 5 g frozen 
sample into homogenizing vessel. Add 40 g sodium sulfate 
and 100 mL methanol-dichloromethane (10 + 90, v/v). 
Homogenize 2 min at high speed. Crops may be shaken 
vigorously for 30 min on mechanical shaker as needed. Cen
trifuge cloudy extracts at 1200 rpm for 5 min. If water is still 
present in the extract as a top layer, add 50 g additional 
sodium sulfate and shake vigorously for 2 min. Pipet a 40 mL 
aliquot of extract into a 50 mL test tube, adding 3 drops of 5% 
decanol in acetone. Carefully evaporate to dryness using 
nitrogen evaporator at 40°C. Add 10 mL GPC solvent 
[hexane-ethyl acetate (60 + 40)] and sonicate 2 min to 
redissolve residue. Filter samples through 0.45 /im PTFE 
filters as they are loaded onto the GPC.

G e l  P e r m e a t i o n  C h r o m a to g r a p h ic  ( G P C )  C le a n u p

Sample extracts are cleaned by GPC and silica gel SPE 
minicolumns attached to the GPC outlet (Figure 1). Prerinse 
silica gel SPE columns with 5 mL GPC solvent and attach to 
output from GPC. Load 5 mL extract into GPC. Run GPC 
program, collecting in 250 mL flasks. Remove GPC column 
from solvent path using 4-way switching valve. Set GPC to 
“load.” Change GPC solvent to 20% acetone in ethyl acetate. 
Elute SPE columns with 15 mL of 20% acetone in ethyl 
acetate at 5 mL/min, running GPC as follows: dump, 0; 
collect, 3; wash, 0. Combine with GPC eluate. Add 3 drops of 
5% decanol in acetone. Evaporate to 10 mL with stream of 
nitrogen at 40° C. Transfer to 15 mL Kuderna-Danish receiv
ing flask with 5 mL ethyl acetate. Continue concentration to 
0.5 mL.

G a s  C h r o m a to g r a p h ic  ( G C ) D e te r m in a t io n

Determine residues by GC, using GC/FPD with DB-17 
megabore column. Inject 2 /¿L analytical standard (0.5 p g /

Table 2. Retention times (RT) in minutes of 
organophosphorus insecticides

Compound Alternate name RT 16 RT 2C

Mevinphos

Mix A 

Phosdrin 7.21 5.9
Phorate Thimet 10.9 9.3
Terbufos Counter 11.03 10.51
Diazinon Spectracide 12.33 10.9
Fonofos Dyfonate 12.93 10.7
Methyl parathion 15.48 12.5
Parathion Parathion ethyl 16.52 15.15
DEF Butifos 19.22 17.3
Methidathion Supracide 20.58 16.2
Ethion Bladan 22.15 19.3
Phosalone Zolone 27.11 23.6
Coumaphos Co-Ral 30.3 26.3

Naled

Mix B 

Dibrom 11.1 8.6
Dicrotophos Bidrin 12.12 8.8
Disulfoton Di-Syston 12.95 11.1
Dimethoate Cygon 13.74 9.8
Merphos Folex 15.88
Malathion Sumitox 16.58 13.8
Isofenphos Oftanol 17.83 15.7
(Merphos) as DEF Butifos 19.22 17.3
Tetrachlorvinphos Gardona 19.82 16.62
Carbophenothion Trithion 23.03 20
Phosmet Imidan 27.51 22.2

Dichlorvos

Mix C 

DDVP 5.07 4.4
Demeton-0 Systox-0 9.24 8.1
Demeton-S Systox-S 11.06 9.71
Dioxathion3 Delnav 13.36 10.5
Phosphamidon “ E” Dimecron "E” 13.89 12.2
Phosphamidon “ Z” Dimecron “ Z” 15.34 12.2
Fenthion Baytex 17.48 14.2
Chlorfenvinphos “ E" Supona “ E” 18.39 15.3
Chlorfenvinphos “ Z” Supona "Z” 18.39 15.6
Fenamiphos Nemacur 20.22 17.19
EPN Santox 25.93 22.4
Azinphos-Methyl Guthion 29.4 23.7
Dioxathion Delnav 26.6

Methamidophos

Mix D 

Monitor 5.74 5.0
Acephate Orthene 8.29 6.2
Ethoprop Mocap 9.86 8.35
Propetamphos Safrotin 12.26 10.5
Monocrotophos Azodrin 12.85 9.3
Ronnel Fenchlorfos 15.05 13.0
Chlorpyrifos Dursban/Lorsban 16.25 15.2
Crufomate Ruelene 17.69 14.6
Crotoxyphos Ciodrin 19.57 16.05
Profenophos Curacron 20.13 17.38
Fensulfothion Dasanit 23.19 18.89
Triazophos Hostathion 24.52 19.72

a Thermal breakdown peak.
b Standard conditions: 30 m DB-17 megabore (FPD-P). 
c Standard confirmation conditions: 30 m DB-5 0.25 mm id 20 psi flow 

(NPD).
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Table 3. Fortified matrix mean percent recoveries (n =  5) and coefficients of variation of organophosphorus insecticides
from rumen content and liver by the tissue/crop procedure

Rumen content Liver

0.1 fig/g 1.0 ng/g 0.05 fig/g 0.5 fig/g

Mean
Recovery %CV

Mean
Recovery %CV

Mean
Recovery %CV

Mean
Recovery %CV

Acephate 95 1 92 1 76 4 74 3
Azinphos-Methyl 113 7 112 7 103 10 86 2
Carbophenothion 84 4 102 2 85 5 91 2
Chlorfenvinphos 108 3 102 2 94 3 88 2
Chlorpyrifos 99 3 98 1 105 2 97 3
Coumaphos 114 1 111 1 110 5 111 4
Crotoxyphos 105 1 107 1 110 3 102 3
Crufomate 103 2 102 1 105 2 100 2
DEF 100 2 100 2 103 3 102 4
Demeton 81 8 78 3 86 4 72 4
Diazinon 95 3 95 4 88 3 88 5
Dichlorvos 102 9 81 2 91 4 74 6
Dicrotophos 92 4 106 2 93 4 90 6
Dimethoate 88 3 101 2 92 3 93 2
Dioxathion 88 8 98 6 87 6 102 15
Disulfoton 90 4 97 6 94 10 109 7
EPN 101 3 107 3 90 2 84 3
Ethion 115 12 99 3 100 13 93 5
Ethoprop 84 4 91 2 95 1 93 4
Fenamiphos 111 3 101 2 108 2 87 3
Fensulfothion 105 2 104 1 107 6 100 2
Fenthion 103 10 95 2 83 5 81 3
Fonofos 95 3 93 5 85 4 85 4
Isofenphos 93 4 95 2 95 4 92 1
Malathion 92 5 100 2 97 5 94 1
Merphos 110 7 107 8 114 7 115 2
Methamidophos 85 6 78 1 91 5 80 5
Methidathion 107 5 100 3 103 4 101 4
Methyl parathion 100 3 99 3 91 5 94 4
Mevinphos 94 6 93 5 83 3 83 5
Monocrotophos 99 2 101 1 86 12 93 2
Naled 91 3 97 7 95 13 87 9
Parathion 99 2 99 2 103 6 97 4
Phorate 89 4 86 5 81 2 78 5
Phosalone 92 8 106 2 95 8 106 4
Phosmet 103 2 101 6 103 0 107 3
Phosphamidon 113 5 114 2 91 3 97 3
Profenophos 101 2 103 1 108 2 100 3
Propetamphos 89 3 90 1 96 4 89 3
Ronnel 93 2 97 1 103 1 96 4
Terbufos 90 4 90 5 84 3 84 4
Tetrachlorvinphos 101 5 109 3 102 5 101 1
Triazophos 102 3 103 1 111 10 100 3

mL) and samples (2 g/mL). Residues are confirmed using 
GC/NPD with DB-5 capillary column. Quantitate using 
external calibration based on injections of 1 ng of OP insecti
cides.

V a l id a t io n  S t u d y

Pooled liver and pooled rumen content were fortified at 2 
levels with each OP standard mix. Liver was fortified at 0.5 
and 0.05 mg/kg; rumen content at 1.0 and 0.1 mg/kg. Five 
replicates of each fortification level for both matrixes were 
prepared. This scheme was repeated for each of the 4 stan
dard mixes.

Results and Discussion

Results for the 43 organophosphorus insecticides studied 
are presented in Tables 2 and 3. The method quantitatively 
extracts the polar OP insecticides (i.e., methamidophos) and 
removes matrix coextractives without loss of the more vola
tile OP insecticides (i.e., dichlorvos). Extraction with metha- 
nol-dichloromethane (10 + 90, v/v), combined with GPC/ 
silica gel cleanup resulted in good precision and accuracy for 
both a high water content, highly pigmented matrix (bovine 
rumen content) and a matrix of high fat content (bovine 
liver).

Use of 10% methanol in dichloromethane as an extraction
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solvent solves the problems associated with the use of a polar 
extraction solvent. A mixture of methanol dichloromethane 
(10 + 90) has sufficient polarity to extract highly polar 
compounds such as acephate, monocrotophos, and methami- 
dophos, yet is immiscible with water. Any water in the sol
vent extract is removed with sodium sulfate.

A small amount of water in the tissue/crop extract after 
extraction is not a problem if the sample is shaken before 
removal of the aliquot. Tissue and crop extracts do not usual
ly require coarse filtration; the aliquot is easily withdrawn 
from the homogenization vessel after momentary settling. If 
required, the 40 mL aliquot can be filtered under vacuum 
through an empty 6  mL column with a 0.5 in. filter paper disc 
placed at the bottom and rinsed with 5 mL extraction solvent.

One limitation of this method is the small amount of sam
ple (5 g) analyzed. A 10 g sample lowers recovery of the polar 
OP insecticides to less than 70% in samples with greater than 
50% water content. It is, therefore, important to fully mix 
samples before subsampling to obtain representative results. 
This liability can be overcome by increasing the scale of the 
extraction step.

Preliminary studies showed that high (120-160%) recov
eries resulted from injection of concentrated sample extracts 
(>1 g/mL) without the final silica gel cleanup because of 
matrix effects on the chromatography. These influences can 
be reduced by using tcluene as the injection solvent. These 
results indicate that all extracts >0.5 g/mL concentration 
and all tissue extracts should undergo at least silica gel clean
up. If GPC cleanup is omitted to reduce analysis time, the 
silica gel column alone gives a moderate cleanup. If the silica 
gel column is the only cleanup, the sample should be added to 
the column in 1 mL hexane, washed with an additional 9 mL 
hexane (discarded) and eluted with 15 mL of 20% acetone in 
ethyl acetate. Poor recovery of chlorpyrifos and ronnel may 
result from this abbreviated cleanup. This modified cleanup 
was not used in the validation study.

A challenging aspect of this work was the development of a 
GPC solvent system that could elute highly retained com
pounds (especially azinphos methyl) with a minimum of 
solvent, while providing satisfactory resolution of the pesti
cides from the lipid coextractives. The reduced GPC elution 
solvent volume and its higher volatility allows nitrogen evap
oration, avoiding the variable recoveries associated with rota
ry evaporation. A  high percent of ethyl acetate is necessary to 
elute azinphos methyl in a reasonably small volume.

Gel permeation chromatography is excellent for removal 
of lipids and other large molecules from sample extracts. 
When coupled in series with a silica gel minicolumn to re
move polar matrix coextractives, a clean extract can be ob
tained. A filtered liver extract representing 1 g sample has a 
dry mass of 19.2 mg before cleanup. This extract following 
cleanup has a dry mass of 1.2 mg. The remaining small, 
relatively nonpolar interferences typically cause the fewest 
chromatographic difficulties. Figure 2 shows a typical GC- 
FPD chromatogram for analysis of a 0.1 /ug/g fortification of 
bovine rumen content, with a minimum of matrix peaks 
present.

The data suggest that the evaporation steps in this proce
dure result in minimal analyte loss. This was accomplished 
by the use of volatile solvents throughout analysis, a stream 
of nitrogen at 40°C for evaporation, and 5% decanol in 
acetone as a “keeper.” Volatile OP insecticides are all well 
recovered with low coefficients of variation. When compar
ing percent recoveries for several compounds fortified at the

0.1 Mg/g level in bovine rumen content, the more volatile 
compounds dichlorvos (Vp2 0  = 20 000 mPa at 20°, 102% 
recovery), naled (Vp2 0  = 260 mPa, 91%), phorate (Vp2 0  = 
110 mPa, 89%), and ethoprop (Vp2 6  = 46.5 mPa, 84%) pro
duced comparable recoveries to compounds of intermediate 
volatility such as methyl parathion (Vp2 0  = 1.3 mPa, 100% 
recovery), parathion (Vp2 0  = 5 mPa, 99%), chlorpyrifos 
(Vp2 5  = 2.5 mPa, 99%), and malathion (Vp3 0  = 5.3 mPa, 
92%) (20).

Chromatographic conditions were chosen to maximize res
olution between peaks, while minimizing total run time (32 
min). Routine sample analysis has shown that the chromato
graphic conditions chosen also minimize the need for con
firming analyses. An autosampler enables this long run time 
to be practical for analysis of many samples. Additionally, in 
the present study, the FPD was superior in performance to 
the NPD as a detector for analysis of OP insecticides. FPD 
background interference was significantly less than that of 
the NPD with better day-to-day stability. Some polar OP 
insecticides, such as acephate and methamidophos, do not 
chromatograph well on the nonpolar DB-5 confirmatory col
umn. These are typically confirmed on a more polar column, 
such as a DB-1701.

The diversity of physical properties of OP insecticides 
studied presented some challenges in developing a compre
hensive multiresidue screen. For example, dioxathion under
goes thermal degradation in the injection port. The intact 
compound does not chromatograph under standard condi
tions, although it does under confirmation conditions. In the 
present study, we found that, when samples were not suffi
ciently cleaned up, there could be a resultant variability in 
the breakdown of dioxathion. Demeton was shown to be 
unstable, with recoveries dropping from 90 to 25% in 72 h at 
room temperature for both matrixes. This degradation 
causes difficulties on long analyses, or on re-analysis of ex
tracts. Naled and ethion coeluted with matrix interferences 
on the DB-17 column. Naled results are based on confirma- 
tional analysis, while the background level was subtracted for 
ethion results. This results in the greater coefficient of varia
tion for ethion fortifications at low levels. Merphos was 
shown to oxidize to DEF (Butifos) during sample cleanup. 
Quantitation is based on the DEF level, with a factor based 
on the ratio of the 2  molecular weights used to adjust the 
amount found. The merphos standard also undergoes this 
oxidation, and must be routinely monitored and replaced. 
The presence of DEF in the sample extract indicates the 
presence of either DEF or merphos in the sample. These 
compounds must be confirmed by a different cleanup 
scheme. The 2 isomers of mevinphos are resolved on the DB- 
17, but not the DB-5 confirmation columns. The “E” isomer 
was used for fortification quantitation on the primary analy
sis, while the combined “E” and “Z ” isomers were used for 
confirming analysis. Both isomers are used for quantitation 
of mevinphos levels in samples.

In summary, this multiresidue screen has the ability to 
extract, cleanup, and determine 43 organophosphorus insec
ticides in liver tissue and rumen content. The method per
formed well for high fat content and for extremely pigment
ed, high water content matrixes, with good fortification re
coveries and coefficients of variation for all 43 OP 
insecticides. The procedure is especially suited to situations 
in which sample size is limited, or in which a large number of 
difficult samples must be analyzed, by providing good clean
up with minimal preparation time. The method has been used
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Figure 2. GC/FPD chromatogram of bovine rumen content extract, fortified at 0.1 ppm with standard mix A. 2 /¿L of 2 g/mL sam
ple extract injected using 30 m DB-17 megabore column.

in routine sample analysis with good spike recoveries from a 
variety of matrixes that have included a variety of animal 
feeds and tissue types. While methylene chloride has been 
eliminated from GPC cleanup, it remains in the extraction 
solvent. Work is in progress to develop a satisfactory non- 
chlorinated extraction solvent mixture and cleanup for the 
analysis of organophosphorus, organochlorine and organoni- 
trogen pesticides in a combined multiresidue protocol.

R E F E R E N C E S

(1) Seiber, J.N ., Glotfelty, D.E., Lucas, A.D., McChesney, M.M., 
Sagebiel, J.C., & Wehner, T.A. (1990) A r c h . E n v iro n . C o n 
ta in . T o x ic o l. 19, 583-592

(2) Ripley, B.D. (1987) P e s t ic .  S e i .  B io te c h n o l.,  P ro c . In t. C on g . 
P e s t ic .  C h e m . 6 th  1 9 8 6 , pp. 357-360

(3) Luke, M.A., Froberg, J.E., & Masumoto, H.T. (1975) J . 
A s s o c . O ff. A n a l. C h em . 58, 1020-1026

(4) Specht, W., Tillkes, M. (1985) F re se n iu s  Z  A n a l. C h em . 322, 
443-455

(5) Roos, A.H., Van Munsteren, A.J., Nab, F.M., & Tuinstra,
L.G.M. Th. (1987) A n a ly t ic a  C h im ic a  A c ta  196, 95-102

(6) Storherr, R.W., O tt, P., & W atts, R.R. (1971) J . A s s o c . O ff. 
A n a l. C h em . 54, 513-516

(7) Johansson, C.E. (1978) Pestic. Sci. 9, 313-322
(8) Luke, M.A., Froberg, J.E., Doose, G.M., Masumoto, H.T.

(1981) J. Assoc. O ff. Ana l. Chem. 64, 1187-1195
(9) Hopper, M.L. (1988) J. Assoc. O ff. A na l. Chem. 71, 731-734

(10) California Department of Food and Agriculture Pesticide Res
idue Program (1988) M u lti-R e s id u e  Screens, January 27, 
1988

(11) Pesticide A n a ly tica l M an u a l (1988) Vol. I, Food and Drug 
Administration, Washington, DC, secs 231, 232

(12) O ffic ia l M ethods o f  A na lysis  (1990) 15th Ed., AOAC, Ar
lington, VA, sec 970.52

(13) Luke, B.G., & Richards, J.C. (1984) J. Assoc. O ff. Anal. 
Chem. 67, 902-904

(14) Beckman, H., & Garber, D. (1969) J. Assoc. O ff. Ana l. Chem. 
52,286-293

(15) Ambrus, A., & Thier, H.-P. (1986) Pure &  A pp l. Chem. 
58(7), 1035-1062

(16) Blaha, J.J., & Jackson, P.J. (1985) J. Assoc. O ff. Ana l. Chem. 
68,1095-1099

(17) Lores, E.M., Moore, J.C., & Moody, P. (1987) Chemosphere 
16, 1065-1069

(18) Ault, J.A., Schofield, C.M., Johnson, L.D., & Waltz, R.H. 
(1979) J. A gric . Food Chem. 27, 825-828

(19) Hopper, M.L. (1982) J. A gric. Food Chem. 30, 1038-1041
(20) The Agrochem icals Handbook  (1988) 2nd Ed., Update 2, The 

Royal Society of Chemistry, Nottingham, England



400 FIDDLER ET AL.: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74. NO. 2, 1991)

SEAFOOD PRODUCTS

Gas Chromatographic Method for Determination of Dimethylamine, Trimethylamine, and 
Trimethylamine Oxide in Fish-Meat Frankfurters

W A LTER  FIDDLER, ROBERT C. D O ERR, and ROBERT A. GATES
U .S. D ep a rtm en t o f  A g ricu ltu re , A g r ic u ltu ra l R esearch  S ervice , E astern  R eg ion a l R esearch  C enter, 6 0 0  E ast 
M e rm a id  Lane, P h ila d e lp h ia , P A  19118

A method Is described for analysis of minced fish-meat and 
suriml-meat frankfurters for dimethylamine (DMA), trimethyl
amine (TMA), and trimethylamine oxide (TMAO) using a 
headspace-gas chromatographic technique. After simple 
acid extraction and addition of NaOH, the headspace was 
directly Injected Into a gas chromatograph by a gas-tight 
syringe. DMA and TMA were separated on a Chromosorb 103 
column and detected by a flame Ionization detector. TMAO 
was measured as TMA after Zn reduction. Repeatability of 
the method for DMA, TMA, and TMAO was 6.6,1.0, and 18.8 
ppm, respectively. The method was applicable to Alaska 
pollock-meat and Atlantic menhaden-meat frankfurters, un
washed, and washed mince and suriml.

Based on advances in food technology, use of minced fish 
(mechanically separated flesh) and surimi (a washed form of 
mince, comprised primarily of stabilized myofibriller pro
tein) has been proposed as a partial substitute for meat in 
heretofore formulated all-meat products (1-3). Use of fish in 
nitrite-cured products raises concerns regarding formation of 
the potent carcinogen, A-nitrosodimethylamine (NDMA), 
because fish generally contains more dimethylamine (DMA) 
than meat (4, 5). Thfe presence of NDMA at the low ppb 
level, particularly in salt-dried fish and other seafoods not 
exposed directly to nitrite, has been noted in several reviews
(6,7). Deterioration of fresh fish through microbial spoilage 
is accompanied by a parallel decomposition of trimethyl
amine oxide (TMAO) to trimethylamine (TMA) to the ex
tent that the latter compound is used as an indicator of 
freshness (8).
In fish of the gadoid family, TMAO principally forms 

DMA and formaldehyde by endogenous enzymes (9), with 
the maximum formation below the freezing point of fish (—5 
to — 10°C) (10) and under refrigeration conditions in the 
absence of oxygen (11). One member of the gadoid family, 
Alaska pollock, is the preferred raw material for shellfish 
analogues made from surimi. While DMA can be nitrosated 
directly to form NDMA, both TMAO and TMA have also 
been shown to form NDMA (12-16). Under certain condi
tions, NDMA forms more readily from TMAO than TMA
(17). Therefore, any investigation of NDMA in frankfurters 
containing meat in combination with fish mince or surimi 
requires accurate measurement of all 3 compounds—  
TMAO, TMA, and DMA.
For reasons of specificity, gas chromatography (GC) has 

been the common means for direct analysis of DMA and 
TMA, despite problems associated with its use. Analysis of 
volatile amines by GC has been hampered by loss of sample 
response, the ghosting phenomena, and badly tailed peaks 
because of adsorptive effects between the aliphatic amines

Received June 8, 1990. Accepted July 25, 1990.

and the chromatographic support or adsorbent (18, 19). 
Most efforts to overcome these difficulties have involved 
deactivating the column packing material by adding a 
strongly basic material such as KOH or by adding ammonia 
to the carrier gas with noticeable improvement. Lack of 
published statistical data on the quantitative aspects of mea
suring low ppm of methylamines in seafood samples, except 
for a few fortification-recovery studies, also suggests prob
lems in using GC for amine analysis. Lundstrom and Racicot 
describe an apparently successful method for determining 
both DMA and TMA in seafood (20). Despite this and other 
investigations on different sample preparations and GC col
umn packings and detectors, there remains a need for a 
simple, specific, accurate method for methylamines as re
cently discussed (21).

The present paper describes an improved method applica
ble to fish-meat frankfurters containing Alaska pollock and 
Atlantic menhaden unwashed and washed mince and surimi.

METHOD

R e a g e n ts

(a) H ydroch loride sa lts  o f  D M A  and T M A .— (Aldrich 
Chemical Co.) Dry to constant weight in a vacuum oven at 
70°C.

(b) H ydroch loric  acid  (H C l).— Concentrated, 2.0 and 
0.5N (J.T. Baker).

(c) S o d iu m  h ydrox ide  (N a O H ).— 15N (J.T. Baker).
(d) Z inc pow der.—(Fisher Scientific) Purify 12 g by stir

ring for 1 min with 30 mL of 2N HCl, then transfer to a 
Buchner funnel and wash with 30 mL water, 20 mL ethanol 
and 20 mL acetone. Dry in a vacuum oven at 165°C for 1 h, 
then place in a suitable container.

(e ) A m ine s tan dard  so lu tion .— Prepare 1 mg/mL individ
ual standard solutions from dried crystals of DMA-HC1 and 
TMA-HC1 with 0.5N HCl. Prepare a combined working 
standard by taking 100 /tL of each amine solution and adding 
it to 25 mL volumetric flask and diluting to volume with 0.5N 
HCl. Final concentration of DMA and TMA is 4 jug/mL, 
equivalent to 10 ppm in a 10 g sample.

(f) F ish -m eat sam p les.—Frankfurters in which 15% or 
50% of the meat was substituted with fish were prepared by 
the National Marine Fisheries Service and shipped to East
ern Regional Research Center as described previously (22). 
Samples of fish were either the raw ingredients for the frank
furters or ones purchased at local retail stores.

A p p a ra tu s

(a) T issu m izer.—Tekmar model SDT18/10 with a model 
SDT100EN shaft or equivalent.

(b) Vortex m ixer.—Lab-Line Instruments Super-Mixer 
or equivalent.

(c) C entrifuge tu bes.— Oak Ridge style, 50 mL polypro
pylene (Sorvall Instruments, Dupont Co.) or equivalent.
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Figure 1. Schematic of amine method.

(d) R e f r ig e r a te d  c e n tr i f u g e .—Sorvall RC-5B with an SA- 
600 rotor or equivalent.

(e) W a te r  b a th .—Exacta-Heat constant temperature bath 
or equivalent.

(f) R e a c t io n  v ia l s .—Kontes microflex 5 mL vials, No. 
749000-0005 or equivalent.

(g) G a s - t i g h t  s y r in g e .—(Precision Sampling Corp.) 1 mL 
syringe.

(h) G a s  c h r o m a to g r a p h .—Hewlett-Packard model 5880A 
gas chromatograph equipped with a flame ionization detec
tor and a controller-electronic integrator terminal level four. 
A 3.3 m X 2 mm id glass column packed with Chromosorb 
103 was preconditioned at 250°C overnight with helium 
flow. Operating conditions: oven, 125°C isothermal; injector, 
150°C; detector, 250°C; helium, 20 cc/min; hydrogen, 30 
cc/min; air, 200 cc/min.

P ro c e d u re

Figure 1 is a schematic of the method.
S a m p l e  p r e p a r a t io n .—Grind fish-meat frankfurters or 

fish twice through a 1 /8-in. plate before analysis. Mix thor
oughly. Weigh 10 g comminuted fish-meat or fish sample 
into a centrifuge rube. Add 15 mL of 0.5N HCI to tube and 
homogenize sample for 7 min with Tissumizer power setting 
at 70. After homogenization, centrifuge sample for 45 min at 
15 000 rpm and 0°C. Decant liquid from tube into 25 mL 
volumetric flask and dilute to volume with 0.5N HCI. This is 
the sample solution.

A m in e  d e t e r m i n a t i o n .—Pipette 0.5 mL DM A/TM A  
standard solution into a 5 mL vial containing 100 f L  concen
trated HCI, then add 1.5 mL of 15N NaOH. Immediately 
cap vial and agitate on vortex mixer for 1 min. Heat for 5 min 
in 55°C water bath. Inject, on column, 800 p L  of the vial’s 
headspace gases into GC. (C a u t io n : do not permit any liquid 
contained in vial to be injected into column). Repeat stan
dard determinations until response is reproducible—that is, 
at least 4 injections in a row that yield peak areas within 10% 
of each other. An average of the usable injections is used in 
the calculations.

Pipette 0.5 mL sample solution into a 5 mL vial containing 
100 p L  concentrated HCI and determine DMA and TMA as 
above.

For TMAO, pipette 0.5 mL sample solution into a 5 mL 
vial containing 100 p L  concentrated HCI. Add a spatula tip 
amount (ca 175 mg) of powdered zinc, cap, agitate, and heat 
as above. Add 1.5 mL 15N NaOH, cap, agitate, heat, and 
inject headspace sample as above.

C a lc u la t io n .—Concentrations of DMA and TMA are 
each calculated as follows:

C x  =  —  * C s  
A s

where C x  is the concentration of amine in the liquid phase of 
the sample; C s , the concentration of amine in the liquid phase 
of the standard; and A x  and A s  are the corresponding peak 
areas. TMAO is calculated by subtracting the TMA value 
from total TMA after reduction, then multiplying the result 
by 1.28 to express the concentration based on the oxide. All 
values in the paper are discussed in terms of amount of amine 
present in the sample, not in the liquid or vapor phase.

S t a t i s t i c a l  a n a ly s i s .—The general linear models (GLM) 
procedure of the Statistical Analysis System PC software 
(version 6.04, SAS Institute, Inc., Box 8000, SAS Circle, 
Cary, NC 27512) was used to analyze results. Results were 
interpreted according to the methods of Snedecor and Coch
ran (23).

Results and Discussion
The method initially evaluated was as described by Lund- 

strom and Racicot (20); it had been successfully used to 
measure DMA and TMA in a wide variety of fish and sea
food products. Under the same conditions, including use of 
nitrogen phosphorus specific detector (NPD), we could not 
obtain repeatable responses for a standard concentration of 
DMA in benzene. The high degree of variability precluded 
application of this method. Substitution of benzene by 2- 
propanol as used by Zeisel et al. (24), also produced erratic 
results. Our change to the more commonly available flame 
ionization detector (FID) improved repeatability of the 
DMA response in organic solvents. To lessen problems asso
ciated with repeated injections of extraction solvents contain
ing amines and other sample components, we considered a 
headspace method. Concentrations of amines in the combi
nation fish-meat frankfurters were sufficiently high so that 
the greater sensitivity of the NPD vs FID was not a factor. 
This meant that a less rigorous isolation/cleanup procedure 
might be employed. Miller and coworkers developed an equi
librium vapor analysis method in which an aliquot of the 
headspace was removed from a sealed screw-cap vial after 
addition of NaOH and heating (25). Using this approach, we 
employed a 5 mL reaction vial with Teflon-coated septa and 
a gas-tight syringe that permitted analysis of the products 
containing fish without loss of volatile amines.

In addition to the porous polymer, Chromosorb 103, se
lected for this study, a few other packings were evaluated. 
One, also a porous polymer, HayeSep B was recommended 
for separation of Ci and C2 amines and ammonia (26). A 3.3 
m (10 ft) X 2 mm id glass column packed with 60-80 mesh 
HayeSep B was operated isothermally at 125°C. Helium 
carrier flow rate was 20 cc/min. Under these recommended 
conditions, DMA and TMA had long retention times of >7 
min, did not produce sharp peaks, and produced erratic peak 
areas upon repeated injection of amine standard.

Changing operating conditions failed to improve the per-
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Table 1. Recovery of dimethylamine and trimethylamine 
in fish-meat frankfurters

Av. Recovery, %

Amine added, ppm DMA TMA

5 100.2 +  4.7 94.2 +  6.9
50 92.1 +  3.0 92.6 +  5.5

500 88.1+5.2 91.7 +  3.1

n = 4.

formance of this column. We also tested another packing 
material, 4% Carbowax 20M/0.8% on KOH, on Carbopack 
B (27), specifically designed for analysis of volatile amines. 
After packing and conditioning as recommended, both DMA 
and TMA were resolved and separated under 4 min with 
sharp peaks. Unfortunately, amine levels below 5 ppm gave 
unpredictable results, with the DMA peak often disappear
ing. Because we needed to measure lower concentrations of 
this amine, this packing was not suitable. Despite successful 
application of Chromosorb 103 to determine DMA and 
TMA in fish and fish products (20,28), Chromosorb 103 was 
not entirely problem-free. The columns packed with this 
material had to be conditioned daily with several injections of 
amine standards before peak areas reached a plateau and 
were reproducible. After conditioning, the column could be 
used the entire day.

Typically, the Chromosorb 103 column could be used for 
injection of at least 2000 samples and standards. Then, a 
sudden, unexplained deterioration of the column could be 
observed in which the DMA peak became very small or 
disappeared. Conditioning by injection of n-nonylamine to 
reduce the active sites did not improve column performance 
with respect to DMA repeatability. On occasion, new col
umns conditioned overnight at 250°C with carrier gas flow 
exhibited similar behavior and necessitated repacking. We 
found Chromosorb 103 to be the best column packing avail
able for our use.

With the GC operating conditions described in the E x p e r i 
m e n ta l  section, monomethylamine, DMA, and TMA were 
well resolved with retention times of 1.4, 2.3, and 2.8 min, 
respectively. Only the latter 2 volatile amines were quantitat
ed in the samples tested. A peak for acetone, the solvent used 
to clean the syringe, was occasionally observed at 5.2 min.

The GC chromatographic detector linearity response to 
DMA and TMA was calculated from the means of triplicate 
determinations from standards ranging from 1 to 1000 ppm. 
This would cover anticipated concentrations in the product 
type tested. Calibration curves were plotted as amine concen
tration in ppm vs peak area. For y  = a x  +  b , DMA had a 
slope of 0.00777 ppm/unit area and intercept of +9.52 ppm, 
r2 = 0.997; TMA had a  = 0.00443 ppm/unit area, b  =
4.01, r2 = 0.996. Both correlations were highly significant
(P <0.001).

To measure TMAO as TMA and keep the method simple, 
ca 175 mg Zn powder was added to the sample extract 
containing 100 / x L  cone. HC1. The acid was needed for the Zn 
to work effectively. In fish-meat frankfurters fortified with 
10,100, and 1000 ppm TMAO, 100% was converted by Zn to 
TMA.

Overall recovery studies were performed in duplicate on 
DMA and TMA where fortification levels, added to samples 
before analysis, were representative of concentrations found 
in this type of cured product.

Results of recovery studies are shown in Table 1. These 
recoveries and standard deviations show that the method was 
satisfactory for this type of analysis.

Figure 2 shows a chromatogram of (A) a standard contain
ing the equivalent of 10 ppm DMA and TMA; curve (B) is 
from a frankfurter sample containing 50% unwashed Alaska 
pollock mince. Because the peak areas were measured, no 
attempt was made to attenuate the signal to keep peaks on 
scale. Curve (C) is the corresponding washed mince sample. 
While not indicated in the figure, these 2 samples also con
tained 1112 and 207 ppm TMAO, respectively. Concentra
tions of DMA were higher than TMA in all Alaska pollock 
samples and for most sample frankfurters containing Atlan
tic menhaden samples. No interfering peaks were observed in 
either the fish-meat frankfurters after processing and broil
ing or in raw fish. This was also true for the TMAO reduced 
samples, although 2 noninterfering peaks whose retention 
times corresponded to methanol and ethanol were sometimes 
noted.

To date, this method has been used to analyze more than 
250 samples of minced fish (unwashed and washed) and 
surimi-meat frankfurters, in which the meat has been substi
tuted at the 15 and 50% levels. The fish source was comprised 
of Alaska pollock (high amine) and Atlantic menhaden (low 
amine). This accounts for the wide range of concentrations of 
DMA, TMA, and TMAO shown in Table 2. Repeatabilities 
and coefficients of variation were estimated from the error 
term of the ANOVA. The CV for DMA is acceptable for our 
uses, given the known difficulty in accurately measuring this 
amine. The minimum detectable level was 0.1 ppm for DMA 
and 0.05 ppm for TMA. This method was also applied to all
meat frankfurters and the minced fish and surimi used in the 
preparation of the frankfurters. Limited analysis indicated 
that this approach may be effective for analysis of other fish 
species and seafoods.

TIME (min.) TIME (min.)
Figure 2. Chromatograms of DMA and TMA: (A) standards 
(10 ppm), frankfurter sample containing 50% Alaska pol
lock; (B) unwashed mince (190.5 and 11.4 ppm); (C) 

washed mince (4.5 and 0.9 ppm, respectively).
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Table 2. Amine ranges and repeatabilities in fish-meat 
frankfurters

Amine Range Repeatability, ppm CV, %

DMA NDa-711.7 6.6 20.5
TMA ND-120.8 1.0 16.0
TMAO ND-1785.7 18.8 12.7

a ND = not detectable. 
n = 255 samples in duplicate.

Conclusion
The direct equilibrium headspace GC method described is 

rapid and easy to perform requiring no organic solvents di
rectly in the analysis and a reasonable array of reagents and 
equipment readily available in the analytical laboratory. As a 
result, other preparation and sampling techniques that cause 
column deterioration are avoided. The method is applicable 
for routine analysis of methylamines in fish-meat samples 
and fish.

The authors recommend that this method be evaluated by 
others as an alternative to other proposed procedures.
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Ten paralytic shellfish toxins [saxltoxin, neosaxltoxin, B-1, B- 
2, gonyautoxin 1, 2, and 3 (i.e., GTX-1, GTX-2, and GTX-3), 
C-1, C-2, and C-3] were oxidized at room temperature under 
mildly basic conditions with hydrogen peroxide or periodic 
acid. The products were then analyzed by liquid chromatog
raphy (LC). The AM-hydroxy lated toxins (neosaxltoxin, B-2, 
GTX-1, and C-3) formed fluorescent products after periodate 
oxidation at ca pH 8.7, but did not form fluorescent deriva
tives with peroxide oxidation. The non-AM-hydroxylated tox
ins (saxltoxin, B-1, GTX-2, GTX-3, C-1, and C-2) formed 
highly fluorescent derivatives with both peroxide and perio
date oxidations. Individual toxins produced mainly single 
fluorescent peaks by reverse-phase LC. However, all GTX 
toxins eluted with the same retention time. Also, C-1 and C-2 
eluted together, as did neosaxltoxin and B-2. The non-AM- 
hydroxylated toxins could be detected in quantities as low as 
20-50 pg/injection, while the AM-hydroxy analogues could 
be detected at levels as low as 100-500 pg/in]ection. UV 
absorption and fluorescence emission spectra were similar 
for the oxidation products of all toxins examined (max. 
333 ±  2 nm absorption, 389 ± 4 n m  fluorescence emission).

Toxins associated with paralytic shellfish poison (PSP) are 
among the most acutely toxic substances known (1-3). The 
structures of 12 of these toxins are shown in Figure 1 and 
Table 1. Contamination of shellfish with PSP is now recog
nized as a worldwide problem (4). The most common method 
for PSP toxin determination has been the mouse bioassay
(5). However, this requires a regular supply of mice of the 
proper size along with facilities to maintain them. In recent 
years, there has been a move away from mammalian bioas
says; several European countries are considering banning 
them altogether. Alternative methods for PSP determination 
have been investigated. These include immunoassay (6), col
orimetry (7, 8), and fluorescence (9, 10). The immunoassay 
technique has been developed only for saxitoxin. However, 
research on immunoassay procedures for other toxins is un
derway and should lead to a simple, fast approach for screen
ing shellfish.

The best method up to now for monitoring PSP toxins is a 
combination of liquid chromatography (LC) with on-line 
postcolumn oxidation and fluorescence detection (4,11). The 
original peroxide oxidation procedure (9,10) was found to be 
unsuitable for N-l-hydroxy analogues and, thus, periodate 
was used, which enabled detection of all PSP analogues. 
When the LC method was evaluated, it was found to corre
late well with the mouse bioassay method (12, 13) at high

R e c e iv e d  A p r i l  2 , 1 9 9 0 . A c c e p te d  J u ly  17, 1 9 9 0 .

PSP concentrations; however, correlation was poor near the 
regulatory limit of 80 ug/100 g (14). Unfortunately, it is the 
only method available that is capable of separating and quan
titating the major PSP toxins. The setup and operation of the 
equipment is not simple. It requires a lengthy start-up time 
(days or weeks) for optimization and considerable daily 
maintenance. The method is best suited to continuous routine 
monitoring of PSP toxins and not to determination on an 
irregular basis.

We have been investigating alternative LC methods for 
determination of PSP toxins. The most promising to date has 
involved prechromatographic oxidation of the toxins fol
lowed by reverse-phase LC separation and fluorescence de
tection of the resulting products. One of the main advantages 
of this approach is that a postcolumn reaction system is not 
required because oxidation reactions are carried out before 
chromatographic analysis. Secondly, the method uses a sili
ca-based Cis column yielding better separation efficiencies 
than the PRP-1 column recommended in the postcolumn 
method. Also, the sensitivity of the prechromatographic ap
proach is significantly better. Results of our investigation are 
reported here.

Experimental

A p p a ra tu s

The LC system consisted of 2 Beckman pumps (Model 
110B) with gradient controller (Model 421 A) and an Altex 
injection port (Model 210A) with a 20 ¡iL loop. The column 
used was a Supelcosil LC-18 (15 cm X 4.6 mm id, 5 ¿¿m), 
while a Varian Model 2070 dual monochromator (ex 
330 nm, em 410 nm) spectrofluorometer or a Jasco Model 
820-FP dual monochromator (ex 333 nm, em 390 nm) detec
tor was used for monitoring the LC effluent. PSP oxidation 
products were eluted using a gradient of 0-3.5% (v/v) aceto
nitrile in 0.02M KH2P0 4/N a 2HP0 4  (pH 6.8) over 11 min. 
Other mobile phases studied were: tetrabutylammonium hy
drogen sulfate (0.005M ) in 0.02M  phosphate buffer 
(pH 6.3) with an acetonitrile gradient of 0-5% (v/v) from 3- 
18 min, and sodium heptane sulfonate (0.005M) in 0.02M 
phosphate buffer (pH 6.9) with an acetonitrile gradient of 0 -  
12.5% (v/v) from 3-18 min.

R e a g e n ts

All solvents and reagents were analytical or LC grade 
materials. Water was doubly deionized. Small quantities of 
purified standards were obtained from cultures of dinoflagel- 
lates produced at the U.S. Food and Drug Administration, 
Center for Food Safety and Applied Nutrition, Washington, 
D.C. following procedures described elsewhere (15). Shell
fish (clams, mussels, oysters, and whelks) were purchased at 
local retail outlets.
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S a m p le  C lean u p

A 1 mL aliquot of shellfish extract prepared according to 
the mouse bioassay procedure (5) was passed through a 3 mL 
SPE Cis cartridge (Supelco, U.S.A.) that had been condi
tioned with 6 mL methanol followed by 6 mL 0.1N HC1. The 
effluent (containing the toxins) was collected. Following this, 
2 mL H 2O were passed through the cartridge to elute the 
remaining toxins. The effluent was collected and combined 
with the first portion and an aliquot of the solution used for 
the oxidation reactions.

P e ro x id e  O xida tion

All reagents and solutions were measured using autopipets 
(Eppendorf) with disposable plastic tips. A 5 ¿¿L volume of 
10% (w/v) aqueous solution of H 2O2 was added to 20 pL  of 
aqueous sample solution in a 0.5 mL plastic microcentrifuge 
tube and mixed (vortex). To this was then added 50 pL  of 
IN NaOH. The solution was mixed again and allowed to 
react at room temperature (20° C) for 2 min. A 4 pL  volume 
of concentrated acetic acid was added and the solution mixed 
well (vortex). A 20 pL  aliquot was then injected into the LC 
system.

P e r io d a te  O xida tion

A 70 pL  volume of a 1 +  1 (v/v) mixture of 0.01 M periodic 
acid and 0.05M phosphate buffer, pH 12, (prepared daily) 
was added to 20 pL  of aqueous sample in a 0.5 mL plastic 
microcentrifuge tube and mixed well. The mixture was per
mitted to react at room temperature for 3 min after which 
time 2 pL  of concentrated acetic acid was added. The solu
tion was mixed again and a 20 pL  aliquot injected into the 
LC system. The solution remains stable for about 1 h, after 
which a slow decrease in peak heights occurs.

Results and Discussion
Because of the extremely limited supply of purified, char

acterized toxins available for this work (in some cases, only 
micrograms), all reactions were carried out in microliter 
volumes using nanograms or less of material at a time. This 
severely limited our attempts to spectroscopically character
ize the oxidation products of the toxins. However, in spite of 
these limitations, the results of the study have shed new light 
on the oxidation of the PSP toxins and provided the basis for 
a simplified method for monitoring PSP in shellfish.

P S P  Toxin O xida tion

Before we conducted this study, only the oxidation product 
of saxitoxin had been extensively characterized. Wong et al.

Table 1. Structures of 12 PSP toxins
Substituents

R1 R2 R3 R4 Name

H H H H Saxitoxin (SAX)
H H H SO3 B-1
H H OSO3 H Gonyautoxin 2 (GTX-2)
H H OSO3 SO3 C-1
H OSO3 H H Gonyautoxin 3 (GTX-3)
H OSO3 H SO3 C-2
OH H H H Neosaxitoxin (NEO)
OH H H SO3 B-2
OH H OSO3 H Gonyautoxin 1 (GTX-1)
OH H OSO3 SO3 C-3
OH OSO3 H H Gonyautoxin 4 (GTX-4)
OH OSO3 H SO3 C-4

(16), using alkaline hydrogen peroxide, oxidized saxitoxin to 
a highly fluorescent purine, the identity of which was found 
to be 8-amino-6-hydroxymethyl-2-iminopurine-3-(2H)-pro- 
pionic acid (9). The oxidation involved a hydrolysis of the 
carbamoyl moiety, a cleavage of the bond between carbons 4 
and 12, and an aromatization of the remaining rings to form 
the purine nucleus.

We have found, using prechromatographic oxidation with 
H2O2, that saxitoxin and the 5 other non-A-1 -hydroxy toxins 
yield highly fluorescent derivatives with almost identical UV 
absorption and fluorescence emission spectra; however, these 
are chromatographically separable into 4 groups based on 
their substituents.

For example, C-1 and C-2 eluted first as a single peak, then 
gonyautoxin 2 and 3 [i.e., GTX-2 and GTX-3] together, 
followed by B -l, then saxitoxin. The A -1-hydroxy toxins 
produced little or no response with H 2O2 oxidation. However, 
all toxins produced fluorescent derivatives with periodate 
oxidation. It appears that the periodate oxidation products of 
the nonhydroxy toxins are the same as those obtained with 
peroxide based on fluorescence spectra and retention times. 
Table 2 lists the UV absorbance and fluorescence emission 
maxima obtained for the periodate oxidation products for 
selected toxins. Both types of spectra exhibited broad maxi
ma and were qualitatively similar.

Figure 2 shows reverse-phase chromatograms obtained 
from a standard mixture of 12 PSP toxins after (A) peroxide 
and (B) periodate oxidations and a chromatogram (C) of the 
same solution obtained using the ion-pair LC-postcolumn 
oxidation method (4). The last chromatogram (C) represents 
the separation of the toxins and not their oxidation products. 
The quantities injected for chromatograms (A) and (B) were

Table 2. UV absorption and fluorescence emission 
maxima of oxidation products of PSP toxins

Absorption3 Fluorescence*
Compound max., nm emission max., nm

Saxitoxin 335 386
Neosaxitoxin 333 392
B-1 333 391
B-2 331 385
C-2 335 393

3 Values obtained with Hewlett-Packard Model 1040A diode array 
detector. LC conditions as described in text.

* Values obtained at 330 nm excitation with Jasco Model 820-FP 
fluorescence detector with emission scanning capability. LC condi
tions as described in text.
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A B  C
PEROXIDE PERIODATE POST-COLUMN

B1 C1-4

Figure 2. Chromatograms of a PSP toxin standard solution. Prechromatographic oxidation (A) with peroxide and (B) with 
periodate. (C) Postchromatographic oxidation with periodate. See text for reverse-phase chromatography conditions for (A) 
and (B) (acetonitrile-phosphate buffer mobile phase). For (C), ion-pair chromatography is as described in Ref. (4). Quantities 
of saxltoxin (SAX) injected: (A) 0.6 ng, (B) 0.5 ng, (C) 3.7 ng. Varian Model 2070 detector used. In chromatograms (A) and

(B), GTX = gonyautoxins 1-4.

6  to 7 times less than that for chromatogram (C). This 
particular solution also contained C-4 and GTX-4, which 
were not studied individually because they were not available 
in pure form.

We observed that oxidation of saxitoxin by either peroxide 
or periodate yielded 2 well-separated fluorescent peaks, the 
later eluting one being predominant. By restricting the reac
tion time to 2-3 min, the latter accounted for more than 95% 
of the total yield. The smaller peak eluted with the same 
retention time [ca 9 min; see Figures 2(A) and (B)] as neo- 
saxitoxin in the reverse-phase system, but was separable 
when heptane sulfonate was added to the mobile phase. The 
other toxins examined similarly yielded single fluorescent 
products (>95% of the total yield) by either the peroxide or 
periodate oxidations under the conditions described in the 
Experimental.

Peroxide oxidation only yields fluorescent products with 
the non-N-1-hydroxy containing toxins (except for a weak 
response to GTX-1). Thus, for a routine screening method, 
peroxide oxidation is not satisfactory because it would not 
detect neosaxitoxin, B-2, GTX-1, GTX-4, C-3, or C-4 that 
may be present in the extracts; and, therefore, it could seri
ously underestimate the toxicity of the samples. Peroxide 
oxidation has been used to determine saxitoxin in mussels by 
LC (17). However, as a routine screening approach, it cannot 
be recommended particularly from a regulatory and health 
point of view.

Periodate oxidation produced fluorescent derivatives with 
all toxins studied. The fluorescence response of the N -1-

hydroxy containing toxins was 5 to 10 times less sensitive 
than their nonhydroxy analogues. Table 3 lists the approxi
mate sensitivities (peak height, cm/ng) obtained for the 2 
prechromatographic oxidation reactions with a comparison 
to values we obtained by the LC postcolumn oxidation meth-

Table 3. Approximate sensitivities for PSP toxins by pre- 
and postchromatographic oxidation

Toxin

Sensitivity (peak height),3 cm/ng

Prechromatographic Postchromatographic

Peroxide Periodate Periodate

Saxitoxin 154 90(117)6 4.0
Neosaxitoxin <0.1 2.5 (24) 1.1
B-2 <0.1 5(13) 0.4
B-1 141 89 1.0
GTX-3 105 118 13.3
GTX-2 111 157 7.0
GTX-1 1.4 7 1.6
C-3 <0.1 7 NDC
C-2 52 82 NDC
C-1 74 31 NDC

a Baseline noise ca 1 mm (peak to peak). Values obtained with Jasco 
Model 820-FP fluorescence detector. 

b Values in parentheses obtained with heptane sulfonate in the mobile 
phase.

c Not determined.
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od using the Jasco detector. As shown in the table, the pre- 
chromatographic oxidation method is more sensitive by fac
tors of 5 up to about 140. With prechromatographic oxida
tion, as little as 20-50 pg of nonhydroxylated toxins, and 
100-500 pg of the hydroxy analogues could be detected 
(3:1, signalrnoise ratio). Reaction conditions described in the 
Experim ental represent the best conditions found after ex
tensive testing of times, temperatures, and reagent composi
tions.

The reason for the great difference in response between the 
pre- and postchromatographic periodate oxidations is not 
known, although better column efficiency with the Cig col
umn is partially responsible. The sulfonate ion-pairing agents 
in the mobile phase do not seem to have had a negative 
influence on the postchromatographic oxidation because no 
effect was observed when they were added to the prechroma
tographic oxidaticn reactions. The Jasco detector was found 
to be about 4-10 times more sensitive than the Varian detec
tor for both pre- and postchromatographic oxidations. Also, 
the optimum excitation and emission wavelengths were 
slightly different for the 2 detectors.

With the original column used for the reverse-phase LC 
studies, we found :hat the oxidation products of neosaxitoxin 
and B-2 chromatographed satisfactorily (as shown in Fig
ure 2). However, with new Cis columns, chromatograms 
were less satisfactory. The addition of the ion-pair agents 
improved chromatographic efficiency. Also, the addition of 
ammonium formate to the mobile phase appears to improve 
the peak shape of these 2 compounds. Further chromato
graphic studies are in progress.

Figure 3 compares chromatograms obtained with ion
pairing systems for oxidation products of a mixture of 7 
toxins. The C toxins were not included in these results but 
separate analyses showed that their products eluted unre
tained when heptane sulfonate was used as ion-pairing agents 
but much later than B-l with the tetrabutylammonium ion
pairing system.

Figure 3. Chromatograms of a mixture of prechromatogra
phic oxidation products of saxitoxin (SAX), neosaxitoxin 
(NEO), gonyautoxins 1-3 (GTX), B-1, and B-2 obtained with 
periodate. Upper chromatogram obtained with 0.005M tetra
butylammonium hydrogen sulfate in the mobile phase; lower 
chromatogram contained 0.005M heptane sulfonate. Varian 

Model 2070 detector used.

In no system could the oxidation products of all individual 
toxins be resolved. The separations observed in Figures 2 and 
3 indicate that the oxidation products of the C toxins are 
more acidic than those of GTX 1-3 or saxitoxin (as are their 
parent toxins). The order of elution of the oxidation products 
with heptane sulfonate in the mobile phase was C, B -l, GTX, 
and saxitoxin, while with tetrabutylammonium ion, the order 
was reversed, as might be expected. However, in all systems, 
the products of neosaxitoxin and B-2 eluted together, indicat
ing that the sulfocarbamoyl moiety in B-2 is destroyed during 
oxidation and that, probably, they yield the same oxidation 
product. Evidence for this is found in the results of the ion- 
pair studies. If the sulfocarbamoyl group remained intact, 
the oxidation product of B-2 should have behaved chromato- 
graphically like that of B-l in terms of relative elution order 
(i.e., it should have eluted before the saxitoxin product in the 
heptane sulfonate system and after it in the tetrabutylam
monium system). This was not the case. The B-2 product 
behaved exactly like the product of neosaxitoxin, which is of 
similar basicity to saxitoxin but more polar because of the A-
1-hydroxy substituent. In all systems, the oxidation product 
of neosaxitoxin eluted before saxitoxin.

The apparent sulfocarbamoyl destruction was found to 
occur only with the B-2 oxidation product because the prod
ucts of B-l and the C toxins were separated from the prod
ucts of their respective carbamates, saxitoxin and the GTX 
toxins, indicating that the sulfocarbamoyl group was still 
present. Also, the observed elution orders indicate that the 
sulfocarbamoyl groups are intact in these products.

The effect of the A-1-hydroxy substituent on the chro
matographic characteristics of the products was not consis
tent. The oxidation products of saxitoxin and C-l were easily 
separated from their A -1-hydroxy analogues, neosaxitoxin 
and C-3, which eluted earlier as would be expected. However, 
the product of GTX-1 was not separated from that of GTX-2 
in any of the chromatography systems evaluated.

The oxidation products of the epimer pairs, C-l and C-2, 
as well as GTX-2 and GTX-3 were not separable. It is likely 
that they are no longer epimeric after oxidation but probably 
become enantiomers, which would require a chiral stationary 
phase for separation. The compounds C-4 and GTX-4 were 
not available in pure form and, thus, were not studied individ
ually. These compounds were assumed to behave like their 
respective epimers, C-3 and GTX-1.

A p p lica tio n  to  S h ellfish

The prechromatographic oxidation method was applied to 
the analysis of shellfish extracts containing spiked or natural
ly incurred residues of PSP toxins. The SPE cleanup proce
dure, instrumental, and reaction conditions were optimized 
by carrying out numerous experiments while changing differ
ent parameters. Figure 4 shows typical chromatograms ob
tained by the prechromatographic periodate oxidation for a 
blank and a naturally contaminated mussel sample (Gulf of 
St. Lawrence, Canada) containing ca 1 0 p g / g  total PSP 
toxins. The periodate oxidation was used as an initial screen 
for all toxins. Positive samples were then analyzed using the 
peroxide reaction. The epimers, C -l/C -2, were quantitated 
together using the peroxide reaction for a total estimate 
employing average response factors from the values in Ta
ble 3. The GTX-2/GTX-3 epimers were quantitated in the 
presence of their A -1-hydroxy analogues also by using perox
ide oxidation, which gave only a weak response for GTX-1. 
GTX-1 was calculated by difference using the results of the
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Figure 4. Chromatograms of extracts of (A) contaminated (ca 10 f i g / g total PSP) and (B) uncontaminated mussels. Conditions as described in text except that the slope of the gradient was slightly lowered. Varlan Model 2070 detector used. GTX = gonyautoxlns 1-3.

periodate reaction. The oxidation product of C-4 was as
sumed to elute with that of C-3 and that of GTX-4 was 
assumed to elute with the oxidation product of GTX-1. They 
were quantitated as C-3 or GTX-1.

Because neosaxitoxin did not separate from B-2 with the 
chromatography conditions employed, it could not be quanti
tated with certainty. However, B-2, particularly after the 
acid extraction procedure, is not often found in shellfish as 
has been reported in the Northeast United States (14), for 
example. Thus, any peak appearing at that retention time 
should normally be considered as being only neosaxitoxin, 
because neosaxitoxin is far more toxic than B-2. Also, it has 
been suggested (15) that, for a truer estimate of human oral 
potency, all sulfocarbamoyl toxins should be hydrolyzed in 
acid to their respective carbamates. Thus, all C toxins should 
be converted to their GTX analogues and B-l and B-2 con
verted to saxitoxin and neosaxitoxin, respectively. In this 
case, the prechromatographic oxidation method with the LC 
conditions employed would be satisfactory because the prob
lem of neosaxitoxin/B-2 quantitation would be eliminated.

One advantage of the prechromatographic oxidation 
method is that the C toxins can be quantitated along with the 
others. Also, they and B-l can be confirmed by acid hydroly
sis and conversion to their carbamate analogues (GTX toxins 
and saxitoxin, respectively). In addition, the fact that the N -
1-hydroxylated toxins do not respond to the peroxide oxida
tion can serve as a confirmation of their identity when they 
are observed in the periodate reaction mixture.

The detection limit (3:1 signalrnoise ratio) in samples was 
estimated to be about 10-15 ng/g each for non-TV-1-hydrox- 
ylated toxins and 50-100 ng/g for TV-l-hydroxy analogues.

Table 4. Comparison of precolumn oxidation LC method to the mouse bioassay for PSP toxins

Sample

Total PSP found, ;iig/g

LC Method3 Mouse bioassay

Mussels 0.51 0.50
Mussels 0.85 0.98
Mussels 1.82 1.60
Mussels <0.06 <0.42
Clams 2.22 2.80
Clams 1.42 2.30
Oysters <0.06 <0.42
Whelks 0.07 <0.42

3 Total toxicity based on concentration of individual toxins times the 
toxicity factor for each, expressed as f i g / g  saxitoxin (4).

Solid phase extraction cleanup of extracts before oxidation 
and analysis led to cleaner chromatograms and decreased 
overall contamination of the LC column, thus extending its 
lifetime. Recoveries through SPE cartridges were checked 
using standard solutions and were greater than 90%. For 
routine work, standards were not normally passed through 
the SPE cleanup.

The oxidation reactions produced linear results for all 
toxins studied over a 25- to 50-fold range. The absolute 
ranges for each toxin differed and depended on their individ
ual relative responses and oxidation conditions employed.

The same-day repeatability coefficient of variation (CV) 
of replicate analyses (n = 3) for an extract of a naturally 
contaminated sample containing saxitoxin (2.6 ug/g), GTX- 
2/GTX-3 (3.4 n g /g ) ,  and C-l/C-2 (5.3 /tg/g) were 4.5, 3.8, 
and 9.8%, respectively for the peroxide reaction, and 4.3,4.5, 
and 5.9%, respectively, for the periodate reaction. These 
values are quite good considering the fact that the reactions 
involved only nanograms of toxins and microliter volumes.

To evaluate effects of the sample matrix on the oxidation 
reaction, limited (due to the lack of standard material) recov
ery studies were carried out by spiking extracts of blank 
mussels after the SPE C|g cleanup and before the oxidation 
reaction. Recoveries through the oxidation procedure varied 
from 74-122% for the non-TV-1-hydroxy containing toxins 
using the peroxide reaction and, with the exception of GTX- 
1, from 77-140% for all toxins with the periodate reaction at 
individual concentrations ranging from 0.2-3.8 ng/g in the 
sample. GTX-1 recovery was only 21% with the periodate 
reaction and attempts to resolve this problem are in progress. 
There was some indication of sample matrix effects in the 
periodate reaction leading to increased responses of some 
toxins. For example, saxitoxin, B-2, and GTX-3 showed ca 
140% recoveries at spiking levels around 1 ng/g- This effect 
is also being studied.

Table 4 compares results obtained by the method de
scribed herein with results from the mouse bioassay proce
dure for several shellfish samples. As the results show, agree
ment is reasonably good, although only results of a few 
samples have been compared.

As described, the method has potential for rapid screening 
of samples for PSP contamination. However, in order to be 
used for regulatory purposes, work is required to generate 
more data on the quantitative aspects. Such research is limit
ed by the lack of pure standards.

In spite of this, we are continuing to assess the technique on 
a long-term basis, including a comparison to the postcolumn
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LC method (4) and the mouse bioassay (5). Chromatograph
ic studies on oxidation reactions have produced new informa
tion on the identity of the reaction products and should be 
most useful in the development of a simplified quantitative 
chromatographic screening procedure for PSP toxins.
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A rapid equine serological test (REST) has been developed 
for detection of horse meat in a wide variety of raw meat 
products. The test is an adaptation of previously developed 
field screening immunodiffusion tests for beef, poultry, pork, 
and sheep detection. Results show that the REST test was 
specific, sensitive, and accurate in the analysis of 101 sam
ples.

In 1981, large quantities of boxed boneless beef entering the 
United States were suspected of containing undeclared horse 
and kangaroo tissues. Positive identification of the presence 
of these tissues was resolved and confirmed in U.S. Dept of 
Agriculture (USDA) Food Safety Inspection laboratories by 
traditional ring precipitin (1,2) and agar-gel immunodiffu
sion (3,4) methods. To protect against future entry of fraud
ulently labeled products, the overnight rapid bovine identifi
cation test (ORBIT) (5) was developed as the first on-site 
screening test for species identification. Initially, the test was 
available only to USDA inspectors at import stations. Use of 
the ORBIT test saved time and expense in sample analysis, 
reagent consumption, and in eliminating the need to ship all 
samples to the laboratory for species determination. Now 
that the ORBIT test kit is produced commercially, it is 
available to USDA inspectors in domestic meat processing 
plants, as well as to private industry and foreign governments 
monitoring import and export products.

The ORBIT test employs agar-gel immunodiffusion plates 
with a printed template for placement of stable freeze-dried 
reagent paper discs and sample discs saturated in meat tissue 
fluids. Within 18-24 h at room temperature, fusion of a 
sample immunoprecipitin line with a reference band formed 
in the agar between beef antigen and antibody discs indicates 
presence of beef in the meat product. Adaptations of this 
basic procedure produced the poultry rapid overnight field 
identification test (PROFIT) (6), porcine rapid identifica
tion method (PRIME) (7), and serological ovine field test 
(SOFT) (8) for identifying poultry, pork, and sheep, respec
tively, in raw whole, ground, or emulsified meat products. 
Accuracy of the basic procedure was substantiated in a col
laborative study (9). The method was subsequently adopted 
final action by AO AC (10). The present paper reports fur
ther modification of this basic procedure for horse detection.

Experimental
R e a g e n t M o difica tion s

Prepare reference antiequine antibody discs by impregnat

Received March 30, 1990. Accepted August 23, 1990.
1 Address correspondence to this author.

ing blank filter paper discs (BBL No. 31039, Becton, Dickin
son and Co., Box 243, Cockeysville, MD 21030) with 40 /nL 
undiluted sheep antiequine albumin serum (Environmental 
Diagnostics, Inc., Box 908, Burlington, NC 27215). Prepare 
equine reference antigen discs by impregnating additional 
blank paper discs with 40 f L  horse serum albumin Fraction 
V (No. A-9888, Sigma) at 0.1% concentration in phosphate 
buffered saline, pH 7.2. Let both sets of discs absorb reagents 
and freeze-dry overnight as previously described (5). Prepare 
immunodiffusion plates as previously described (5) with the 
following modifications for agar preparation: substitute Ox- 
oid purified agar (Code L-28) for Difco purified agar, which 
is no longer in production. For 1 L agar, add 10 g agar to 
976.66 mL buffered saline and dissolve until clear on a hot 
plate. Substitute Orange G stain (No. O 7252, Sigma) for 
Lanaperl fast pink dye. Prepare a 5% stock solution of Or
ange G stain in phosphate buffered saline, pH 7.2, clarify and 
sterilize through successive 0.45 /an and 0.22 /am Millipore 
filters. Add 13.34 mL stock stain solution to 986.66 mL clear 
agar on the hot plate, mix, and filter stained agar under 
vacuum through a single layer of Miracloth (Calbiochem- 
Behring, 10933 N. Torrey Pines Road, La Jolla, CA 92037) 
before sterilization in autoclave. Final Orange G stain con
centration in agar is 1:1500, which distinguishes REST from 
ORBIT, PROFIT, PRIME, and SOFT plates of other col
ors. Cool sterile dyed agar to 60°C. From a sterile stock 5% 
(aqueous) merthiolate solution, add sufficient quantity to 
effect a final concentration of 1:10 000.

R e a c tio n  C h a ra c te r is tic s

Specificity for the REST test was determined by reacting 
blank paper sample discs saturated in homologous (equine) 
and heterologous species meat tissue fluids against reference 
antibody discs. Sensitivity, as applied to ground meat mix
tures, was assessed by testing prepared sample composites of 
known amounts of horse adulterant tissue added to ground 
red meat base tissue. Three replicates were tested at each 
adulterant level (1-22% by weight). Presence of a visible 
sample immunoprecipitin band that completely fused with 
the reference band was held as evidence of detection at a 
given percentage level of adulterant.

S h e lf  S ta b ili ty

Longevity of reagent discs was evaluated by storing some 
prepared sheep antiequine antibody discs and equine refer
ence antigen discs in vials with screw caps under conditions of 
room temperature and refrigeration (4°C). These discs were 
tested periodically to note any loss of immunoprecipitin band 
intensity.

S a m p le  A n a ly s is

To determine the accuracy and reliability of the REST
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Table 1. Results of REST pretrial and laboratory trial on meat product samples

Product
Species

composition®
Number 

of samples

Number 
of samples 
with equine

REST
positive
samples

Prelaboratory trial
Frank emulsion bovine 2 0 0
Bologna emulsion bovine 1 0 0
Gyro bovine, ovine 1 0 0
Sausage pig, (bovine) 1 0 0
Sausage bovine, ovine, pig 2 0 0
Ground beef bovine 5 0 0
Ground beef bovine, (chicken) 3 0 0
Ground beef bovine, (equine) 3 3 3
Ground hcrse equine 1 1 1
Whole horse equine 35 35 35
Whole beef bovine 1 0 0
Whole lamb ovine 1 0 0
Whole pork pig 1 0 0
Whole chicken chicken 1 0 0
Whole kangaroo kangaroo 2 0 0

Total 60 39 39

Laboratory trial
Frank emulsion bovine 2 0 0
Bologna emulsion bovine 1 0 0
Gyro bovine, ovine 1 0 0
Sausage pig, (bovine) 1 0 0
Ground beef bovine 4 0 0
Ground beef bovine, (chicken) 3 0 0
Ground beef bovine, (equine) 3 3 3
Ground horse equine 1 1 1
Whole horse equine 21 21 21
Whole beef bovine 1 0 0
Whole lamb ovine 1 0 0
Whole pork pig 1 0 0
Whole chicken chicken 1 0 0

Total 41 25 25

a Identity of species in all samples was confirmed by Ouchterlony agar-gel immunodiffusion technique (3) using antispecies sera and extracts of 
authentic reference tissue. Species given in parentheses represent known adulterant tissue present in the test samples.

test, 60 meat samples (Table 1) of a wide variety were first 
analyzed using AOAC method 987.06 (10) with reagent 
modifications for equine detection described above. Forty- 
one additional unknown samples (Table 1) were then ana
lyzed in a blind in-house laboratory trial. Species origin of all 
101 samples was confirmed by Ouchterlony agar-gel immu
nodiffusion technique (3).

Results and Discussion
In specificity determinations using reference antibody 

discs prepared with sheep antiequine albumin, the following 
REST test reactions occurred for whole and ground tissue 
samples of known species origin: horse (+), mule (+), donkey 
(+), bovine (—), pig (—), sheep (—), deer (—), chicken ( -) , 
turkey (—), and red kangaroo (—). The cross reactions of 
mule and donkey with horse were entirely expected because 
of the known close relationship of serum proteins in these 3 
tissues (11). Because products containing mule or donkey 
tissue would be very unusual, we see no reason why this 
should impose limitations on use of the REST test as a 
screening procedure.

Sensitivity determinations showed that adulterant horse 
was detectable at the 3% level in either beef or pork bases 
(data not shown). As expected, immunoprecipitin bands 
were weak at the endpoints.

Tests of shelf stability revealed that REST reagent antigen

and antibody discs stored for 1 year at 4°C produced immun
oprecipitin bands of intensity equal to that of freshly pre
pared discs. Reagent discs stored at room temperature for 4 
months lost considerable reactivity. Decreased band intensi
ty was primarily attributable to decline in antibody discs. 
Therefore, we recommend that reference reagent discs be 
stored in the refrigerator for maximum shelf life.

Results of the pretrial and blind laboratory trial are shown 
in Table 1. Of 101 total samples analyzed, 64 contained 
equine proteins and gave positive reactions. Thirty-seven 
samples, devoid of equine proteins, gave negative reactions. 
No false positive or false negative reactions occurred, indi
cating complete accuracy and reliability of the procedure. 
However, because the REST test is considered a screening 
procedure, it is recommended that positive results be con
firmed with traditional Ouchterlony immunodiffusion tech
niques (3) or by isoelectric focusing (12), especially when 
legal action for violative samples is being considered.

The ORBIT (beef), PROFIT (poultry), PRIME (pork), 
and SOFT (sheep) tests are commercially produced at this 
time. However, no commercial production of the REST test 
is planned at present. This is because, in the United States, 
horse meat is not a common product for human consumption 
and there are few domestic horse slaughter plants. However, 
sporadic incidents of horse adulteration or substitution do 
occur domestically. Commercial production of REST kits 
might be of greater interest for use in countries such as
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France, Belgium, Italy, or Japan where horse meat is more 
commonly consumed.
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Other Members: R. Bernetti (AACC); H. Casper (AOAC); J. C. Henderson (Secretary) (AOCS); D. L. Park (IUPAC); A.
E. Pohland (IUPAC); O. L. Shotwell (AACC); R. D. Stubblefield (AOCS); S. N. Tanner (AACC); M. W. Trucksess 
(AOAC); A. E. Waltking (AOCS)

Member organizations of the Joint Mycotoxin Committee 
presented the following reports at the Committee’s annual 
meeting in New Orleans, LA, September 11,1990.

AOAC

Peter M. Scott reviewed the AOAC General Referee re
port on mycotoxins. Activities of the Associate Referees were 
highlighted, with the following recommendations: adopt as 
official first action the interim official first action immunoaf- 
finity column method for aflatoxins in corn, peanuts, and 
peanut butter; adopt as official first action the liquid chro
matographic (LC) method for ochratoxin A as quantitative 
for barley and corn and qualitative for pork kidney; discon
tinue topic on sterigmatocystin; continue study on all other 
topics.

Fumonisins has been added as a new topic, with Ronald D. 
Plattner (USDA, Peoria, IL) as the Associate Referee. 
Plattner reviewed some of the conclusions of the recent con
ference on fumonisins and F usarium  m on iliform e  held in 
Ames, IA, September 6-7,1990. A lot of work was reported 
at this conference—field cases in swine, horses, and poultry 
were discussed—and yet no questions were answered. The 
need for large quantities of fumonisins for further testing and 
for use as standards was also discussed.

AO C S

James C. Henderson reported that AOCS Mycotoxin 
Committee activities during 1989-90 were primarily devoted 
to review of proposed methods to be added to the AOCS 
B ook  o f  M e th o d s  and R ecom m en ded  P ractices. The AOAC 
method for ELISA screening for aflatoxin B] in cottonseed 
products and mixed feeds, written in AOCS format, was not 
approved by committee members. Their reasons for rejecting 
the method included (1) complaints about erratic perfor
mance from the field, (2) failures in the hands of competent 
researchers in the laboratory, and (5) rejection ot the statis
tics to support the collaborative study. A representative of

the company that manufactured the ELISA screening kit 
stated that a new kit has been developed to replace the old 
one.

The Smalley Aflatoxin Committee report of John McKin
ney stated that coefficients of variation were still comparable 
to those of previous years. McKinney also drew attention to 
the increasing use of the immunoaffinity column in conjunc
tion with LC. A new immunochemical methods program for 
the Smalley Series will be introduced for the 1990-91 pro
gram.

Future activities on aflatoxin methodology should be more 
focussed on sampling, both for the primary sample and for 
the final portion taken for analysis.

AA CC

AACC representative Steve Tanner highlighted the fol
lowing topics of the AACC Mycotoxin Committee. The afla
toxin problem in the 1988-89 corn crop in Iowa resulted in a 
task force summary entitled “Aflatoxin Strategies for the 
Future.” Blending was recommended to reduce aflatoxin in 
corn and to avoid penalties to operators. A method for deox- 
ynivalenol in wheat has been adopted for the AACC method 
book. Fumonisins need further study. Test kits will not be 
incorporated into the method book until further experience is 
obtained in the field. FGIS approved 6 kits separately from 
AACC. A subcommittee on sampling has been formed; rec
ommendations on this topic are to be presented at the next 
annual meeting.

IUPAC

A progress report by Douglas Park on current projects of 
the IUPAC Commission on Food Chemistry pertaining to 
the Mycotoxins Working Group included a collaborative 
study of a method for ochratoxin A in barley, corn, and swine 
kidney (joint with AOAC); spectroanalytical parameters for 
F usarium  toxins; the check sample program; survey of data 
on worldwide incidence of ochratoxin A; detoxification of
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some mycotoxins other than aflatoxins; and a collaborative 
study on an LC method for fumonisins in cereals and mixed 
feeds. New projects include: an evaluation of immunoaffinity 
columns for aflatoxin Mi in milk; 1990-91 check sample 
program; guidelines for immunochemical methods; develop
ment and evaluation of a method for ochratoxin A in blood; 
symposia; and books on food safety.

IDF a n d  O th er B u s in e ss

Peter Scott reported that IDF Group E33-Mycotoxins is 
preparing the final version of Provisional IDF Standard 111 
for determination of aflatoxin Mi in milk and dried milk. The 
group has prepared a draft of an immunoaffinity column 
method for aflatoxin Mi; discussed rapid methods for afla
toxin Mi; and noted that Codex Alimentarius was reviewing 
limits for aflatoxin Bi in feedstuffs for dairy cattle. The next 
meeting of the group will be in Milan, Italy, March 12,1991.

There was a general discussion on test kits for mycotoxins 
including the observations that too many collaborative stud
ies are being requested and that AO AC approval should not

be used as a selling point for test kits.
Douglas Park reviewed the problems of aflatoxin contami

nation in cottonseed and corn in the southern U.S. and north
ern Mexico, and discussed developments in regulation of 
decontamination by ammoniation.

Future conferences related to mycotoxins brought to the 
attention of the Joint Mycotoxin Committee are: Sympo
sium/Workshop on Food Contamination—Mycotoxins and 
Phycotoxins, November 4-15, 1990, Cairo, Egypt; Joint 
meeting of SRIEG 51 and NC 129 and Symposium on Fu
monisins, April 22-25,1991, Raleigh, North Carolina; Inter
national Symposium on Nitrogen-Containing Mycotoxins, 
June 4-7,1991, Pushchino, USSR; International Meeting on 
Mycotoxins, Nephropathy and Urinary Tract Tumors, June
6-8,1991, Varna, Bulgaria; Gordon Research Conference on 
Mycotoxins and Phycotoxins, June 24-28, 1991, Plymouth, 
New Hampshire; 105th AOAC Annual International Meet
ing, August 12-15, 1991, Phoenix, Arizona; and the 8th 
International IUPAC Symposium on Mycotoxins and Phy
cotoxins to be held in Mexico in 1992.
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REGULATORY ROUNDTABLE ON M ICRO B IO LO G ICA L  
STANDARDS FOR FOODS — REALITIES AND  FALLACIES

103rd A nnual In ternational M eeting of A O A C, Septem ber 1989
One of the major attractions and certainly one of the high
lights for microbiologists at the 1989 AOAC annual meeting 
in St. Louis, MO, was the presentation of the Regulatory 
Roundtable on “Microbiological Criteria for Food—Reali
ties and Fallacies.” A panel of experts representing govern
ment and industry in the United States, Canada, and Europe 
was assembled to provide a comprehensive overview of the 
international concerns regarding microbiological criteria for 
foods. Members of the panel were asked to address their 
concerns about specific matrixes and analytes within the 
context of 3 areas: microbial indicators of food safety and 
quality, traditional concepts, and new trends; pathogenic 
microorganisms in food, established species, and emerging 
etiological agents; and principles and application of Hazard 
Analysis of Critical Control Points (HACCP).

Kenneth Helrich served as moderator and welcomed a full 
house of attendees to the 5th Annual AOAC Regulatory 
Roundtable. He reviewed the purpose of the roundtables as 
forums for discussing regulatory problems by encouraging 
interaction among speakers and by getting audience partici
pation, particularly when the floor was opened for discussion 
following the formal presentations.

Helrich then called on Michael H. Brodsky for some intro
ductory remarks. Brodsky outlined the premise he followed 
in developing this roundtable. As the Chief of Environmental 
Bacteriology for the Ontario Ministry of Health, Laboratory 
Services Branch in Toronto since 1982, Brodsky became 
acutely aware that laboratory data are often perceived as 
omnipotent, when, in fact, the data might be of questionable 
significance. In this regard, laboratories are frequently 
forced to play ‘magic number games’ or ‘lotteries’ for the 
interpretation of analytical results, particularly when dealing 
with indicator organisms. These problems transcended mu
nicipal, provincial, state, federal, and international bound
aries. The purpose of assembling this panel for the regulatory 
roundtable was, thus, to present a global review of the reali
ties and fallacies associated with the application of microbio
logical criteria for food and to critically assess how best to 
ensure food safety and quality.

The first speaker was John E. Kvenberg, Program Manag
er, Division of Microbiology, Center for Food Safety and 
Applied Nutrition, U.S. Food and Drug Administration, 
Washington, DC. Kvenberg reviewed FDA’s historical role 
in attempting to promulgate microbiological standards for 
food and industry’s opposition to end-point criteria. In 1987, 
the National Advisory Committee on Food Safety was estab
lished. As a member of the subcommittee on seafood, Kven
berg focused his presentation on microbiological criteria to 
the seafood industry, using cooked, ready-to-eat crabmeat 
and shrimp as models. The committee conceded that sam
pling programs for either specific pathogens or indicator 
organisms were of limited value unless HACCP-based pro
grams were also operational. The committee has suggested 
that the implementation of HACCP programs is the respon
sibility of industry, whereas the role of government is to 
register food processing plants that are in compliance with 
HACCP requirements and to monitor their performance. 
Kvenberg emphasized the need for more government/indus

try cooperation to develop and promote HACCP education 
programs.

The second speaker was Bruce Brown, Chief, Evaluation 
Division, Bureau of Microbial Hazards, Health and Welfare 
Canada, Ottawa, Ontario. Brown compared the viability of 
microbiological criteria for end products with HACCP pro
grams. He emphasized that regulated acceptability criteria 
must include methodology as well as appropriate sampling 
plans. He suggested that although indicator organisms may 
be useful for monitoring processing parameters, they cannot 
be substituted for specific pathogen analysis. Such analyses 
must be food-specific because foods vary in their bacterial 
growth-promoting capabilities; however, the application of 
such analytical protocols to end products is not cost-effective. 
Brown agreed with Kvenberg that HACCP-based programs 
were the only reliable means to ensure food quality and 
safety. To illustrate how Health and Welfare Canada has 
accepted the HACCP concept, Brown concluded his remarks 
by reporting that Canada has regulated and defined refrig
eration temperatures (<4°C). This regulation ensures that 
food handling liability is shared by anyone and everyone who 
is responsible for the products from production and process
ing to retail sales.

David A. A. Mossel was the third distinguished speaker. 
Mossel is Research Professor Emeritus, Chairman of Medi
cal, Food, and Water Microbiology, The Netherlands Gov
ernment University at Utrecht. Mossel gave a European 
perspective on the use of microbial reference values for foods. 
In his opinion, which is shared by many of his colleagues, the 
term microbial standard implies a specific numerical value, 
and should be replaced by the concept of reference values or 
ranges. Such ranges should be developed by ecologically 
justified surveys of valid food specimens capable of support
ing microbial survival and growth, and should be incorporat
ed into 3-class sampling plans specifically designed for each 
individual commodity. Mossel added that not only should 
microbiological criteria be limited to ecologically justifiable 
agents, but also certain traditional indicator organisms 
should be deleted from our repertoire, including that “rag 
bag” of ill-defined, misapplied group of organisms known as 
“coliforms.” Mossel showed data summaries illustrating a 
significant relationship between the incidence of S alm on ella  
sp. in processed, ready-to-eat foods and the “Thermotropic 
Enterobacteriaceae” count (incubation at 42°C). Using 
some literary licence, I believe Mossel’s comments in this 
regard could be summarized as: “The microbiologist who 
lives by the coliform will die by the coliform.” In his conclud
ing comments, Mossel stressed the poor precision of quanti
tative microbiological methods and the need for constant 
performance monitoring, with specific reference to culture 
media.

H. Michael Wehr, Administrator, Laboratory Services 
Division, Oregon Dept of Agriculture, Salem, OR, was the 
fourth speaker of the first session. Wehr focused his remarks 
on state regulatory perspectives and on probable recommen
dations of the National Advisory Committee on Microbio
logical Criteria for Foods. A member of the National Adviso
ry Committee, Wehr indicated that the criteria will be relat
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ed to food safety, rather than food quality. Resolving food 
spoilage problems and, hence, food quality is a proper role for 
the food industry, rather than state or federal regulatory 
agencies. In addition, 2- or 3-class sampling plans, recom
mended by the International Commission on Microbiological 
Specifications for Foods (ICMSF), will be utilized. Should 
they adopt Committee recommendations, state and local 
governments will have to implement these statistically based 
sampling plans. Compromises, however, may have to be 
adopted. The National Advisory Committee recognizes the 
limitations of even the best sampling plans for ensuring mi
crobiological product safety and will recommend an integra
tion of inspection activities with HACCP systems. As a re
sult, states will have to assist firms with the development and 
implementation of appropriate HACCP systems and inte
grate their inspection approach to encompass HACCP 
checkpoints, including increasing their level of monitoring 
relevant documentation and records. The net effect will be a 
restriction on product sampling and a reduction in analytical 
needs. Wehr concluded his comments by stating that in his 
opinion these changes in traditional approaches to assessing 
food safety are a positive move, but will require closer liaison 
among state, federal, and industrial microbiologists for reso
lution.

The second session was opened by Jerry Carosella, Deputy 
Director, Microbiology Division, Food Safety and Inspection 
Service, U.S. Dept of Agriculture, Washington DC. Caro
sella presented an overview of the working group discussions 
on meat and poultry of the National Advisory Committee. 
This group is drafting microbiological criteria for cooked, 
ready-to-eat meat and poultry products, which require re
frigeration and have Aw and pH values of <0.93 and <4.6, 
respectively. The committee has suggested that the risk of 
microbial pathogens can be minimized by controlling the 
parameters that inhibit the growth of C lostrid iu m  bo tu li-  
num  and L isteria  m onocytogenes. However, HACCP pro
grams are mandatory to ensure proper processing/holding 
parameters and, hence, food safety. In this regard, critical 
temperature control of the foods in question by manufactur
ers, retailers, and consumers is paramount. Furthermore, 
built-in temperature indicators should be included to allow 
consumers to identify temperature-abused products. Packag
ing systems, i.e., moisture barriers, and other approaches to 
extending shelf life have also been applied to minimize micro
bial growth and the spread of pathogens. In the committee’s 
opinion, meat and poultry products can be placed in 3 general 
categories based on hazard potential and application of heat 
treatment: (7) assembled and cooked; (2) cooked, then as
sembled; (5) cooked foods to which raw ingredients are add
ed. Each food type and process, however, must have a risk 
assessment before a proper HACCP program can be imple
mented. To assist in the development of HACCP programs, 
the National Advisory Committee has created an HACCP 
working group, which has identified 7 HACCP principles. 
Carosella concluded by briefly discussing these principles:

(7) Assess hazards and risks associated with ingredients and 
final preparation;
(2) Determine critical control points;
(3) Define conditions to be met at each control point;
(4) Develop procedures to monitor critical control points;
(5) Describe corrective action to be taken when a deviation 
is identified;
(6) Develop a record and documentation system; and

(7) Implement a process to verify the performance of 
HACCP procedures.

Robert Moir, Chief, Food Borne Pathogen Unit Agri-Food 
Safety Division, Food Production and Inspection Branch, 
Agriculture Canada, discussed microbiological criteria for 
food from the perspective of minimizing the risk. The concept 
of zero risk in today’s food products is not viable from a 
microbiological standpoint. Given the great multitude of 
foods produced, the high speed technology the food industry 
uses to meet public demands, and the ubiquitousness of vari
ous foodborne pathogens, it is not realistic or practical to 
expect food products to be free of such organisms. The aim of 
both industry and regulatory agencies must be to minimize 
the risk to the public and to control any problems that do 
arise. The adoption of guidelines for the food industry for 
some food products can help indicate potential problems.

The concept of microbiological criteria for dairy products 
was presented by Richard Holley, Corporate Quality Assur
ance Section, Technical Services Dept, John Labatt Co., Ltd. 
Dairy products can be categorized into 5 basic types related 
to physio-chemical characteristics and, hence, their ability to 
support the growth of microorganisms, or into 2 broad subca
tegories based on relative shelf life. In Holley’s opinion, it is, 
therefore, unreasonable to apply the same microbiological 
criteria to all dairy products. We emphasized the misapplica
tion of the standard plate count and coliform count as indica
tors of post-pasteurization contamination. These groups of 
indicators may have some merit as indexes of processing 
problems; however, the application of HACCP programs 
would be more appropriate for monitoring processing param
eters and plant sanitation. Holley also suggested that many 
of the problems of post-pasteurization contamination are 
related to outdated processing equipment and the post-treat
ment commingling of microbiologically contaminated raw 
materials, e.g., fruit and nuts, with pasteurized products, 
which might occur with the production of certain types of ice 
cream. In addition, Holley reflected on his observations that 
most filling rooms are not refrigerated, and many filling 
machines used in North America are archaic compared to 
the technology developed and implemented in Europe. He 
concluded that although there is no acceptable microbial 
indicator for dairy product safety, eliminating post-pasteur
ization contamination, e.g., by the use of aseptic filling tech
niques and the implementation of HACCP protocols, would 
guarantee product safety more reliably than microbiological 
assessment and monitoring.

The final speaker on the program was William H. Sperber, 
Manager, Microbiology and Food Safety, Research and De
velopment Laboratories, Pillsbury Co., Minneapolis, MN. 
Sperber entitled his presentation, “Use of the HACCP Sys
tem to Assure Food Safety.” It was appropriate for Sperber 
to conclude the formal presentations in view of Pillsbury’s 
pioneering efforts to develop the HACCP concept. The im
plementation of HACCP systems within the Pillsbury Co. 
has greatly reduced the requirements for end-product test
ing, thereby diminishing the need for microbiological analy
sis. There is still a need within HACCP-based programs, 
however, to establish and monitor in-process microbiological 
criteria. Modern HACCP programs specify certain cleaning 
and sanitation procedures as critical control points. In addi
tion, microbiological criteria may still be applicable to sensi
tive ingredients and raw materials that should be analyzed 
before they are incorporated into the processing procedures.
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Such criteria must be ecologically based. Sperber concluded 
his remarks by noting the evolution of the HACCP concept. 
Originally there were 3 levels of concern and currently there 
are 7.

A question and answer session followed the formal presen
tations.

Brodsky concluded the roundtable by summarizing the 
salient points, thanking the panel for their participation, and 
thanking the audience for supporting the program. In addi
tion, he noted the increased awareness and stature of micro

biology within AOAC and encouraged the microbiologists in 
the audience to spread the word to their colleagues to support 
AOAC-sponsored microbiology programs, particularly dur
ing the AOAC Analytical Week and during the AOAC 
annual meetings.
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Regulatory criteria for foods exist. Some of them have found 
their way into regulations and have become standards, or a 
weaker version of a standard that we in Canada call a guide
line. I do not intend to present arguments in support of 
microbiological criteria as they may be used in regulations in 
Canada. Instead, I will present concerns of the Health Pro
tection Branch of Health and Welfare Canada with specific 
aspects of microbiological criteria for foods relative to partic
ular matrixes and analytes from the following areas:

(/) microbiological indicators (e.g., ACC, coliforms, fecal 
coliforms);

(2) established foodborne pathogens (e.g., S alm on ella , 
B acillu s cereus, S taph ylococcu s aureus)-,

(5) recently emerged or emerging foodborne pathogens 
(e.g., L isteria  m onocytogenes, E scherichia co li 0157:H7); 
and

(4 ) HACCP principles and application.
Microbiological indicators figured predominantly in early 

regulations that remain in existence today, and unless 
amended, will continue to be in force. Methods for their 
determination were among the first dependable and relative
ly rapid methods developed in food microbiology. The isola
tion and identification of specific pathogens has always been 
laborious and time-consuming, and still is in many instances. 
Microbiological indicators have played an important role in 
the improvement of the microbiological quality of foods, 
specially processed foods; however, their limitations as regu
latory standards in view of improved methods for the isola
tion and identification of specific foodborne pathogens will 
seriously impede their use in future regulatory standards.

I would be remiss if I failed to say that they continue to be 
applicable to the assessment or validation of thermal and 
other types of processing designed to appreciably or totally 
reduce the microbiological population of foods. Although it is 
wise for a processor to assume that his raw products are 
contaminated with a host of foodborne pathogens, studies 
have shown that this is not always the case. For a processor to 
determine which pathogens exist in all his raw products and 
at what level would be exceedingly costly and probably of 
limited value. Generally microbiological indicators are com
posed of a broad spectrum of organisms, e.g., aerobic colony

Presented at the 103rd AOAC Annual International Meeting, September
25-28, 1989, St. Louis, MO.

count, coliforms, enterobacteriaceae, and are easier to isolate 
and measure. If it has been established that destruction of 
such groups of organisms is analogous to the destruction of 
the pathogens that may exist in a food, their use in criteria 
and even in regulatory standards for processed foods can be 
supported.

The situation with respect to specific known foodborne 
pathogens is not as clear. It would be simple to demand that 
known foodborne pathogens should be absent from processed 
foods, but it would not be realistic. As we well know, not all 
foodborne pathogens affect all persons in the same manner, 
nor are the effective doses the same. As we have come to 
know, even low numbers of S a lm on ella  (1-3 cells/g) can 
result in illness, whereas fairly high numbers of S . aureus
(105) are required before significant concentrations of en- 
terotoxin are produced to induce illness. Within the limits of 
knowledge concerning the effect of the various foodborne 
pathogens, criteria have been developed.

The criteria are influenced by the nature of the food and 
what, if any, microbiocidal treatment it would normally re
ceive before consumption. The criteria with respect to food
borne pathogens in raw foods must be more critical than 
those for foods that are normally fully cooked before con
sumption. Even this is an over-simplification. The microbio
logical state, the ability of the food to support growth, and the 
manner in which it is maintained before consumption must 
also be taken into consideration. We now know that patho
genic psycrotrophs grow at normal refrigeration tempera
tures and even mild temperature abuse can considerably 
increase the hazard, not only for the psycrotrophs but also for 
the mesophilic bacteria.

General regulatory prohibition of foodborne pathogens in 
all food is neither practical nor desirable. Regulations and 
hence criteria must be considered on a food-by-food, organ
ism-by-organism basis.

Regulations providing for either the absence or some maxi
mum acceptable level of a foodborne pathogen are virtually 
end-product regulations requiring sampling and analysis to 
demonstrate compliance or violation. End-product analysis is 
not cost-effective and certainly will not effectively guarantee 
compliance.

Regulatory criteria with respect to specific foodborne 
pathogens provide the food industry with a target that must 
be achieved.
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The situation with newly emerged or emerging pathogens 
is even more difficult for regulators. In the case of L isteria  
m onocytogenes and E. co li 0157:H7, infective dosages (nec
essary information for the formation of regulatory criteria) 
have not been ascertained. However, that does not mean that 
their presence in foods, especially those that will be con
sumed with little or no thermal processing (cooking) before 
consumption, is safe. In Canada, guidelines in the form of 
policy statements have been issued for L isteria  m on ocy to 
genes that require it to be absent from foods from which 
epidemiological evidence exists or in which the organism can 
be expected to grow, or foods that are maintained under 
conditions favorable to growth and are consumed with little 
or no cooking. Although the methods for the isolation and 
identification of these pathogens have improved consider
ably, they are still time-consuming and lack sufficient preci
sion to permit determining levels.

Regulatory microbiological criteria require the support of 
specific sampling plans. The number of samples and the size 
of the analytical unit are integral in determining the toler
ance that may be permitted. In Canada, 2 types of sampling 
plans are used, 2-class and 3-class. The former includes those 
organisms the presence of which in the food is prohibited,
e.g., S a lm on ella  in milk powder. A 3-class plan is used for 
those organisms that are tolerated at some level in food, e.g., 
S . aureus in cheese. The degree of hazard as described in the 
various cases by ICMSF is used in determining the sample 
size, acceptable criteria, etc.

Using HACCP principles in the assessment and control of 
their processes or food service is the only reliable method for 
the food industry to ensure that their products are free of the 
hazards presented to the consumer by foodborne pathogens. 
Health and Welfare Canada supports and encourages the 
application of these principles in the food industry. Inspec
tions are carried out on the basis of good manufacturing 
practices devised by a combined effort of both the private and 
public sectors. Regulatory standards or guidelines serve as 
the target that the industry must attain. End-product analy

ses cannot assure that products will be produced free of any 
particular pathogen.

Health and Welfare Canada publishes both the methods 
and regulatory criteria used in the assessment of the micro
biological quality of foods. If a regulatory standard exists, 
there is an official method that is an integral part of the 
regulation. Official methods contain a detailed description of 
the method, a sampling plan, and acceptance criteria. Other 
methods used in the assessment of the microbiological quali
ty of foods for which there is no regulatory standard are 
termed “Health Protection Branch methods,” they also con
tain a description of the method, sampling plan, and accep
tance criteria. Methods in development to be used in support 
of the Food and Drug Act are designated “laboratory proce
dures.” The sampling plans and acceptance criteria have 
been designed for compliance use. The industry is advised to 
use other plans that would give them the assurance that their 
product will pass our assessment. Many a processor has 
found to his dismay that a product sampled and analyzed in 
accordance with our methods and found to be in compliance 
fails when sampled and analyzed by our inspection services— 
an understandable situation for marginal products. The 
proper application of HACCP principles can give the highest 
assurance of compliance.

Before ending this short discourse on the concerns of 
Health and Welfare Canada with respect to microbiological 
criteria of foods, I would like to address the subject of liabil
ity. In the past, regulatory liability was primarily directed 
toward the manufacturer of a food; little or no attention was 
directed toward the treatment afforded the product after it 
was out of direct control of the processor. Concern over the 
safety of refrigerated foods, especially those for which ex
tended refrigerated shelf-life was proposed, has directed at
tention to the handling all along the distribution chain, right 
into the consumer’s home. If, for instance, temperature abuse 
is deemed the cause of a product’s noncompliance, the per
sons or concern responsible for the product at the point of the 
abuse, may be the subject of regulatory activity.
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Most states and other nonfederal U.S. regulatory agencies 
have really had little in the way of formal microbiological 
criteria, and certainly little that is in rule or statute. With the 
exception of dairy products, any criteria that exist are usually 
in the form of guidelines, are usually internal (that is, in- 
house), and concern such test areas as aerobic plate count, 
coliforms, and E. coli. They usually cover products such as 
delicatessen items and sensitive meat products, and are typi
cally end-point standards. They generally have little in the 
way of scientific data to back them up and seldom employ 
statistical sampling plans. In most cases, they are based on a 
perceived need to provide some sort of consumer protection 
and reflect the relatively limited level of analytical resources 
available to states and, in some cases, limited technical exper
tise in designing and implementing programs. This sounds 
somewhat negative, but the problems are real. State and local 
programs, however, in spite of their shortcomings, do indeed 
help by giving us some measure and control over sensitive 
microbiological products and by creating an awareness on 
the part of state and local manufacturers and retailers about 
the need to maintain microbiological control of their prod
ucts.

From surveys of state agencies conducted in the recent 
past, I have found a significant amount of interest in working 
toward a meaningful series of food microbiological criteria 
and developing an appropriate program. This is particularly 
true today in light of the growing concern both with micro
biological safety of food and with new microbiologically sen
sitive product types such as freshly prepared refrigerated 
foods. I believe there is an interest in what is accomplished by 
the National Advisory Committee on the Microbiology of 
Foods; however, this interest will be tempered with the reality 
of what the states can effectively do in view of their limited 
budgets and the large number of establishments under their 
jurisdiction. States and local governments are, I believe, truly 
interested in receiving some technically sound information to 
improve their programs. The challenge of the National Advi
sory Committee is to provide this kind of assistance in a form 
usable by state and local governments.

I would like to discuss what I think will result from the 
National Advisory Committees efforts in terms of basic phi
losophy and approach, how it will impact state and local 
governments, and what I believe will be some of the chal
lenges we will have to meet

First, the thrust of the committee will be one of safety 
rather than quality. This approach as such is not subject to 
argument. It is really a “Mom and apple pie” situation, and 
no one is going to disagree. It is and must be the prime factor 
to consider. The committee’s criteria will be built around this 
philosophy.

I am a firm believer, however, that regulatory agencies 
have 2 roles to play in this area. Most important is food 
safety. Of secondary importance is excessive rates of product 
loss due to spoilage, which is in essence a form of consumer 
fraud. The National Advisory Committee has gone clearly on 
record as saying that this area of adverse product quality, as
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it results in excessive rates of product loss, is not an appropri
ate role for agencies to play. It is the proper role of the 
industry to monitor and control this factor—the marketplace 
through consumer purchasing and returns will control this 
area. This viewpoint may be somewhat naive and even per
haps a bit self-serving. In any case, the committee will not 
generate much activity on this topic. This is unfortunate, I 
believe, because some state and local agencies as well as 
consumer interest groups will continue to see the need for 
some sort of role in this area, and there will continue to be a 
scientific gap in this respect.

Second, the thrust will be on 2- or 3-class sampling plans 
for product sampling. Essentially the same statistical sam
pling approach is recommended by the International Com
mission on Microbiological Specifications for Foods 
(ICMSF). Fundamentally, this is clearly the proper ap
proach to use. State and local governments would be wise to 
improve their approach to sampling to bring it more into line 
with proper statistical methods.

However, and this is important, the ICMSF approach is 
very resource-intensive. Usually, the number of subsamples 
taken is at least 5 per product type and can routinely climb to 
10 or more. This can present a problem for states, particular
ly those with limited resources and a large number of estab
lishments for which they are responsible.

For example, Oregon, which is a small state, has more than 
2000 retail grocery stores. Assuming that only half of them 
sell regular ground beef, which is an appropriate product to 
consider, a once-a-year sampling with the ICMSF approach 
at a minimal level yields 10 000 samples annually. Our rou
tine food microbiology work allows for the analysis of ap
proximately 2400 samples per year for all product types, so 
the problem is serious.

Let us hope that the committee will address this issue and 
find some compromise resolution. A possible resolution 
would be to use M , the microbiological value above which a 
product is unacceptable, as a single “random grab” sample 
criterion, with appropriate resampling by the ICMSF ap
proach when a problem is identified.

The third and last area that I want to mention is the use of 
the Hazard Analysis and Critical Control Point (HACCP) 
approach. The National Advisory Committee is clearly going 
to recommend the HACCP approach as the single way of 
handling microbiologically sensitive food products. HACCP 
is basically applied across all product areas and across all 
establishment types (manufacturing to retailing) and is an 
approach that will have some fundamental and far-reaching 
changes for state and local governments as well as for the 
industry it serves. Currently, HACCP in its truest form 
really is applied only to low-acid canned foods. Applying 
HACCP to all products and all establishments will clearly 
change the way we are doing business. Specifically, it will 
modify the way we inspect establishments, including ware
houses and retail outlets, the way we monitor record keeping, 
and the way we sample products for analysis. It will probably 
also affect the frequency of conducting certain types of tests.

For many years, I have been a strong advocate of integrat
ing inspectional activities with analytical programs. Employ
ing end-point standards, except for certain products, and
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then dealing almost solely with pathogens, has not normally 
proved effective in relating microbiological analysis to prod
uct safety or excessive rates of product spoilage. In a sense, 
the HACCP system provides the ultimate in inter-relating 
inspectional work with product analysis. What states will 
then have to do is to: (/) assist firms with the development 
and implementation of their HACCP system; (2) integrate 
their inspectional approach to encompass the HACCP 
checkpoints; (5) increase their level of monitoring firms’ 
record keeping; and (4) modify their product sampling and 
analytical needs.

This will most certainly require a significant educational 
program for state and local inspectors in HACCP, because 
few of them are sufficiently knowledgeable to utilize the 
HACCP approach. I believe it is the intent of the National 
Advisory Committee to have USDA, FDA, and the National 
Marine Fisheries Service, in conjunction with national com
modity trade and technical associations, design model 
HACCP programs for use by industry as well as by state and

local agencies as they move toward full HACCP implemen
tation.

The committee has also strongly endorsed the development 
and implementation of HACCP educational programs. Al
though this effort will be directed to all users, it will be of 
particular importance for state and local governments, small
er in-state or regional processors, and institutional and retail 
establishments. It is the intent that the HACCP approach be 
completely integrated from processing to distribution to re
tail sale to institutional and home food service.

These 3 changes, the almost exclusive emphasis on product 
safety, the use of HACCP, and the use of statistical sam
pling, along with other changes in the system, will have a 
profound affect on how state and local governments do busi
ness in the food microbiology area. The net change will 
certainly be positive, but some real challenges will have to be 
met. I strongly believe that 5 or 10 years from now, we will 
see a different operational world from what it is today. It will 
most certainly be interesting to see how well it develops.

M icrobio logica l Criteria: M inim izing the R isk

ROBERT MOIR
C h ie f, F o o d  B o rn e  P a th o g e n  U n it, A g r i-F o o d  S a f e ty  D iv is io n , F o o d  P ro d u c tio n  a n d  In sp e c tio n  B ran ch ,  
A g r ic u ltu r e  C a n a d a , O tta w a , O n ta r io

In this day and age, the ideal concept of food products having 
zero risk with respect to microbiological hazards is not viable. 
Given the ever-increasing population of the planet, together 
with the ever-increasing need for food products, industry 
must adapt to meet these needs with newer and faster tech
nologies that will assure the necessary throughput of food 
products. In view of the ubiquity of various foodborne patho
gens, whether salmonellae, L isteria , staphylococci, or E s
cherichia coli, it is neither feasible nor practical to assure 
consumers that the various food products that they purchase 
are free of all types of microbiological hazard.

At Agriculture Canada, we have recognized and accepted 
this fact, and the main business statement of the Agri-Food 
Safety Division within our Food Production and Inspection 
Branch states, in part, that we will ensure the use of programs 
and principles that minimize the risk to consumers from 
chemical, physical, and biological hazards in agri-food prod
ucts.

Now let us consider the feasibility of setting microbiologi
cal criteria for foods. When one speaks about such criteria, 
one usually separates them into two possible categories, 
namely, guidelines and regulatory standards. For the purpose 
of this discussion, guidelines are exactly what the word im
plies: an established range of values based on previous experi
ence and data that serve as a guide to the industry with 
respect to good manufacturing practices. Regulatory stan
dards are another set of criteria that normally fall under the 
jurisdiction of a federal or provincial act and that, when 
applied to a given foodstuff, will be used to deem whether 
that foodstuff is or is not acceptable with respect to microbio
logical quality.
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In most cases, the use of microbiological regulatory stan
dards in food products is not desirable; it is, in fact, a hin
drance to the food industry and can also create false impres
sions among the consuming public. Because of the dynamic 
population and diversity of bacteria that may inhabit, co
inhabit, or contaminate foodstuffs, any attempt to generalize 
microbiological conditions with a blanket statement is virtu
ally impossible. For instance, to say that 106 bacteria on a 
total plate count is too much or that 103 S taphylococcu s  
aureus in a given foodstuff is too much is difficult to defend 
scientifically because of the myriad conditions present in the 
various food products and the factors that influence the 
growth of such bacteria. Certain bacteria at levels of 103 per 
g in a given food product can definitely be much more dan
gerous than levels of 108 bacteria in another product; thus, 
the cataloguing of food products into an acceptable/nonac- 
ceptable compartment is not very realistic. I believe that such 
a standard was applied to ground beef about 1980 in Oregon. 
I understand that it was not a workable solution and that the 
program was dropped after a short time.

One area in which regulatory standards certainly may be 
useful is for those food products in which the existence of 
even one given species of bacterium may be considered com
pletely unacceptable. An example is the presence of S a lm o 
nella  in a ready-to-eat meat product, or perhaps in the very 
near future, the presence of L isteria  in a ready-to-eat meat 
product. In such cases, the fact that these bacteria may 
survive and even grow in such products that do not undergo 
any further heat processing before they are consumed may be 
enough to warrant such regulatory action. When such prod
ucts are found through testing procedures, whether at the 
retail level or the producer level, action should be taken and 
the product either removed from commerce or treated in 
another manner to render such bacteria innocuous.



420 MOSSEL & NETTEN: J. ASSOC. OFF. ANAL. CHEM. (VOL. 74, NO. 2, 1991)

When we are implementing this type of action, the next 
obvious question is, how do we compare our results? It is 
fairly obvious that zero S a lm on ella  in a frankfurter based on 
a 1 g sample may not be the same as zero S alm on ella  based 
on a 25 g sample. This conclusion leads us into the various 
sampling schemes, including statistically based sampling 
plans as well as sample size, methods of collection, packag
ing, storage and transportation, and analytical methodology 
to be used in the evaluation of the various bacteria. Thus 
comparison of results, whether between laboratories, be
tween state and federal agencies, or between provincial and 
federal agencies can be a very difficult, if not impossible task 
unless all such parameters are standardized.

In the great majority of cases, I find that the establishment 
of microbiological guidelines can be readily accepted and 
that they provide some measure of control both for the indus
try and for regulatory agencies. Over the last 7-8 years, 
Agriculture Canada, through data accumulation and evalua
tion of a great many meat products, has published guidelines 
in our manual of procedures for meat hygiene. The data were 
basically derived from the establishment and evaluation of 
microbial profiles on many raw and cooked meat products. 
These profiles consisted of a total aerobic colony count, a 
coliform and fecal coliform count, a S taphylococcu s aureus 
count (coagulase positive), and the presence or absence of 
salmonellae. These guidelines, based on a 5 subsample set, 
include cooked, cured, and raw meat products and are in
tended only to give an indication to the industry and to

ourselves whether a product has been time/temperature 
abused or improperly processed, and is, as a result, potential
ly hazardous to consumers or prone to early shelf spoilage. To 
date, we have found that use of such guidelines has been very 
helpful by assisting various segments of the food industry to 
establish quality control programs in order to stay within 
these parameters. In addition, on many occasions the use of 
the guidelines has led us to conduct investigative work at a 
given establishment where parameters were exceeded and 
there were obvious problems at some point in the processing.

In my opinion, it is clearly not valid for government agen
cies to establish standards on any type of raw meat product. 
On the other hand, I think it is quite acceptable for industry 
to have their own microbial guidelines on the various raw 
meat products they purchase. For instance, if a firm wants to 
produce beef patties and the deboned beef received from the 
supplier has a total count of 107 or greater, it is highly 
unlikely that those patties will have much of a shelf life. It is 
an integral part of industry’s ongoing quality control systems 
that criteria should be set in some cases for the evaluation of 
incoming product. The efforts of regulatory agencies must 
focus on ready-to-eat food products, and we must bear in 
mind that proposed regulatory standards should be very thor
oughly evaluated before they are put into place. Regardless 
of the “apparent” new problems associated with some food- 
borne pathogens, it is important that we not institute mea
sures which, in the very near future, could be seen to have 
been arrived at without scientific validity.

M icrob io logica l R eference V alues for Foods: A  European Perspective

D. A. A. MOSSEL
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Microbiological criteria for food products and meals serve to 
gauge the results obtained upon monitoring samples from 
manufacturing plants or catering units which strictly adhere 
to good manufacturing practices (GMP). Hazardous practices 
thus already having been eliminated, the aim of monitoring Is 
to detect and, above all, Immediately correct accidental 
failures In processing or preparation. An essential element of 
this system of monitoring is that the number of criteria used Is 
kept to a minimum by carefully selecting the criteria of major 
ecological significance. In view of the sporadic and erratic 
distribution of pathogenic organisms in foods from well-run 
manufacturing plants and food service operations, criteria for 
disease agents are used only occasionally. Where they are 
used, their selection and detection methodology require In
tensive and expert scrutiny, including (I) careful designation 
and precise definition of the relevant agents of disease, toxin 
formers, or preformed toxins; (II) prescription of very careful
ly validated and standardized methods, usually Including a 
resuscitation step; and (III) mathematically correct Interpre
tation of failure to detect particular infectious or toxinogenic 
organisms. On the other hand, “marker” organisms (“indlca-
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tor” and “Index” organisms, according to Ingram) are fre
quently used. These should also be carefully selected by 
ecological surveys on each specific food product; In particu
lar, their value for reliably revealing deficiencies in hygiene 
or handling should be assessed. The applicability of the 
entire group of Enterobacteriaceae (or particular parts of that 
taxon), E n te ro c o c c u s species, S ta p h y lo c o c c u s  au reu s, and 
streptococci of the “mltis-sallvarius” group are critically 
examined. Numerical reference values for microbiological 
criteria are derived by mathematical treatment from data 
obtained in surveys of products produced under GMP previ
ously validated by safety analysis. Target values thus de
rived will Include tolerance limits and policies recommended 
in case high results are obtained. Consequently, “3-class 
sampling plans” (according to ICMSF) are to be used In most 
instances.

Principles
The P u rp o se  a n d  A p p lic a b ility  o f  M icro b io lo g ica l C riteria

Probably no aspect of food microbiology has been more am
ply (and often emotionally) discussed than microbiological
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criteria for foods. Such controversy is unnecessary, however, 
provided the purpose served by criteria is accurately defined. 
Their main aim is to gauge the results obtained from the 
monitoring of particular recently manufactured food sam
ples that originated from well-operated production and dis
tribution facilities and are being examined to allow prompt 
rectification of any accidental process failures which may 
occur. In addition, microbiological monitoring of food may 
serve to assess whether consignments of food or purchased 
food ingredients that have been manufactured according to 
the best possible practices have also been distributed in such 
a way that they reach the point of sale in a condition which 
assures wholesomeness and good quality (1). Provided that 
the product is stored under the conditions specified on the 
package and only until the “best before” date has expired, the 
food will reach the consumer in good condition.

It may be of equal importance to dwell for a minute on 
what monitoring cannot achieve, and hence for what purpose 
criteria are not intended. It used to be thought that microbio
logical inspection of sam ples of food or raw materials which 
gave reassuring results would ensure that the consignm ent 
from which the samples were taken was safe and of the 
expected shelf life. This is unfortunately scientific heresy (2-
4). An act of inspection can never result in quality assurance, 
as a matter of principle. Furthermore, simple Poisson statis
tics supported by identification of the stratified way in which 
microorganisms are usually distributed in foods (5) show 
that sample monitoring tests which give negative results can
not at all ensure that the entire production batch from which 
the sample was taken has reached the acceptable safety and 
quality level.

Many reputable food manufacturers have already drawn 
up microbiological guidelines, also called “limits” or “refer
ence ranges” (3). These may be mandatory or purely adviso
ry. The United Nations, through the Food and Agriculture 
Organization and the World Health Organization, issues 
comprehensive codes of practice for the manufacture of 
foods, namely, the C odex A lim en tarius. These allow preven
tive assurance of safety and quality (6). Whenever monitor
ing forms part of such codes of practice, the Codex Advisory 
Group has chosen the following terms (7, 8):

G uidelines are reference levels of microorganisms at 
points during or after production, distribution, or storage, 
which are devised usually by a manufacturer or distributor 
and sometimes by government agencies, in order to check 
that the system is functioning properly. End-product sp ec ifi
cations are issued by regulatory authorities or distributors as 
part of the purchase conditions. Microbiological stan dards  
are specifications that are legally enforceable once they are 
adopted by individual countries. Standards consist of limits 
for numbers of pathogens, their toxins, or their metabolic 
products, and they include detailed sampling plans.

There is, unfortunately, much disagreement about the 
need for microbiological standards. Some countries, for ex
ample, Canada, The Netherlands, and Hungary, have drawn 
up standards for many foods; others, such as the United 
Kingdom, consider them less practicable. It is not the auth
ors’ aim to enter into arguments about the necessity for 
legally enforceable standards. In the following sections, the 
subject will be discussed from the scientific point of view 
only. For this purpose, the concepts criterion  (of qualitative 
nature) and reference values (numerical limits) will be used 
(9-12). When required, guidelines, end-product specifica
tions, and standards can be derived from such data.

The G en era l A s s e s s m e n t  P ro ced u re

As in medicine, reference values should be determined 
empirically. More particularly, they should be established by 
5 essential sequential steps, including:

(/) selecting target organisms;
(h) choosing and very carefully standardizing a method to 

be used for their enumeration;
(jii) carrying out surveys of samples taken from produc

tion lines while strictly adhering to validated good manufac
turing practices (GMP);

(iv) deriving acceptable numerical values from survey data 
guided by holistic quantitative risk analysis (8, 13);

(v) establishing a policy for dealing with consignments 
which fail the target values (3).

Selection of Criteria
G en era l P rin c ip les

The number of microbiological criteria to be used for the 
estimation of safety and quality of foods must be strictly 
limited for at least 2 reasons.

First, reducing the number of tests to be carried out en
ables more samples to be examined. This markedly increases 
the accuracy of the results, particularly since, as indicated 
before, contaminating microbial populations are usually het
erogeneously distributed (5).

Second, the use of criteria which stem from an imaginary 
microbiological problem (14) does little to improve the credi
bility of the food microbiologist (15). Only a few tests are of 
particular value in most cases. These must be responsive to 
need and therefore must be based on ecological consider
ations: every type of food has its characteristic associated 
flora, including pathogens and spoilage agents (16). Hence, 
continued adherence to the “shopping list”—plate count and 
coliforms—is not warranted.

C riteria  for P a th o g e n s

Pathogens may multiply in food and become a hazard. 
Even if they do not proliferate, they are undesirable because 
of the risk of contaminating, and possibly multiplying in, 
foods which were initially of good quality (17). Numbers of 
pathogens must therefore be kept to a minimum in the inter
est of the consumer’s health.

When pathogens may occur naturally in a food while eco
logical factors favor their growth, the ecology of such foods 
must be modified to ensure consumer protection. This can be 
achieved by “elimination” [preferably by substantially re
ducing colony forming units (cfu)] through processing, 
changing the composition, or improved conditions of storage. 
The success of such measures can often be checked by the use 
of properly chosen “marker” organisms, as to be discussed in 
the following section.

M onitoring S p o ila g e  R isk s

The chances of microbial spoilage of foods can always be 
estimated by storage tests. When onset of spoilage is rapid, 
however, it should rather be assessed by determining the cfu 
numbers of the specific component of the spoilage association 
and gauging the results against previously determined “mod
els.” The “model” is the fate of the spoilage association as 
affected by the intrinsic properties of the food and its usual 
mode of storage (16). Clearly such tests must provide results 
very rapidly in the case of highly perishable foods.
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M icro b io lo g ica l E sse n tia ls

The species, genera, or other groups of organisms to which 
criteria apply should be described in taxonomically valid 
terms. Vague and invalid expressions such as “pathogenic 
organisms,” “coliforms,” “enterobacteria,” “enteric organ
isms,” “diphtheroids,” or “cocci” should be avoided.

Criteria for disease agents should be considered and for
mulated with particular care. Precautions to be taken in
clude:

(;') Careful designation and precise definition of the rele
vant agents of disease, toxin formers, or preformed toxins;

(ii) Prescription of very carefully validated and standard
ized methods, usually including a resuscitation step;

(Hi) Mathematically correct interpretation of failure to 
detect particular infectious or toxinogenic organisms.

The Use of Marker Organisms: Concepts and 
Misconceptions

H isto rica l In troduction

E a rly  h is to ry .—The examination of potable water for the 
group of bacteria that later became known as “coli-aerogenes 
bacteria of fecal origin,” or in taxonomic terms Escherichia  
coli, was independently introduced by Schardinger (18) in 
Austria in 1892 and by Smith (19) in the United States in 
1895. This test was designed to replace testing for specific 
pathogenic Enterobacteriaceae, particularly S alm on ella  ty -  
ph i, as this presented insurmountable difficulties at that 
time. To this day, the monitoring of water and shellfish has 
been based—rightly or wrongly—on the detection of E. coli 
as a surrogate marker for enteric pathogens.

In addition, bacteria of the so-called coli-aerogenes (or 
coliform) group, defined as the lactose-positive organisms in 
the family Enterobacteriaceae, have been used as marker 
organisms in the examination of pasteurized milk and ice 
cream since about 1920 (20, 21). Their use originated from 
the so-called Wilson triad (1) (Table 1) based on the premise 
that isolating such organisms from heat-treated foods points 
to inadequate processing, i.e., (i) failure to “eliminate” all 
bacteria of this group initially present; ( ii) failure of packag
ing such that recontamination is prevented; or (Hi) failure to 
store and distribute under conditions which ensure that pro
liferation of the extremely low numbers of survivors is arrest
ed (22-24).

The presen t s itu a tion .—Nowadays, direct tests for many 
enteric pathogens are available. They are indispensable in 
epidemiological investigations, but less so in day-to-day food 
inspection. On the other hand, suitably designed tests for 
marker organisms always have a place in routine monitoring 
of a great many foods for the following reasons (25):

(/') Failure to detect disease agents, e.g., pathogenic Enter
obacteriaceae, is of limited significance because (a) they are 
often unevenly distributed in the food (5, 26) and (b ) the 
detection techniques have several shortcomings. This applies 
even to the intensively studied genus S alm on ella , and more 
so to other pathogenic bacteria transmitted by foods, e.g., 
S h ig e lla  (27). Also, in a recent intra-European evaluation of 
methods used for the detection of L isteria  m onocytogenes in 
foods (28), serious deficiencies in currently used methods 
were demonstrated.

(ii) Tests for certain pathogens, e.g., enteropathogenic 
viruses (Table 2) and helminths, cannot yet be carried out by 
a nonspecialist laboratory. Failure to make such an examina
tion or to seek marker organisms may lead to the release of 
dangerously contaminated foods.

Table 1. The Wilson triad underlying processing for safety
1. Reduction of unwanted organisms to the highest achievable extent 

by:
(i) keeping initial colonization of raw materials at a minimum by 
adherence to hygienic practices and avoidance of temperature 
abuse;
(ii) increasing microbial lethality of processing to the highest 
level, compatible with preservation of nutritive value and sensory 
attributes.

2. Avoiding recontamination of treated commodities which would 
nullify the effect of the treatment referred to under 1 by:
(a) processing after hermetic packaging; or
(b) aseptic packaging;
in both instances relying on validated measures of prevention.

3. Where intrinsic antimicrobial protection is absent, distribution and 
storage of the processed, packaged commodities under condi
tions arresting (or at least markedly delaying) proliferation:
(a) of the infinitesimally low numbers of viable organisms that 
survive processing step 1; and
(b) of the sporadic contaminant introduced during step 2.

(/ii) Even if enteric pathogens are indeed not present in a 
sample of a food consignment, the result is of significance 
only with respect to the specific batch that has been sampled. 
However, if the absence of suitable marker organisms can 
repeatedly be demonstrated in a series of samples from a 
processing line, it is almost certain that the food is never 
dangerously contaminated. This information is of value to 
public health authorities, manufacturers, and consumers 
alike.

E colog ica lly  v a lid  sem antics and stra teg ies in trodu ced  in 
the 1970s.—Since the 1930s the suitability of both types of 
marker organism initially chosen (E . co li and the coli-aero
genes group) has frequently been questioned (22). Much of 
the dispute came from the lack of a clear definition of terms 
and the failure to pay sufficient attention to ecological princi
ples. In an attempt to resolve these disputes a distinction has 
been made between index  and in d ica tor organisms within the 
groups named markers (25) or model organisms (29). The

Table 2. Viruses of concern in foods: cardinal properties of viruses associated with enteritis
Identification

Diameter, Tissue or detection Transmission
Taxogroup nm culture3 * * when TC -ve demonstrated6

D N A-conta in ing g roup
Adenovirus types

40 and 41 65-80 + pf, cpec s
Norwalk group6 
Winter vomiting

27-32 em, ¡mm f

disease group 
Small, round

25-26 em f

featureless
viruses6 20-25 — em f

R N A-conta in ing group
Rotavirus 60-80 + em, imm, gp f
Coxsackie 
Hepatitis A and

22-30 + em, imm, gp f

non A-non B 27 + em, imm, gp f
Reovirus 65-75 + s

3 +  =  possible; — =  not possible.
6 f =  food; s =  sewage.
°  pf =  macroscopic plaque formation; cpe =  cytopathogenic effect; 

em =  electron microscopy; imm =  immunological techniques; gp =  
gene probe detection method available.

6 Core nucleic acid type not definitely established.
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term index  organ ism s has been introduced for markers 
whose presence in numbers above certain limits indicates the 
possible presence of ecologically similar pathogens, e.g., E. 
coli, in the examination of potable water. Ingram suggested 
the use of the term in d ica tor organism s for those markers 
whose presence above certain numbers indicates inadequate 
processing for safety, such as the coli-aerogenes group used 
in the monitoring of milk and ice cream.

A positive test for indicator organisms in a food processed 
for safety indicates, as demonstrated previously, that the 
Wilson triad has not been heeded, but does not necessarily (in 
fact, only occasionally) mean that pathogenic organisms are 
present in the food (30, 31). The detection of an index organ
ism in a food, however, provides evidence that a related 
pathogen may also be present, if not in the inspected consign
ment, then in a previous or later one.

Clearly, a given marker can function both as an index and 
as an indicator organism, even in the same food. For instance, 
the presence of significant numbers of colony-forming units 
of E. co li in preccoked meats, poultry, or seafood indicates (/) 
inadequate processing for safety, thereby fulfilling an indica
tor function, and ( ii) the potential presence of enteric patho
gens, i.e., functioning as an index for organisms such as 
S alm on ella  or S higella .

The following marker organisms or appropriate combina
tions of them (32) have been used since before 1950 to 
provide useful information for the industry and government 
agencies alike: the Enterobacteriaceae group, E. coli, and to 
a lesser extent Lancefield group D streptococci (E nterococ
cus spp.) (33, 34), and the coli-aerogenes group. However, 
detection techniques for the last group have to be very care
fully standardized because of the widely varying definitions 
of this group. For monitoring such commodities as fermented 
meat products with particular microbial community struc
tures, additional marker organisms, including S ta p h y lo co c
cus aureus, may be useful. For the monitoring of the food 
environment, including tableware in catering establishments, 
the “mitis-salivarius” group of streptococci qualifies.

To avoid any misconceptions in these practices, it is essen
tial to always adhere to Ingram’s maxim, which is summa
rized in Table 3.

R ation a le  beh ind the use o f  E nterobacteriaceae as ind ica
to rs .—A considerable advance in the use of marker organ
isms arose from the replacement of coli-aerogenes bacteria 
by the entire Enterobacteriaceae group. This was first sug
gested by Seeliger (35) in 1952 for the inspection of products 
like milk and ice cream processed for safety by heat. Some
what later Henriksen (36), Habs and Langeloh (37), 
Kretzchmar (38), and Bonde (39) introduced this group for 
monitoring water that had been chlorinated, i.e., also pro
cessed for safety, but by a chemical process. The detection of 
any member of the Enterobacteriaceae in such products is 
equally important, since all types of this group are supposed 
to be eliminated by the treatment methods mentioned. Their 
presence in significant numbers is an indication of process 
failure in the sense of the Wilson triad and thus potentially 
hazardous to the consumer.

Such considerations also apply to the coli-aerogenes bacte
ria. Nevertheless, testing only for these lactose-positive mem
bers of the Enterobacteriaceae is not advisable for at least 3 
reasons:

(i) As indicated previously, the coli-aerogenes or coliform 
bacteria are taxonomically a rather ill-defined group (40- 
42). In general, all Gram-negative bacteria capable of grow
ing on media containing bile salts and of producing acid from

Table 3. Use of marker organisms in the microbiologicalmonitoring of foods, originating from operations adhering to validated good manufacturing and distribution practices (GMDP): concepts and misconceptions
Ingram (25) Introduced the distinction between:

Indicator organisms =  markers whose presence in given numbers 
indicates failure of adherence to GMDP 

Index organisms =  markers whose presence in numbers exceed
ing given numerical values indicates the possible presence of 
ecologically similar pathogens

Indicators consequently should ne ver be considered as surrogate 
markers for the presence of pathogenic organisms in foods.

Index organisms may not be considered valid as surrogate markers 
for food pathogens unless  a correlation has been firmly established 
between their presence and that of well-defined pathogens or at 
least a marker threshold level has been established, below which 
contamination with the pathogen under study is unlikely at a given 
p-level (Frank, J. F., et al. (1990) J. Food Prot. 53 928-932).

lactose are included in the coliform count. This leads to (a) 
including all sorts of entirely unrelated bacteria in coli-aero
genes counts, depending on the medium used, incubation 
temperature, criteria chosen in reading the results, etc. (43-
48); and (b) sometimes wrongly excluding organisms be
cause of their unusual colony type or aberrant biochemical 
behavior (49, 50). This obviously results in considerable dis
crepancies between data obtained by different techniques 
(51-53) and can cause difficulties when results from differ
ent laboratories are compared (54). So-called “fecal con
forms” are even less precisely defined (55).

( ii)  A test for lactose-positive E nterobacteriaceae  alone 
can lead to falsely reassuring results in situations where 
lactose-negative organisms are dominant. A good illustration 
of this is the outbreak of diarrhea caused by soft cheese 
contaminated by the enteropathogenic strain of E. coli, type 
0 124 (56). This mutant happened to be a very slow ferment
er of lactose. Coli-aerogenes counts on the suspect cheese 
were therefore about 103/g, which would have been just in 
the intermediate acceptance region (57, 58). However, the 
total Enterobacteriaceae count was approximately 107/g, a 
value certainly resulting in immediate refusal (59).

(Hi) As illustrated in Table 4, the sensitivity of the test is 
often reduced because it is limited to the lactose-positive 
types (60). The exact proportion of total Enterobacteriaceae 
to that of lactose-positive coli-aerogenes varies greatly with 
the genera of organisms present (see Table 5) and with the 
microbial quality of a food. This ratio represents an example

Table 4. Recovery of Enterobacteriaceae vs. “conforms” from perishable foods not Infrequently Involved in foodborne enterobacteriosesa

Food

No.
samples

examined

Colony-forming units 
(cfu) per mL or g 

Coliforms Enterobacteriaceae

Fruit ice cream 7 1.8 1.8
Vanilla ice cream 28 1.1 1.8
Meat salad 49 2.9 3.1
Egg salad 10 2.1 2.9
Fish and vegetable

salads 10 2.5 3.3
Total 104
Mean counts 2.1 2.6

a From Mossel et al. (60).
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Table 5. Review of genera of Enterobacterlaceae with special reference to their enteric pathogenicity and detection by “conform” tests
Predominant Detected by

Genus origin3 “conform” tests* Pathogenicity3

A rizona F D P
C itrobac te r N + N
Edw ardsie iia F N (P)P
E nterobacter N + N
Erw inia N N N
Escherich ia F + P
Hafnia B N N
K lebs ie lla B + P
Proteus B N P
Providencia N N P
Salm onella F N P
Serratia N N N
Shigella F N P
Yersinia F N P(P)

3 F =  fecal origin; N =  not of fecal origin; B =  both.
* +  =  most strains; D =  variable; N =  virtually no strains.
0 P =  most types enteropathogenic to humans; p =  occasional 

species enteropathogenic; N =  virtually no pathogenic species.

of what has been termed the ecology determ inant or e factor. 
It is defined as the ratio of one group of organisms of ecologi
cal significance to a related, similar group; in this instance 
the proportion of Enterobacteriacea cfu to the coli-aerogenes 
cfu, termed «ca (61). In the case of milk and dairy products, 
the fc,A-factor may be approximately 1 because of the selec
tion of the lactose-positive types by the high level of lactose in 
these products. Generally, however, the ecA-factor is far 
greater than 1, reaching median values of up to 104 and much 
higher maxima (62).

To summarize, there is never anything to be gained by 
using coli-aerogenes bacteria instead of the better-defined 
and generally more numerous Enterobacteriaceae as indica
tor organisms.

M isc o n c e p tio n s  a b o u t th e  U se  o f  E n te ro b a c te r la c e a e  a s  
In dex  O rgan ism s

As explained in the second part of Table 3, organisms 
should never be considered as surrogate markers (index or
ganisms) for ecologically and physiologically related patho
gens, unless a correlation has been established between cfu 
numbers of both groups (63-68). There is no doubt that in 
particular instances (30,69,70), such a relationship has been 
demonstrated to exist. A rather convincing example is given 
in Table 6.

Nonetheless, as illustrated by our data summarized in 
Table 7, in products stored for some time at refrigeration

Table 6. Distribution of Enterobacterlaceae and 
S a lm o n ella spp. In environmental samples taken from a milk drying plant3

Enterobacteriaceae, 
cfu per g-1 S alm onella  + ve  in 50 g, %

< 2 0.5
2 -100 0.9

100-500 8.7
> 5 00 9.0

3 Data from Cox (1978), quoted by Stadhouders et al. (71).

Table 7. Effect of refrigerated storage and comminution of fresh meat on differences In Enterobacterlaceae colony counts at 37°C vs. 42°C
log10 cfu Ent 37°C  — 
iog10 cfu Ent 42°C

At the slaughterhouse:
Carcass meat (n =  10) 0.1 ±  0.0

At retail level:
Consumer-size cuts (n =  10) 0.6 ±  0.2
Minced meat (n =  10) 1.8 ±  0.2

temperatures, psychrotrophic Enterobacteriaceae will mark
edly increase in numbers, whereas the thermotrophic types 
(including most pathogens) will not. In this way no correla
tion whatsoever can be expected between cfu of “all” Entero
bacteriaceae, currently determined at 30° C, and the pres
ence of, for example, S a lm on ella  species.

If the use of Enterobacteriaceae as indices for the presence 
of S a lm on ella  is to hold any promise, the Enterobacteriaceae 
colony count has to be carried out at ca 42°C. The level of 
correlation that can be expected when this procedure is fol
lowed is illustrated by Tables 8-10, in which use is made of 
the ecology determinant factor introduced earlier; in this 
instance this is es, and is the ratio of Enterobacteriaceae cfu to 
S a lm on ella  cfu.

Standardization of Laboratory Techniques
E sse n tia ls  o f  M icro b io lo g ica l-A n a ly tica l P ra c tic e

Obviously, the methods used to determine reference values 
should be the same as those later adopted to assess compli
ance with the reference values. For this purpose, methods 
should be carefully selected, modified, or adapted if neces
sary, and finally tested. Examination of reference samples,
i.e., carefully spiked specimens (72-74), is indispensable for 
validating procedures. Returns must be very carefully ana
lyzed to ensure that any aberrant data obtained by partici
pants do not result from failure to carry out correctly the 
procedure under review.

Once methods have been found adequate, they should be 
described in full to avoid discrepancies in results between

Table 8. es factors In raw minced beef and pork
l°9io cfu log10

Enterobacteriaceae MPN, g~1 es factor
30°C 37°C 42°C S alm onella3 30°C 37°C 42°C

Minced Beef
5.7 3.9 3.1 0.04 7.1 5.3 4.5
5.4 4.6 4.2 0.23 7.8 6.6 4.9
5.8 5.6 4.3 0.09 7.2 7.1 5.3
6.5 6.5 4.7 0.23 7.1 7.1 5.3
6.7 6.1 4.8 0.23 7.8 6.7 5.4

Av. 7.4 6.6 5.1

Minced Pork
3.6 3.2 2.7 0.04 5.0 4.6 4.1
4.2 4.2 3.2 0.09 5.3 5.3 4.1
5.3 4.4 3.4 0.23 5.9 5.0 4.1
6.2 5.9 4.3 0.23 6.8 6.5 5.3

Av. 5.8 5.4 4.4

3 Aliquotsof 10, 1, and 0.1 g examined in triplicate by the Rappaport- 
Vassiliadis enrichment procedure at 43°C  (79).
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Table 9. es factors in raw chicken meat
Iog10 cfu

Enterobacteriaceae MPN, g_1 
Salm onella

log io
es factor

30°C 37°C 42°C 30°C 37°C 42°C

3.0 2.0 2.0 0.23 3.6 2.6 2.6
3.0 3.0 2.3 0.09 4.4 4.4 3.4
4.7 4.0 2.8 0.04 5.8 5.1 4.2
4.7 4.0 2.8 0.09 5.7 5.0 3.8
4.3 3.3 2.9 0.23 4.9 3.9 3.5
6.1 5.0 3.0 0.21 6.7 5.7 3.7
4.7 4.4 4.4 0.23 5.3 5.0 5.0

Av. 5.2 4.5 3.7

laboratories. Even then, the successful use of a method re
quires more than studying the described procedure and ap
plying it in accept-or-reject situations. In addition, gathering 
experience with new methods is required; this can be gained 
only from repeated practical studies under the supervision of 
experienced microbiologists.

Irrespective of the purpose of any particular examination 
and the procedure to be followed, attention has to be paid to 
some fundamentally important analytical steps. These have 
recently been reviewed in detail elsewhere (75). Three of 
these analytical essentials have not received as much atten
tion as they deserve: (/) the exact definition of the taxogroups 
of organisms to be included in detection techniques (27) as 
emphasized above; (h) resuscitation of sublethally stressed 
microbial populations (76,77); and (Hi) the need for continu
ous monitoring of the quality of all culture media used, 
whether prepared in-house or purchased from commercial 
suppliers (78, 79).

R e su sc ita tio n — A n  In d isp e n sa b le  S te p

It has been well-established that most nonsporing bacteria 
as well as spores incur sublethal injury when exposed to

Table 10. es factors in egg yolk powder before processing in hot room
logio cfu

Enterobacteriaceae MPN, g~1 
S alm onella

logio 
€S factor

30°C 37°C 42°C 30°C 37°C 42°C

3.9 3.9 3.3 0.09 4.6 4.1 3.6
3.6 3.6 3.5 0.09 4.5 4.0 4.5
4.5 4.4 3.9 0.23 5.5 5.4 5.0

Av. 4.9 4.5 4.4

heating, drying, freezing, or low pH. This results in various 
structural and physiological deficiencies, including an inabil
ity to develop in selective media that would otherwise support 
growth. There is abundant evidence that sublethally injured 
Gram-negative and Gram-positive bacterial cells maintain 
their pathogenic properties and virulence (80-89). Conse
quently, in order to include such relevant debilitated cells in 
colony counts or presence-absence (P-A) tests, a repair treat
ment called resuscita tion  is required in the examination of 
food products processed for safety, in which survivors will 
inevitably be injured.

Details of conditions for adequate repair of particular tax
ogroups injured by some sublethal treatments are yet to be 
determined (62). This determination should be made by con
structing destruction-repair curves, schematically illustrated 
in Figure 1 (76, 90). Experimental data obtained by this 
procedure indicate that it is very difficult, if not impossible, 
to develop selective differential media that allow cells which 
have been sublethally injured by all types of conditions en
countered in food processing (heating, freezing, drying, low 
pH) to repair lesions adequately (28, 62, 91-95).

Ignoring the need for resuscitation of bacteria occurring in 
processed foods may result in very misleading, falsely low 
colony or MPN counts. It not only leads to underestim ation  
of health and spoilage risks, but in addition, very inconsistent

(comp, diluent, (comp-medium, 
time, temp. ) temp.,aeration)

Figure 1. Destruction-repair (DR) curve. Fate of organisms occurring in foods, during stressing, release from the food matrix, 
maceration, dilution, resuscitation, and ultimately plating onto selective media of varying performance. Closed circles: optimal nonselective medium; open circles: optimal selective medium; open squares: suboptimal selective medium.
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Figure 2. Principle of ecometrlc evaluation of culture 
media.

d a ta are obtained as a result of the fortuitous (though very 
incomplete) repair that occurs during customary preparation 
of macerates and dilutions. Disputes caused in this way be
tween buyers and sellers, or the industry and government 
agencies, could severely damage the credibility of the food 
microbiological profession (8, 76, 90).
When previously no resuscitation, or only an inadequate 

resuscitation step, had been included in the analytical proce
dure, its introduction will inevitably lead to higher results. 
Following the principle of mandatory twinning of methods 
with reference values explained before, the limit-setting pro
cedure has to be scrupulously adapted to the true values of 
microbiological colonization which will be obtained upon 
adoption of adequate resuscitation procedures (96, 97).
Quality Assurance of Culture Media

The productivity, selectivity, and (where appropriate) the

Figure 3. Reading of agar plates, Inoculated by the ecome- 
tric technique of Figure 2 after incubation. As a result of the 
combination of medium and test strain, growth has occurred 
on the final streak in the central area; hence absolute growth 

index (AGI) =  5.

diagnostic properties of a medium vary with ( i) the accurate 
choice of selective or elective components such as selective 
inhibitory agents, 5-carbon sugars, etc., and ( i i) the degree to 
which the instructions for preparing the medium are closely 
followed. It would therefore be unwise to rely on the consis
tent functioning of commercially available selective media, 
even if these media were obtained from the most trustworthy 
manufacturers (17, 27). Variations between batches are al
most unavoidable and the size and impact of the variation 
should be monitored by the bacteriologist using them.
Various methods have been suggested for this purpose (98, 

99). One method is particularly suitable for extensive moni
toring of large numbers of different selective-differential 
solid media. Plates are inoculated with 1 ¡A portions of 18 h 
stationary phase cultures of test strains containing about 107 
cfu/mL by sequential dilution. This is achieved by streaking 
21 successive lines, as illustrated in Figure 2, while delivering 
ever-decreasing numbers of colony-forming units on succeed
ing lines, as in spiral plating. The procedure results in isolated 
colonies on the final line, as illustrated in Figure 3.
As always, media under test are inoculated with (i) a 

selection of organisms that should grow freely on the medi
um, and ( i i) a group of bacteria and molds that should be 
totally or at least markedly inhibited. Because this method 
assesses, in a very simple way, a medium’s ability to favor the 
development of one group of organisms while resisting colo
nization by other groups, it is called the ecometric procedure 
(100).
Results of ecometric testing are expressed in the absolute 

growth index (AGI), i.e., the highest numbered line (or quad
rant) where good growth is observed. Absolute growth indi
ces correlate rather well with the much more elaborate colo
ny counting procedures, as illustrated by the data collected in 
Figure 4.
For all practical purposes, AGIs are converted to relative 

growth indices (RGIs), which are the ratios of the AGIs 
obtained on the medium under test to the AGIs obtained on a 
nonselective control medium. When challenged with 3 target 
strains of increasing sensitivity to the inhibitory system and 3 
test strains with increasing resistance that should not grow on 
the medium, an “ideal” selective medium should have an 
RGI-profile of 1.1.1.0.0.0. This cannot always be achieved 
because of the phenotypic and sometimes genetic flux ob
served in bacteria (101). However, selective media that func
tion quite well are available for all organisms of concern (17, 27, 99).
In addition to the intrinsic shortcomings of ready-to-use 

media, unfortunately errors in the composition or prepara
tion occur frequently. These errors can likewise be easily 
detected by the use of the ecometric technique (102).
The performance of liquid media can be monitored by 

adding agar at a level of 15 g/L and carrying out ecometric 
testing on the solidified systems. An attractive alternative is 
to use Pasteur’s dilution-to-extinction method as currently 
applied in most probable number (MPN) testing (28, 103, 104).

Precautions to be Taken When Examining Foods for 
Pathogenic Agents

Specifications for food products often include the require
ment that “pathogenic agents should be absent.” Such a 
specification, however, is inaccurate, arbitrary, and illogical.
Qualification

To begin with, the statement is equivocal because it does
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Figure 4. Relation between the number of cfu In the inocu
lum used in ecometric evaluation of media (log10 cfu * m l 1) 

and the reading of absolute growth index (AGI).

not define the pathogens concerned. Certainly, it cannot 
mean absence of all agents of disease which can be transmit
ted by food, because there are at least 35 such organisms 
(Table 11). Even if the statement refers to the 10 or so major 
pathogens, it still makes no sense because they are not nor
mally a hazard in all foods.Because of this, S a lm on ella  spp., C am pylobacter je ju n i, 
S . aureus, and (in Latin countries especially) C lostrid ium  
perfringens are generally included. The recent alarm about 
food-transmitted listeriosis (105) suggests that L. m on ocyto
genes should be added to the list.
Will C lostrid iu m  botu linum  and its toxins soon also be 

targets? A dairy product containing underprocessed hazel
nut paste caused an outbreak of botulism in the United 
Kingdom (106, 107) and the psychrotrophic types constitute 
a potential hazard in meals distributed under refrigeration. 
The same also applies to Yersinia en terocolitica  (108). And 
what about the replicating pathogenic agent (prion) that 
shares characteristics with Creutzfeldt-Jakob disease, kuru, 
Gerstmann-Straussler syndrome, scrapie, and bovine spongi
form encephalopathy (109-111)? The data presented in Ta
ble 11 provide some guidance in this respect.

Quantification
The second problem is how “absence” is to be interpreted. 

Calculations by Foster (112), summarized in Table 12, illus
trate what a negative result for a test on food samples means 
in terms of absence of pathogens in the whole batch. There
fore, as emphasized by Bray et al. (113), unless an accurate 
definition of a sampling plan is given, a requirement defined 
as “absence” is meaningless.
In addition, the term “absence” should be replaced by 

“failure to detect.” Even the methods available for the dem
onstration of the presence in food products of the genus

Table 11. Epidemiological guidance for selection of 
pathogenic target organisms in the microbiological 

monitoring of foods

Pathogen Major food source

S alm onella  spp. Raw foods of animal origin and
C am pylobacter spp. heated foods recontaminated by
Enterovirulent £  c o li these raw foods

& particular Yers. 
en te ro co litica  types 

Shige lla  spp.
V ibrio  spp. Fecally contaminated handled foods
A erom onas hydrophila Raw seafood
Plesiom onas sh ige llo ides  
B ruce lla  m e litens is Cheese made from raw milk
Lis te ria  m onocytogenes Vegetables, soft cheeses,

Staph, aureus

recontaminated processed meat 
and poultry products, seafood 

Cream, pastries, cured meat

Strept. pyogenes
products

Handled foods contaminated off

C lostrid ium  botu linum
human respiratory tract 

Heat preserved foods, novel foods

C lostrid ium  perfringens,

insufficiently monitored during 
processing

Large masses of heated foods
B acillus cereus, and which have been temperature-
a few related species abused

C oxie lla  bu rne tii Cheese made from raw milk
Small round structured Fecally contaminated handled foods

viruses, Hepatitis A 
and E viruses, 
Enteroviruses 40/41 

Trichinella  sp ira lis Raw meats
Taenia spp.
D iphy llobo thrium  latum Raw fish
A n isak is  m arina  
C apilla ria  ph ilipp inens is  
E ch inococcus  spp. Fecally contaminated foods of
A scaris  spp. animal and vegetable origin
Toxoplasm a gond ii Raw meats
Entam oeba h is to ly tica Fecally contaminated foods of
C ryptosporid ium  parvum vegetable origin

S alm on ella , a pathogen that has been studied intensively for 
40 years, are far from perfect, as demonstrated by our data in 
Tables 13 and 14 (74, 78, 79, 114-117). Methods for the 
detection of B. cereus (118) and S . aureus are more devel
oped (94, 119). On the other hand, detection methods for 
almost all other bacterial pathogens transmitted by food are 
hardly beyond the primary development stage (17-27). 
Methods for analytical food virology are almost nonexistent.

Table 12. Reliability of negative results obtained in the 
examination of foods processed for safety for enteric 

pathogens*

Total g sample Upper limit of 5%
material examined one-sided confidence
and found negative interval, cfu/103 g

1 3,000
2 1,500

10 300
20 150
50 60

100 30
1,000 3

a From Foster (112).
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Table 13. Recovery expressed as “ titer”  (=  negative 
logarithm of the highest decimal dilution confirmed +ve) of 
Salmonella serotypes In various enrichment media and at 2 

temperatures3

Serotypes
37°C 43°C

TSB R100 LICNR TSB R40 MK

Brandenburg 9 9 9 9 8 5*
Derby 9 9 9 8 ND 6
Dublin 9 10 8 9 5* 5*
Eastbourne 9 9 9 9 9 4*
Hadar 9 9 8 9 8 7
Heidelberg 9 8 8 9 8 5*
Indiana 9 8 9 8 7 4*
London 9 9 8 9 8 3*
London L+ 9 9 9 9 ND 5*
Panama 9 9 9 9 8 5*
Petra L+ 8 9 9 9 5* 3*
Typhimurium 1 8 5* 8 8 3* <3*
Typhimurium 2 8 9 9 9 5* 4*
Typhimurium 3 8 8 8 8 7 3*

a * Titers < 5 indicate no growth in the medium (103).
TSB = buffered glucose tryptone soya peptone broth (Oxoid)
R100 = medium of Rappaport-Vasilliadis, formula 100 
R40 = ditto, formula 40 (J. A ppl. B acterio l. 54, 69-76 (1983)) 
LICNR = lysine iron cystine neutral red medium of Morgan Jones 
(1982). In Iso la tion and Identifica tion  M ethods fo r Food Poisoning  
Organisms, Corry, J. E. L., and Skinner, F. A. (Eds), Academic Press, 
London, pp. 83-90.
MK = Muller-Kauffmann broth (Oxoid)
ND = not determined

To summarize, when specifications require that food sam
ples be tested for pathogens, careful and expert selection of 
organisms and exact standardization of methodology are necessary. Even so, negative results must be interpreted with 
great care.
Assessment of Numerical Values for Organisms of Concern

As emphasized above, reference values for particular or-

Table 14. Effect of Intrinsic colonization of various foods 
on the recovery of added Salmonella,a using the 

Rappaport-Vasilliadis enrichment procedure'3

Type of food
No. of 
assays

Positive for 
Salm onella

No. %

Control 80 74 93
Egg yolk 20 19 95
Meat, poultry, egg salads 20 19 95
Cream pastries 20 18 90
Shrimp, cooked/frozen 10 8 80
Filet américain 20 14 70
Minced meat 20 11 55

a Salm onella, 0.2 g test capsule containing ca 25 cfu S. typhim urium , 
g_1 carrier substance.

b R40 (see Table 13); incubation at 43°C, secondary to overnight pre
enrichment.

ganisms should not be set arbitrarily, but should be derived 
from careful experimental surveys borrowed from internal 
medicine (3).
The Surveys Proper
These surveys should be carried out on adequate numbers 

of samples taken from food industries or catering establish
ments w h ich  a re  kn ow n  to  e m p lo y GMD (120-130). As a 
first step, the relevant details of the manufacturing processes 
must be checked, with special attention to critical sites, seg
ments, and practices. This involves visual inspection, instru
mental measurements, and bacteriological spot tests. Where 
necessary, deficiencies are to be corrected and the effective
ness of such changes is to be confirmed b e fo re samples are 
taken.
Examination of samples thus obtained should rely on vali

dated methods, as explained above. Sometimes time-tem
perature challenging should be applied, taking into account 
the natural condition and mode of distribution of the relevant

determined.
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organisms in the food under study. The results of the final 
examination are plotted as a cfu-frequency distribution (Fig
ure 5). This procedure determines the lowest technologically 
attainable and maintainable colonization levels (131); 
whether they ensure adequate consumer protection is yet to 
be validated.
Treatment of Data

For nonpathogenic organisms, the target value m is situat
ed somewhat above the 95th percentile of the distribution 
curve. The value M  is the limit of acceptable quality (113, 
132), defined as the maximum count ever expected under 
conditions of validated GMD. Obviously M  remains far be
low levels of colonization at which illness upon ingestion or 
spoilage is unavoidable, i.e., the progressively shaded area in 
Figure 5. If too many samples exceed m , or one sample shows 
a count above M , the manufacturing and distribution prac
tices must be considered deficient, despite the fact that man
agement of the critical points had previously appeared satis
factory. In this case, technological improvements are re
quired. The effectiveness of such improvements must be 
checked by assessment and evaluation of the prevailing cfu- 
frequency distribution relying on the strategy outlined in 
Figure 6.The area between m and M  in Figure 5 is the range of 
concern. As indicated above, no more than a certain fraction 
of samples (c/n) should fall into this area. The acceptable 
size of this range is determined by (i) the limits within which 
the food processing system can be controlled; ( i i) the antici
pated effect of post-process conditions (transport, storage, 
and distribution) on the microbial flora; (in) the effect of 
normal kitchen preparation on the microbial community 
structure; (iv) the effect on the most sensitive groups of 
consumers likely to eat the product; (v ) the degree of stratifi

cation of colonization in a food; and (v i) the confidence limit 
of the microbiological examination method used, including 
the sampling and dilution method, the diluent, and the meth
od of enumeration, which may be very wide, as shown by 
Table 15. Hence M / m  may vary from as little as 3 to as much 
as 102. A good average is about 10. Tolerances are usually 
expressed as c/n = 0.2.
Inspection procedures relying on the above approach are 

generally termed 3-class acceptance-or-rejection procedures.
The Fallacy of Zero Tolerance

At first sight it seems unjustified, if not irresponsible, to 
treat target values for pathogens in the same way as those for 
marker and spoilage organisms. From a closer view, it can be 
seen that this is unavoidable.
Reference values for pathogens are generally expressed in 

terms of their absence (preferably, “failure to detect”) in, for 
example, 25 g. As can be seen from Table 12, it is impossible 
to be certain of the “absence” of a pathogen in a consignment 
of food, and just as impossible to prove it! Nondetection of 
S a lm o n e lla in x samples of y (112) means that no Salmonel
lae could be demonstrated in x y g, or that the established 
numbers of colony-forming units of this pathogen are below

Table 15. Confidence limits for analytical techniques used 
in food microbiology3

Method of examination Interval (log10) at 2o--level

Rigorously standardized
colony counts 0.2-0.3

Routine colony counts 0.5-1.0
MPN determinations 2-4

a Data from Pierson et al. (51), Silliker et al. (52), Mossel et al. (133), 
and van Netten et al. (28).
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Consignment 66R1VM 053
Figure 7. Analytical Impact of stratified contamination of 
foods. Black squares represent aliquots found positive for 
target organism when total consignment would have been 
examined for that purpose. Aliquots of all white areas would 
therefore have been found negative. Experimental data from 

van Schothorst et al. (134).

z /kg, where z = x y ~ x. The data in Table 12 illustrate that if 
fifty 20 g samples of a product have been examined and no 
pathogen has been found, it is still possible for 3 cfu/kg of 
these bacteria to be present in the consignment. As a matter of fact, the situation is even worse because of the severe 
inhomogeneity of the contamination of many foods, indicat
ed in Figure 7.
Therefore, numerical limits must also apply to levels of 

pathogens in food products, whether this is perceived as unethical or not! There is no objection, however, to maintain
ing the concept of a 2-class acceptance-or-rejection proce
dure for pathogens, provided no confusion arises about the 
significance of negative test results leading to approval of 
consignments, as summarized in Figure 8.
Deciding the Fate of Batches of Food Products Which Fail 

Reference Values

Once reference values have been responsibly laid down and 
are being used in practice, the bacteriologist is then faced 
with the question of what to advise if samples occasionally 
fail to meet them. “Excessive counts” can either be more 
than c/n samples exceeding m but not M , or any sample 
exceeding M . The failure may involve pathogens or may be a 
high colony-count of markers or spoilage organisms.

Such decisions should not be taken lightly. In advising on 
what to do with the consignment from which the sample was 
taken, the microbiologist must be familiar with all the rele
vant technological, analytical, and microbiological informa
tion. Factors to be considered include ( i) the severity of the 
failure, i.e., the character of the organisms encountered in 
excessive numbers, and the extent to which the limits are 
exceeded, and ( i i) the commercial value of the commodity 
and the availability of alternative consignments. For exam
ple, if excessive numbers of harmless spoiler organisms are 
detected, it may be possible to shorten the normal shelf-life 
by ordering that the food be eaten within a shorter period of 
time. Alternatively, the food could be stored frozen instead of 
chilled. In other cases, e.g., when a large amount of a dried 
food fails to meet requirements, the most defective units 
could be removed or the entire consignment could be repro
cessed. Another option would be to use the food (with appro
priate precautions!) for animal feed. Where serious health 
risks have been detected, however, a consignment might have 
to be destroyed.
Obviously, taking such decisions should not be left to the 

microbiologist alone. It requires consultations with technolo
gists and other commodity specialists, statisticians, and gov
ernment and/or industrial administrators (135). Only in this 
way can the interests of both the consumer and producer 
(136) be fairly assessed. Experience has shown that where 
this policy has found its way into practice, it has greatly 
contributed to the credibility of the food microbiology profes
sion (3).

Retrospect

The approach to the elaboration and use of reference val
ues presented here has been used since about 1950 by the 
authors and some 10 senior colleagues in monitoring-for- 
acceptance of meat, poultry, seafood, and dairy products, 
freshly prepared meals, refrigerated meals of extended shelf 
life, drinking water, and the food and catering environments.
Where the recommended practices were faithfully fol

lowed, the previously encountered endless and, worse, fruit
less debates about “standards” in general and acceptability 
of given consignments or food premises in particular van
ished as if by magic.
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Occasions such as the Regulatory Roundtable permit us to 
discuss complex issues from the perspective of the industry, 
the regulatory agencies, and academia. Let us hope we all 
will be better prepared to develop the policies and regulations 
that will affect the food industry.

Despite any differences in opinions that may have been 
expressed at the Roundtable, let there be no doubt about one 
fact—it is our common duty and intent to assure the safety of 
our food supply. Different approaches have been proposed to 
assure food safety. One common proposal in the past was the 
use of microbiological criteria or standards for finished prod
ucts to indicate the absence of hazards.

We in the industry feel that such end-point regulation is 
not in our common best interest. It is time-consuming, costly, 
and relatively ineffective in assuring product safety. We feel, 
rather, that systems of food safety that do not rely upon end
point standards can be established to achieve this goal.

One such system is the Hazard Analysis and Critical Con
trol Point (HACCP) system of food safety. This system, 
originated by The Pillsbury Co., was first presented publicly 
at the 1971 Conference for Food Protection. It is a proactive 
system of food safety that focuses attention on the use of 
hazard-free ingredients and process controls to assure the 
safety of the finished product. Safety cannot be “tested into” 
the finished product. It is much more effective to “design” 
safety into the process.

This design process is one of the central themes in “TQC” 
or “continuous improvement” programs that are being devel
oped in the United States to duplicate the Japanese success at 
quality control. We should remember that HACCP was at 
work in the food industry 15 years before it became fashion
able to adopt “Japanese” styles of business management. 
HACCP is now an idea whose time has come—and it works.

The HACCP system is relatively simple; it follows a logi
cal sequence of events. Today it is viewed as consisting of 7 
steps:

(7) An analysis of all the hazards potentially present in a 
food all the way from growth and harvesting of commodities, 
through production, distribution, and consumer use of the 
finished product. It is much more extensive than a “rehash of 
GMPs,” as some may suggest.

(2) Determination of the Critical Control Points for each 
identified hazard. We need to recognize that HACCP sys
tems are evolutionary; they themselves are subject to “con
tinuous improvement.” For example, we have learned in re
cent years that cleaning and sanitation procedures are Criti
cal Control Points for biological hazards such as L isteria .

(3) Establishment of limits or specifications for each Crit
ical Control Point.

(4) Monitoring of each Critical Control Point, including 
log books that must be signed by all responsible parties.

(J) Establishment of corrective actions that must be taken 
if a Critical Control Point deviates from requirements.

(6 ) Implementation of a record keeping system to docu
ment that the HACCP system is functioning according to

Presented at the 103rd AOAC Annual International Meeting, September 
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design. This step may have important regulatory significance 
in the future as the regulatory agencies move toward adop
tion of the HACCP approach.

(7) Verification of the effectiveness of the HACCP sys
tem.

We in industry know that HACCP systems can be imple
mented to assure product safety, and we would strongly 
discourage any attempt to enact end-point microbiological 
criteria or standards for foods. It is much more effective to 
concentrate our attention on ingredient and process controls.

The table below lists 5 biological hazards that may be 
present in ingredients. One typical example of a food involved 
is given in each case. All progressive food companies have 
sensitive ingredient lists and proactively determine that their 
ingredients are free of these hazards. Ideally, the sensitive 
ingredient testing should be done by the supplier. Eventually 
suppliers themselves will implement and maintain their own 
HACCP programs.

Pathogen Ingredient example
S a lm on ella  spp. dried eggs
S taph ylococcu s aureus cheese (fermented)
Aflatoxin corn meal
B acillu s cereus cooked rice
L isteria  m onocytogenes refrigerated cooked meats

Our general disdain for end-product microbiological crite
ria does not mean that we are automatically opposed to the 
use of all microbiological criteria. In addition to sensitive 
ingredient clearance, 3 criteria can be used to indicate the 
overall quality of ingredients, namely, total counts, con
forms, and E scherichia coli. Often these can be incorporated 
into a 3-class sampling plan, into which is built an automatic 
decision-making apparatus (which is another topic by itself).

Microbiological testing can also be employed very effec
tively to monitor in-process controls. The below table lists 
some general examples of controls that can be used in manu
facturing facilities. Not all of these criteria would be used in 
all facilities; rather, one or more would be used as required, 
depending on the food being produced. For example, in fruit 
juice production, total counts will be a useful criterion. In a 
chicken-deboning operation, the most useful criterion may be

1. Monitor equipment sanitation
Coliforms 
Total counts

2. Monitor handling procedures
S taph ylococcu s aureus
E. co li

3. Evaluate system control
S taph ylococcu s aureus  
Total counts

4. Monitor environment for specific hazards
L isteria  m onocytogenes
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the number of S ta p h y lo c o c c u s  a u reu s introduced by human 
handling. In an ice cream plant, the most important criterion 
would be the assurance of a production environment free of 
L is te r ia  m o n o cy to g en es . The ice cream industry has learned 
through extensive experience that indicator organisms such 
as coliforms do not correlate with the presence of L. m o n o c y 
togen es . There are many other uses of such in-process criteria

which can be developed for specific production facilities.
The title of this Roundtable was “Microbiological Stan

dards for Foods: Realities and Fallacies.” In the view of the 
food industry, the reality is that microbiological criteria can 
be usefully applied to ingredient and process control. At
tempts to establish microbiological standards for finished 
products are usually fallacies.
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If our approach to organic acid analysis 
was any easier, you could call it child’s play.

Introducing W aters 
C a p illa ry  Ion A nalysis.

M e a s u r in g  th e  o r g a n ic  a d d s  in 
s a m p le s  like w in e  o r  ju ice  c a n  b e  a  
c o m p ! :c a t e d  m a tte r . S o  w h y  b o t h e r  
w ith  c o n v e n t io n a l  m e th o d s  w h e n  y o u  
c a n  g e t  g o o d ,  q u a n t i ta t iv e  re su lts  
e a s i ly  a n d  q u ick ly  w ith  c c c  llury 
ion  a n a ly s is  (C IA ).

T h e  U n iq u e  S e le c t iv i ty  o f  C IA .
C IA  s e p a r a t e s  a n a ly t e s  a c c o r d in g  
to  m o le c u la r  c h a r g e  a n d  s iz e .  In a n  
o r g a n ic  a c id  C IA  s e p a r a t i o n ,  th e  
a c id s  m o v e  a t  d if fe re n t  s p e e d s  t h a n  
th e  m o re  n e u tra l  c a r b o h y d r a t e s  a n d  
p h e n o lic s .  T h e s e  in te r f e re n c e s  a r e

le ft b e h in d  in t h e  c a p i l la r y  a n d  a r e  
p u r g e d  a u to m a t ic a l ly  b e f o r e  th e  
n e x t  in je c tio n . S o  in m o s t  c a s e s ,  all 
y o u  h a v e  to  d o  to  p r e p a r e ,  a  s a m p le  
is d ilu te  it in w c t e r  a n d  th e  u n iq u e  
s e p a r a t i n g  p o w e r  o f  C IA  ta k e s  c a r e  
o f  th e  rest.
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W a te r s  Q u a n t a  4 0 0 0  C E  S y s tem  
a n d  p r o p r i e t a r y  N iC E -P a k  C h e m is 
tr ie s  a r e  u n b e a t a b l e  a t  k e e p in g  
o r g a n ic  a c id  a n a ly s is  s im p le . A n d , 
o n  a  c o s t  p e r  t e s t  b a s i s ,  t h e  C IA  
a p p r o a c h  is a s  m u ch  a s  6X  c h e a p e r  
th a n  HPLC a n d  2 0 X  c h e a p e r  th a n  
e n z y m e  a n a ly s is .

W e ’d  like to  tell y o u  m o re .
W r ite ,  fox , o r  ca ll u s  fo r m o re  infor
m a tio n  a n d  w h ile  y o u ’re  a t  it, s e n d  
fo r a  c o p y  o f  o u r  f r e e  v i d e o t a p e  b y  
c lip p in g  a n d  re tu rn in g  th e  a t t a c h e d  
c o u p o n .
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