


A New ACS Audio Course to 
help you understand and solve 
industrial and municipal 
waste-water problems ... • 

ACTIVATED 
SLUDGE: 
Stoichiometry, Kinetics, 
and Mass Balances 
Whether you're a chemist or chemical 
engineer, a biological scientist or civil 
engineer, if you need to understand 
aerobic, suspended growth, mixed 
culture systems, ACTIVATED 
SLUDGE will give you the most 
up-to-date information. 

The bulk of the course focuses on 
the development of mass balance 
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and Mass Balances 
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principles and their application to 
biological reactors. Using these 
principles, you'll learn how to 
apply stoichiometric and kinetic 
relationships to select appropriate 
system sizing, oxygen needs, nutrient 
levels and sludge-disposal methods. 

In addition to treating common 
industrial waste problems, the 
author introduces advanced 
concepts and procedures required 
to analyze more complex problems. 

To test your understanding, 
numerous problems are presented 
with detailed solutions. 

INSTRUCTOR 
Dr. Robert L. Irvine, Professor of 
Civil Engineering, University of 
Notre Dame, is a recognized expert 
on biological treatment in sequencing 
batch reactors. 

COURSE MATERIALS 
Five audiotape cassettes (6.2 hours 
playing time) and a 127-page manual , 
$275.00. Additional manuals for 
group use, 1 to 9 copies ... $16.00 
each; 10 or more copies .. . $12.80 
each. (Catalog no. Z-57.) 

NO-RISK GUARANTEE 
Order now! If you're not completely 
satisfied, just return the course 
within ten days for a full refund 
or cancellation of invoice. 

Please allow six wee ks for delivery . 

•••••••••••••••••••••••••••••••••••••••••••••••• 
Please send __ copy(ies) of 

Activated Sludge: Stoichiometry, Kinetics, and Mass Balances at $275.00 each to: 

Also send __ additional manuals for group study. 

Name __________________________________________________ _ 

Organization ______________________________________________ _ 

Address __________________________________________________ _ 

City /State /Zip ______________________________________________ _ 

o Purchase order enclt,sed. o Payment enclosed. 
r 
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American Chemical Society 
Education Department 
1155 Sixteenth Street, N.W. 
Washington, D.C., 20036 
(202) 874-4588 

Charge my 11 VISA Expiration Date ________________ __ 
• • ~ 

Account No. __ _______ __ 

Interbank Code -~ _______________ (MasterCard Only) 
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and 
Molecules 
Dimensions in Science 

Man and Molecules Cassettes: 

An easy way to keep up with what's 
happening in science. 

Outstanding scientists are 
interviewed in language that 
everyone can uncferstand. Each 
cassette has two 15-minute 
programs. 
__ ,3.10 

....... -__ $3 •• /Casselt. 
Aly2t. __ ............ rna U.5D/Cassetle 

11% ........ ,.,... c..1IontiI,...... -- ........... ..... IJItTu. 

~ ------------------------
Add"" ______________________ _ 

Clty ----------
SIaI. __________ --- ZJp _ ____ __ 

Annual Cassette Subscriptions also available 

Select your choices and mail to: 

American Chemical Society 
IUS Sixteenth St .• N.W. 
W ........ tO". D.C. 20036 
o.pt.M"M 

Science and Society 
o WoItd btrtr Dr. Glenn T. Seaborg 
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Health and Medicine 
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in the workplace. 
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Cancer policy. Michael Deland ex­
plains the changes in EPA's policy on 
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174A 
Analytical quality control in water 
analyses. Definitions and principles 
need evaluation. Cliff .I. Kirchmer, 
Roy F. Weston, Inc., West Chester, 
Pa. 

RESEARCH 

187 
Distribution profiles of chloroform, 
weak organic acids, and PCBs on 
granular activated carbon columns 
from Waterford, New York. Katherine 
Alben* and Eugene Shpirt 

Results indicate that GAC adsorp­
tion under treatment plant conditions 
is a dynamic process for trihalometh­
anes and organic acids. 
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193 
Mobility in soil and plant availability of 
metals derived from incinerated mu­
nicipal refuse. Paul M. Giordano,* 
Allan D. Behel, Jr., J. Edward Law­
rence, Jr., John M. Soileau, and Billy 
N. Bradford 

Leaching tests clearly demonstrate 
that Cd and, to a lesser extent, Pb are 
mobile in soil when applied in a fly ash 
matrix. 

198 
I-Nitropyrene concentration and bac­
terial mutagenicity in on-road vehicle 
particulate emissions. Robert A. 
Gorse. Jr..* Timothy L. Riley, Fred C. 
Ferris, Anna M. Pero, and Loretta M. 
Skewes 

Results indicate that I-nitropyrene 
accounts for very little on-road muta­
genicity and that unidentified direct­
acting mutagens must be respon­
sible. 

202 
Reaction pathways of trihalomethane 
formation from the halogenation of 
dihydroxyaromatic model compounds 
for humic acid. Scott D. Boyce* and 
James F. Hornig 

This study traces the pathway of the 
labeled carbon atom upon reaction of 
the isotopically enriched substrate 
model with chlorine and bromine. 
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211 
Mass transfer coefficient correlations 
for volatilization of organic solutes 
from water. J)onald Mackay* and 
Andrew T . K. Yeun 

The data confirm the validity of the 
two-resistance model for mass transfer 
and show that no interaction occurs 
when solutes are volatilized simulta­
neously. 

217 
Chemical changes in concentrated, 
acidic, metal-bearing wastewaters 
when treated with lime. Dennis R. 
Jenke. Gordon K. Pagenkopf,* and 
Frank E. Diebold 

Of the chemical changes that occur, 
precipitation is predominant with 
complexation, oxidation, and adsorp­
tion playing major roles . 

224 
Photochemical ozone formation in 
urban and point-source plumes. Ken 
Sexton* and Hal Westberg 

NMHCjNOx ratios indicate ozone 
production, or depletion in the case of 
power-plant effluents, was consistent 
with the HC- NOx - UV light model. 

227 
Partition equilibria of nonionic organic 
compounds between soil organic matter 
and water. Cary T . Chiou,* Paul E. 
Porter, and Dav id W. Schmedding 

The sorption of some aromatic 
compounds from both single-solute 
and binary-solute aqueous solutions on 
a Woodburn soil is investigated. 
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Partitioning of strontium-90 among 
aqueous and mineral species in a con­
taminated aquifer. Richard E. Jack­
son* and Karen J . Inch 

The geochemical partitioning of 
90Sr during its migration through a 
shallow sa nd aquifer is discussed . 

237 
Effect of natural organic coatings on 
the coagulation of particles. Ronald J. 
Gibbs 

These experiments show that natu­
ral coated samples coagulate signifi­
cantly more slowly than samples with 
the coatings removed. 

NOTES 

240 
Reductive destruction of hydrazines as 
an approach to hazard control. George 
Lunn, Eric B. Sansone, and Larry K. 
Keefer* 

Nickel-based reductive methods are 
shown to hold promise as an approach 
to preventing environmental pollution 
by hydrazines. 

244 
Impact of fossil fuel combustion on 
sediments of Lake Michigan: a reprise. 
John J. Griffin and Edward D. Gold­
berg* 

Concentrations, morphologies, and 
size distributions of charcoals are 
identified and may be used to recon­
struct burning histories . 
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Electrolytic preparation of [36C1]­
chlorine dioxide from H36C1. Hossein 
A. Ghanbari,* Willis B. Wheeler, and 
James R. Kirk 

This procedure is an effective 
preparation of 36CI02 and is charac­
terized by high yield, purity, and spe­
cific activity. 

248 
Application of ,),-,),-directional corre­
lation measurements for speciation 
studies in environmental research. 
Marcel de Bruin* and Peter Bode 

The technique of PDC measure­
ments is shown to have potential in 
studying trace-element behavior in 
living systems. 
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Environmental toxicology 
Dear Sir: Michigan State University 
is seeking candidates for its interdis­
ciplinary doctoral program leading to 
joint PhD degrees in environmental 
toxicology and in a traditional de­
partment. This program, which is open 
to bachelor's degree recipients, pro­
vides much flexibility in choosing areas 
for study. Faculty advisors may be 
drawn from a variety of units including 
the Colleges of Agriculture, Human 
Medicine, Osteopathic Medicine, 
Veterinary Medicine, Engineering and 
Natural Science, the Institute for 
Water Research, and the Pesticide 
Research Center. Fields of study in­
clude the molecular aspects of envi­
ronmental toxicology, clinical toxi­
cology of animals and humans, and the 
degradation and fate of chemicals in 
the environment. Each student's 
course of study is planned with that 
individual's particular interests, 
capabilities, and professional goals in 
mind. Applications are welcome at any 
time. Potential candidates should 
contact the Center for Environmental 
Toxicology, C-231 Holden Hall, 
Michigan State University, East 
Lansing, Mich. 48824; (517) 353-
6469. 

Jerry B. Hook, Director 
Michigan State University 
East Lansing, Mich. 48824 

Biological diversity 
Dear Sir: "Why maintain biological 
diversity?" (ES& T, February 1982, 
p. 94A) cites the California Gene Re­
sources Program (CGRP) as a force, 
active since the early I 970s, working 
to maintain plant biological diversity. 
CGRP was actually started in 1980 by 
the state of California in response to 
reported losses of bioresources vital to 
the state. Its scope extends well beyond 
the genetic diversity of plants, includ­
ing wild and domesticated animals, 
microorganisms, agricultural tree and 
field crops, and commercial timber 
species important to California. 
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LETTERS 

The California Gene Resources 
Program, the first such program in the 
nation, is conducted by the National 
Council on Gene Resources. The Na­
tional Council was founded to help 
generate the kinds of support necessary 
for the adequate management, con­
servation, and utilization of gene re­
sources essential to the U.S. 

The council brings together public 
and private decision makers, provides 
them with the specific technical and 
policy-related information necessary 
to justify changes in their policies and 
budgets, and helps establish the fi­
nancial and organizational arrange­
ments required for additional sup­
port. 

Obtaining adequate long-term pri­
vate and governmental support for 
gene resource activities and focusing 
greater attention on gene-resource­
related issues at the state, regional, 
national, and international levels are 
central concerns of the National 
Council. Safeguarding the gene re­
sources essential to the continued 
success of American agriculture, for­
estry, fisheries, and pharmaceutics 
should concern us all. 

For additional information on the 
activities and publications of the Na­
tional Council on Gene Resources, 
please contact: NCGR, 2855 Tele­
graph Ave., Suite 209, Berkeley, Calif. 
94705. 

David Whitman 
Associate Education Director 
National Council on Gene Resources 
Berkeley, Calir. 94705 

Dear Sir: I am responding to Julian 
Josephson's article on biological di­
versity and Professor Blair's letter 
(ES&T, July 1982, p. 367A). 

Biological diversity, with the mul­
titude of biological systems and their 
interrelations, results from the evolu­
tionary process leading from simple to 
complex systems. This diversity de­
veloped under a great variety of living 
conditions on this planet. 

Unquestionably, conservation of the 
diverse biological systems that have 
evolved over millions of years is im­
portant to humanity. However, a 
problem is the choice between meeting 
human needs harmonious with the 
conservation of living nature, and 
others whose satisfaction is in opposi­
tion to conservation goals. More often, 
people emphasize the latter type of 
needs. As a result, relations between 
humans and the biosphere become in­
creasingly distant from a balanced 
state of nature. A consequence is the 
destruction of many ecosystems, 
leading not only to the decrease in bi­
ological diversity, but even to threats 
to the existence of the biosphere it­
self. 

This trend is normally ascribed to 
the unwise or inexperienced behavior 
of humans, who have not yet learned to 
live in harmony with nature. But I be­
lieve that a more satisfactory expla­
nation involves a theory that distin­
guishes the biological component of 
man, which must depend upon and 
interact with other portions of the 
biosphere, from the psychosocial 
component of man, which can exist 
independently of the biosphere, at a 
certain stage of its evolution. A con­
crete example of tbe psychosocial 
component of human beings can be 
seen in machines of artificial intelli­
gence, which are not dependent upon 
the biosphere. 

This contradiction between the bi­
ological and psychosocial components 
results in the divergence of the evolu­
tionary trends of these two compo­
nents. They separate human psychic 
processes from the biological side of 
man. A main cause of damage to the 
biosphere, and to the biological func­
tions of human beings, I believe, is 
found in this dichotomy between our 
biological and psychosocial develop­
ment. 

PetrMolik 
Okruhf 103/ III 
392 0 I Sobeslav 
Czechoslovakia 



EDITORIAL 

Manuscript processing time 
The utility of the refereed scientific literature is 

strongly related to the speed with which the results of 
research appear in print. This same factor is one of the 
vital signs of {he current status of research in a par­
ticular field, along with the number of submitted 
manuscripts and their overall quality. 

I have to conclude that the field of environmental 
science is strong, as indicated by the numbers of sci­
entists, engineers, and other professionals engaged in 
research bearing on environmental issues. Other in­
dicators of vitality include the fact that our manuscript 
receipts at ES & T have risen from a level of 280 per 
year in 1977 to approximately 350 in the past two 
years. Also, the number of competitive environmental 
journals has increased as has the number of national 
environmental societies. Our efforts to make ES & T 
a truly useful reflection of this vitality require that it 
be a forum for "current" scientific deliberation. 
Therefore, we need to focus on reducing manuscript 
processing time to a minimum. Effective reduction of 
this time cannot be done by a single person, since the 
journal belongs to all of us-the publishers, the staff, 
the editors, the reviewers, and the authors. 

I am pleased to report that the management of the 
Books and Journals Division of ACS, the ACS staff 
in our Manuscript Reviewing Office and Columbus 
Editorial Office, and the members of the journal's 
Editorial Advisory Board have been actively interested 
in analyzing the time factors associated with pro­
ducing the journal. Improvements have been made in 
both the "receipt to acceptance" and "acceptance to 
publication" time categories. 

The bottom line is that all those working directly 
for the journal or the Society have succeeded in 

trimming approximately 9 to II weeks from the me­
dian processing times recorded in 1978-79. 

What can you do to help? The most important 
thing, of course, is to send us your very best work. Our 
experience, not surprisingly, shows that the highest 
quality articles are the ones that are processed most 
rapidly. Their value tends to be recognized immedi­
ately by reviewers, and revisions, if any, are minor. 
Another important contribution you can make is to 
realize that over half of our processing time is taken 
by reviewers' and/or authors' efforts at revision. Our 
requests for reviews ask that manuscripts be returned 
in a three-week period, and if all reviewers were at­
tentive to the significance of this period, our times 
would be dramatically reduced. The same, of course, 
applies to authors who have received the reviewer 
comments and editorial requests for revision. Since 
August 1981, only approximately 60% of all manu­
scripts accepted fell into the fastest category (accepted 
directly after review or after minor revision). The re­
mainder constitutes a significant pool from which time 
savings can be exacted. 

We are quite fortunate at ES&T to have a dedi­
cated and highly trained staff in the Manuscript Re­
viewing Office. Jan Fleming, Monica Creamer, 
Yvonne Curry, and Mary Ellen Provencher are all 
willing and anxious to work swiftly with authors and 
reviewers. Your efforts coupled with ours will move 
us toward the goal of keeping the journal's Research 
section truly current. 
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velie, assistant administrator in 
charge of the toxic waste cleanup 
program, was discharged after she 
refused to resign at the request of 
Burford. Inspector General Mat­
thew N. Novick and Assistant Ad­
ministrator for Administration 
John P. Horton resigned on Feb. 
23. On March 9, Burford resigned, 
following many weeks of intense 
criticism during which a number of 
Congressional leaders from both 
parties asked for her resignation 
and several White House aides sug­
gested that she leave the agency. 
All four officials are under investi­
gation. Lee M. Thomas was chosen 
as a replacement for Lavelle, 
Charles Dempsey was named in­
spector general, and Alfred M. 
Zack replaced Horton. 

Dingel/: the documents reveal failure 

The EPA has reduced money and 
personnel needed for hazardous 
waste enforcement, accordi ng to 
agency documents released in late 
February. One document warned 
that the enforcement division did 
not have enough funds and person­
nel to initiate new cases and that 
the number of lawyers had been cut 
by a third. Another said that the 
agency's goals could not be met 
with current funding. Rep. John D. 
Dingell (D-Mich.) said the docu­
ments revealed "continued fa ilure 
to protect the American people 
from the ill effects of exposure to 
hazardous wastes." 

STATES 

Levels of 2,3,7,8-TCDD, commonly 
known as dioxin, in certain fish 
taken from lakes and rivers 
throughout southern Michigan are 
far higher than those recommended 
for human consumption by the 
Food and Drug Administration 
(FDA), according to an unpub­
lished project conducted a t M ichi­
gan State University. The conta mi-

nation was found in the edible fil­
lets of carp and suckers throughout 
the heavily industrialized southern 
part of Michigan . Matthew J. 
Zabic, who headed the research, 
said that these studies are not con­
clusive. He found traces of TCDD 
in fish ranging from 17- 586 parts 
per trillion (ppt) with most of the 
findings in the range of 100-200 
ppt. The FDA has ruled that fish 
containing more than 50 ppt of 
dioxin should not be eaten at all. 

The state of Maryland is being crit­
icized for using herbicides to con­
trol weeds along roadsides by a co­
alition of environmentalists, water­
men, hunters, road workers, and 
commissioners of the three south­
ern Maryland counties of Calvert, 
Charles, and St. Marys. Tordon 
and 2,4-D are among the chemicals 
being used at present. 2,4,5-Twas 
used until the EPA banned it three 
years ago. The coalition believes 
that using herbicides along road­
sides threatens plant and animal 
life in the streams and rivers, kills 
birds and small animals, and may 
be a threat to human health. The 
three counties requested that the 
state stop spraying herbicides on 
their roadsides. Highway officials 
ceased using herbicides on county 
roads but not on state roads. 

Both legislative and legal action will 
be used by the U.S. Conference of 
Mayors in an effort to stop EPA's 
proposed sanctions against 213 
counties that did not meet the clean 
air standards by December 1982. 
The mayors believe that if cities 
are making a good faith effort to 
implement plans aimed at achiev­
ing ambient air quality standards, 
then sanctions should not apply. 
The mayors adopted a statement in 
mid-February saying that "EPA is 
attempting to use the nation's cities 
as a club to persuade Congress to 
weaken the Clean Air Act." The 
mayors favor a strong Clean Air 
Act and assert that they will not 
allow the cities to be used in this 
way. 

EPA has relaxed sulfur dioxide 
emission limits for eight sources in 
North Carolina. These sources are 
presently operating under a limit of 
1.6 Ib per million units of heat 
input. Unless opposing comments 
are submitted, a new limit of 2.3 Ib 
per million units of heat input will 
take effect on April II . The change 
will be incorporated into the North 

Carolina state implementation 
plan. 

SCIENCE 

Wood-stove "nostalgia" can be a 
health hazard, warns Sidney Ben­
son of the University of Southern 
California's Hydrocarbon Re­
search Institute. "Wood stoves pro­
duce more carbon monoxide than 
the internal combustion engine," he 
observes, adding that improperly 
ventilated wood stoves have caused 
fatalities. Benson also says that 
wood-stove ventilation problems 
can expose the user to several car­
cinogenic compounds, "including 
many of those identified as lung 
cancer agents in tobacco smoke." 
He notes that particulate matter 
from wood smoke carries these 
compounds. Benson calls for better 
ventilation and careful selection of 
woods to be burned. 

An experimental insecticide that is 
harmful to most plant-eating insects 
but harmless to other forms of life 
has been developed by researchers 
in biotechnology from the State 
University of New York at Stony 
Brook. The scientists took plant 
products called phytosterols and 
added fluorine to the substances to 
produce compounds called 29-fluo­
rophytosterols. Enzymes present 
only in plant-eating insects metab­
olize the chemicals and release 
deadly fluoroacetate. Most other 
forms of life cannot break down the 
chemicals and thus are not affected 
by them. 

Fears of contracting cancer from 
drinking groundwater contaminated 
with chemicals, such as trichoroeth­
ylene and carbon tetrachloride, 
"have been overstated," says Paul 
Newberne of the Massachusetts In­
stitute of Technology. He adds that 
"cancer risk is minimal, particular­
ly in the light of the huge doses 
given to test animals in the labora­
tory to develop ca ncer." And Harry 
Demopoulos of New York Univer­
sity suggests that only 1- 5% of can­
cers in the U.S. are caused by con­
tamination; he blames the rest on 
factors such as diet and lifestyle. 

Vapor movement in air depends not 
only on air currents, but also on the 
weight and size of the molecules in­
volved, say scientists from the U.S. 
Department of Agriculture and the 
University of Maryland. They ac­
knowledge that their theory is con-
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troversial and needs more verifica­
tion, but if borne out it could re­
quire revisions of ideas on how 
gases disperse in the atmosphere. 
The scientists found this "unex­
pected" vapor behavior while mea­
suring how much pesticide vapor­
izes after application to the ground. 
They worked with more than 3000 
samples of six pesticides, taken 
2- 72 in. above ground level, and 
concluded that smaller molecules 
rose faster than larger ones. 

TECHNOLOGY 

Converting raw coal to clean-burn­
ing liquid fuel might be done with 
25-40% less hydrogen than previ­
ously needed for coal liquefaction, 
says William Harrison of the 
Southern Company. He adds that 
lower hydrogen consumption 
makes the process more efficient 
and allows up to two-thirds of the 
raw coal to be recovered as clean 
liquid fuel. Raw coal is mixed with 
a small amount of hydrogen and a 
solvent derived from the coal and 
then heated to about 825 0 F. Sul­
fur goes out as a gas, and solid 
mineral residues, which would have 
become ash, are separated. Next, 
hydrotreatment with a catalyst 
leads to liquid and some solid fuels 
with about 0.25% sulfur. 

A special facility to incinerate low­
level {J- and 'Y-emitting wastes was 
established at Studsvik, Sweden, in 
1976. The amount of wastes 
burned there rose from 76 metric 
tons (tonnes) in 1977 to about 300 
in 1981. Principal items burned are 
plastics, cloth, wood, paper, and 
rubber from nuclear plants and re-

Incineration system 
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search stations, hospitals, and other 
places where radioactive materials 
are used. Reportedly, the waste is 
reduced in mass by a factor of six 
and in volume by a factor of 50. 
Ash residue is then encased in con­
crete for eventual proper disposal. 
This incineration know-how is now 
available for marketing by 
Studsvik Energieteknik AB. 

To enhance activated-carbon waste­
water treatment system perfor­
mance, a small device will simulate 
the operation of a full-scale carbon 
adsorption system for removing 
pesticides. This device is the core of 
the "Dynamic Mini-Column Ad­
sorption Technique" (DMCAT) 
for which EPA's Industrial Envi­
ronmental Research Laboratory 
awarded a $294 440 contract to 
Environmental Science and Engi­
neering, Inc. (Gainesville, Fla .). 
The DMCAT is being field-tested 
to validate it. It will then be used to 
improve the operation of carbon 
systems for wastewater at three se­
lected pesticide manufacturing 
plants. 

Aeration powered by wind energy 
could clean up canals, says Peter 
Freeman, a consulting engineer 
and inventor of the Wind Energy 
Water Aeration and Circulation 
device (WEW AC). The WEW AC 
is being tested by scientists with the 
Marine Sciences Consortium 
(Wallops Island, Va .). Tests start­
ed in 1979. After three years, ca­
nals equipped with WEW AC ap­
peared to show a return of oxygen 
to waters and sediments. Freeman 
believes that wind power makes the 
canal aeration scheme more eco­
nomical; electrical equipment for 

Source: Studsvik Energieteknik AS 

this purpose would be costly to buy 
and operate. 

INDUSTRY 

The Aluminum Company of Ameri­
ca (Alcoa) has agreed to spend $1.5 
million to clean up a toxic waste 
site at Olney, Ill. An agreement 
with EPA instructs Alcoa to re­
move all liquids, sludges, and other 
wastes, some of which are contami­
nated with polychlorinated biphen­
yls. The company also agreed to 
clean up underground pollution at 
the site and to ascertain the extent 
of contamination of nearby ground­
water supplies. EPA also filed suit 
to have McDonnell Douglas Corpo­
ration clean up an approximately 
four-acre site in Greenup, Ill. Both 
sites were operated by A&F Mate­
rials Inc., a waste disposal firm 
now out of business. 

With the aim of commercializing a 
process to make methane from liq­
uid industrial wastes, the Gas De­
velopments Corporation (GDC, 
Chicago, 111.), a component of the 
Institute of Gas Technology, signed 
a licensing agreement with 
VIMAG, Inc., a Maryland firm as­
sociated with Belgian interests. The 
two-phase process uses acid- and 
methane-phase digestors, which 
GDC says offer improved biogasifi­
cation efficiency. In other work, 
GDC is seeking improved inocula 
for the anaerobic fermentation of 
wood to produce methane. GDC 
believes that the potential for us­
able energy from terrestrial bio­
mass will be 12- 17 quads by the 
year 2000. 

"Chemical companil!S are commit­
ted to reducing chemical hazards 
and to finding. solutions to health 
and environmental issues," says 
Robert Roland , president of the 
Chemical Manufacturers Associa­
tion (CMA, Washington, D.C.). 
CMA commissioned an accounting 
firm to survey the industry and 
document this statement. The sur­
vey found that each chemical firm 
spent an average of almost $2 mil­
lion on toxicity testing and record­
keeping in 1981. Recycling and in­
cineration have become hazardous 
waste management approaches for 
nearly 75% of the 112 companies 
surveyed . Strong efforts were also 
put forth in the areas of safety, 
communications, and government 
compliance, Roland said. 



Environmental dispute 
resolution 

Can mediation provide better solutions than litigation to 
environmental disputes while reducing the time and expense required? 

The U.S. is a litigious society. The 
courts throughout the country are 
faced with a heavy case load of envi­
ronmental actior ,. Not only do these 
cases tend to b, expensive, but they 
frequently ali ;nate the opposing 
parties even f' .rther. Before building 
almost any luge plant in a new loca­
tion, industry has to anticipate one or 
more legal challenges. 

Although mediation and other 
forms of conflict resolution could 
possibly replace litigation for resolving 
certain disputes in many areas of so­
ciety, mediation is often particularly 
appropriate for resolving environ­
mental conflicts. This possibility was 
discussed at length at the National 
Conference on Environmental Dispute 
Resolution, sponsored by the Conser­
vation foundation and held in Wash­
ington, D.C., in late January. Confer­
ence participants gave many reasons 
why the courtroom is often a less­
than-satisfactory vehicle for resolving 
environmental conflicts. 

John Larsen, vice-president of the 
Weyerhaeuser Company, said that the 
parties in an environmental dispute are 
not "individuals seeking justice- but, 
in effect, varied and diverse groups 
pursuing often abstract concepts con­
cerning economic health, energy, and 
environmental quality." Environ­
mental suits are almost always tied to 
specific points of law. They may have 
little to do with what the plaintiff is 
attempting to accomplish. for exam­
ple, an interest group might sue over 
the adequacy of an environmental 
impact statement when what it really 
wants is an agreement to protect the 
rural nature of the proposed project 
site. 

Another drawback of litigation is 

r~'\ r/~~ ~")r 
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"To facilitate the negotiations, all participants hare agreed 
to refrain absolutely from sny further disclosure of what may he 

tsking place on the other side of the conference-room door." 

that it often creates a winner and a 
loser. In contrast, mediation seeks a 
solution that makes both sides winners. 
furthermore, when a court is forced to 
find a solution, this sometimes results 
in placing the burden of running an 
environmental agency or fishery, for 
instance, on the court-which does not 
have the appropriate expertise. An­
other reason mediation is useful is that 
the courts have become overloaded 
with environmental disputes. 

Conference speakers pointed out 
that mediation, which was first at­
tempted for environmental conflicts in 
1975, has already been used to resolve 

about 70 disput~s and predicted that 
its use would grow in coming years. 
Eight states now have organizations 
that provide environmental dispute 
resolution services, and there is an in­
creasing number of professional me­
diators with experience in environ­
mental matters. 

Although several alternatives to 
litigation, such as structured dialogue 
and negotiation, have been tried for 
resolving environmental conflicts, 
mediation is the method most com­
monly used. It is a formal procedure in 
which a neutral outsider is employed 
to mediate between the opposing fac-
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tions, organize formal negotiations, 
encourage the disputants to work to­
gether to resolve the connict, and try 
to bring the dispute to a resolution 
satisfactory to both sides. Mediation 
has been used to settle connicts in a 
wide variety of areas such as labor 
disputes. 

Important benefits 
The advantages mediation provides 

for resolving environmental disputes 
are numerous. As already mentioned, 
mediation allows the disputants to 
focus on the substantive issues, rather 
than on peripheral points of law. John 
L. Watson, a lawyer with the firm of 
Kirkland and Ellis (Denver, Colo.) 
pointed out that because the parties in 
a mediated dispute are not forced to tie 
their arguments to the law, they are 
free to express and try to gain their real 
objectives. Thus, mediation provides 
the disputants with an opportumty to 
engage in direct dialogue on specific 
issues. In addition, environmentalists 
as well as developers may find that 
mediation frequently obtains results 
more favorable than what a court 
could order. 

Furthermore, mediation may re­
strain the tendency of connicting 
parties to advocate an extreme position 
in anticipation of bemg forced mto a 
compromise. In ordinary litigation, 
each side brings up the evidence that IS 

favorable to its goal and neglects to 
mention the unfavorable reports and 
the gray evidence- the inconclusive 
research studies, for instance, that are 
relevant to almost any connict. In 
mediation, the opposing parties are 
encouraged to discuss and consider all 
the information that relates to the 
dispute. They usually educate each 
other in the process and discover many 
points of agreement. After a connict is 
resolved by mediation, the parties may 
feel much less rancor toward each 
other than if a solution had been 
handed down by a court. Many con­
ference participants expressed the 
opinion that mediation is ~enerally less 
costly and time-consummg than lIti­
gation, although no comparative 
studies have been done to test this 
theory. 

Not a panacea 
Mediation has many advantages, 

but it cannot substitute for litigation in 
some kinds of environmental disputes. 
To be resolved by mediation, a connict 
must meet certain criteria. Conference 
participants seemed to agree on nearly 
all of these. Jay D. Hair, executive 
vice-president of the National Wildlife 
Federation, noted that "mediation, to 
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be effective, must focus primarily on 
local resource disputes that can be 
brokered, not values which cannot." As 
Washington, D.C., attorney Phillip J. 
Harter wrote last year in the George­
town Law Journal , "Most of these 
[environmental] negotiations have 
involved a specific dispute over the 
environmental consequences of a par­
ticular action at a specific site." Where 

Hair: Mediation will be used increasingly 
to resolve environmental disputes. 

and how to build a power plant or a 
mine or a highway are examples of the 
types of disputes that have been solved 
by mediation. Because nearly all dis­
putes involve values of one kind or 
another, it is probably incorrect to say 
that a dispute must not concern values 
if it is to be mediated . One of the ben­
efits mediation provides is the political 
balancing of competing values. But if 
the dispute is solely over deeply held 
values-the value or lack of value of 
the Clinch River breeder reactor 
project, for example- the dispute 
cannot be solved by mediation. 

A second criterion is that each side 
must have enough power so that no 
side can take unilateral action without 
incurring an unacceptable burden of 
lawsuits from the other side. When one 
side has no power to interfere in a dis­
pute, there is no motivation to solve the 
dispute by mediation. There must also 
be some pressure of time. I f one of the 
opposing sides feels that it can let the 
connict drag on for years with no harm 
done, it will not feel any pressure to 
engage in mediation. Another re­
quirement is that the parties must be 
able to deliver on their agreements. If 
one party has no power, alone or in 
conjunction with other parties, to carry 
out the agreements it makes, then 
there is no point in trying to resolve a 
dispute with mediation. Mediation 
must be started rather early in the 
connict, before lawsuits are filed , but 
late enough so that the issues are 
well-known and the interested parties 
have emerged. 

Two other criteria mentioned by 
John A. S. McGIennon of Clark­
McGlennon Associates in Boston are 
that the parties should have nothing to 
gain by not settling a dispute and 
should have some degree of counter­
vailing power. In some connicts, each 
of the opposing factions has the erro­
neous impression that it has no power. 
In this case, the mediator may be able 
to help the parties to understand the 
power they possess. 

Necessary ingredients 
In addition to these criteria a dispute 

must meet, the mediation process itself 
must fulfill certain general require­
ments. Gov. Richard D. Lamm of 
Colorado, who has had extensive ex­
perience with mediation, pointed out 
that "the hardest problem is to decide 
who is represented at the mediation 
table." Implicit in Governor Lamm's 
statement is the idea that all signifi­
cantly affected parties should be rep­
resented. If one interested group is not 
included in the negotiation process, it 
may be dissatisfied with the agreement 
that is reached and institute a lawsuit 
afterward. The mediator in a dispute 
has to be acceptable to the parties and 
be seen as neutral. For example, a 
mediator with a vested interest in a 
corporation engaged in the dispute 
would not be perceived as neutral. 

Another requirement for successful 
mediation is continuity-the partici­
pants should be willing to participate 
throughout the proceedings. Replacing 
a negotiator with a substitute is 
harmful to the process. 

Confidentiality is also very impor­
tant during much of the mediation 
process. I f each meeting is open to the 
press, the parties will not feel free to 
discuss the issues and explore alter­
native solutions openly. As Glenn 
Paulson, vice-president for science of 
the National Audubon Society, said, 
"It is important for the participants to 
agree on when to report the proceed­
ings to the media." A final important 
criterion noted by Gerald W. Cormick, 
executive director of the Institute for 
Environmental Mediation (Seattle, 
Wash.), is that the mediator should 
make sure the parties don't just 
"blunder into agreements but that they 
be reached on the basis of informed 
self-interest." 

Obstacles 
Experience with mediation has 

shown it to be a good way to resolve 
connicts if they meet the criteria 
mentioned. There are several impedi­
ments to mediation, however, that 



must be overeome ir it is to be used to 
resolve a substant ia l percentage or 
envi ronmen tal dispu tes. One or the 
primary obstacles is runding. At 
present, there is no institut ional mea ns 
to fund media tion. In the pas t, foun­
dat ions have ri nanced medi ation fo r 
some confl icts. But if it is to be used 
widely, state and federal governments 
may need to play an important role in 
runding, as Madel eine Crohn , presi­
dent orthe Na tional Inst itute ror Dis­
pute Resolution (Washington, D.C.) 
poi nted out. 

Related to runding is anothe r 
problem that environmental groups 
oft en race when contem plating the usc 
of mediation. This is a lack of expert 
advice on technica l issues. I r adeq uate 
runds arc ava ilable, however, the re­
quired technical advice ca n be pur­
chased. Robert J. Golton of the Na­
tional Wild lire Federation sa id that 
" un ti l [Jeo[Jl e ca n sU[J[Jly themsel ves 
with the technica l ex perti se they need, 
they will use the courts." 

A th ird obstacle is the dirriculty of 
comm un ica tion. Attorney John Wat­
son [Joi nted ou t that " those actuall y 
pa rtici[Ja ting in media tion are likely to 
find that their understandi ng or the 
issucs develops so rapidly that it leaves 
thei r cl ients and colleagues behind ." 
Conse nsus buildin g wi th in ma ny 

grass-roots environmental organiza­
tions takes place th rough a democratic 
process, rrequently involving open 
give-a nd- take debate. Much ha rd 
work , incl uding ca rerul communica­
tion, is req uired or a representati ve or 
such an orga ni za tion in a mediation 
efrort ir the individual is to truly rep­
resen t the orga ni za tion and not his or 
her own views in arriving at a mediated 
compromise. 

Lea h K. Pa tton, director or Media­
tion Se rvices at the Institute fo r Envi­
ronm ental Medi ati on (Seattle , 
Wash.), listed a nu mber of rea rs that 
hinder media tion and may cause 
par ties to use the courts instead. One 
or these is a rea r on the part or one 
party that in the process of negotiating, 
it will lose the support of its constitu­
ency. A hard-a nd-rast pos ition may 
seem to preserve more support than 
does the fl exi bilit y required in suc­
ccssrulmed iation. The mere fact that 
it is negotiating may cause a disputant 
to rea r that it appea rs to be com­
prom ising or giving in to the "enemy." 
A second rea r is that mediation wi ll 
ca use the [Jarty to lose in the contlict. 
Rat her than explor ing through med­
iation what alternative paths are 
ava ilable to achieve its final goa l. an 
inte res t group may incorrectly think 
that ir it doesn't achieve a certai n tac-

tica l objecti ve, it will not achieve its 
ultimate goa l. Orten a party will be­
lieve that it has a better chance or 
winni ng in the courtroom when in fact 
the probable outcome is quite diffe r­
ent. A third rea r is a lack or trust that 
the opposi te side will abide by any 
settlement that results rrom media­
tion. 

Negotiated rule making 

The rul e- making process is now 
bitterl y adversa rial. Several partici­
pants at the conference ex pressed the 
idea tha t med iation might be used in 
rule ma king to produce regulations 
tha t give rise to rewer lawsuits after 
they are promulga ted. In some other 
countries, such as Ca nada and Japan, 
these rule-ma king proceedings are 
considerably less adversa rial. 

Joseph A. Ca nnon, associa te ad­
mi nistrator ror Policy and Resource 
Manage ment at EPA, descr ibed 
EPA's current plans for two experi­
mental projects in negoti ated rule 
maki ng. He noted that the steps in the 
present rule-making process are: an 
inte rnal memora ndum describing the 
proposed rule, adva nce notice or pro­
posed rule making, notice or proposed 
rule making, and rinal rule making. 
"Then," he sa id, "everyone sues us." 
In ract, negotiation is always a part or 
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curred-even if it is not felt, or seen in 
X-ray pictures or even in exploratory 
surgery or forensic pathology. 

Alarie singled out formaldehyde 
and S02 as chemicals to which work­
ers "are especially subject to 'adapta­
tion.' This is dangerous to the worker, 
because even though he or she no 
longer feels irritation, the lungs are 
damaged all the same." As the dose 
increases further, adaptation gives way 
to chronic symptoms that increase in 
severity. The Hatch curve continues up 
to acute effects ranging from injury 
through morbidity to mortality. Esmen 
cautions that transition between ef­
fects along the Hatch curve should be 
regarded as depending upon "various, 
and generally quite complicated rela­
tionships between the agent(s) and the 
host." 

What should the TLV be? 
The TL V is the threshold limit 

value, the maximum concentration of 
an air pollutant to which an individual 
may be exposed for a long period of 
time without harmful effects. Since 
different individuals are susceptible to 
varying degrees, some may be affected 
by exposures to lower concentrations. 
Prepared by government industrial 
hygienists, TL Vs are used as guidelines 
for controlling workplace health haz­
ards. 

For a contaminant that a worker 
may be expected to encounter, Alarie 
proposes that the TL V be set below the 
"adaptation" dose of the Hatch curve, 
if such a value can be determined. A 
means that he suggests for estimating 
this value might be derived from cali­
brated and validated animal models. 
For example, Alarie presented an an­
imal model to evaluate the potency of 
airborne chemicals having sensory ir­
ritation effects on the eyes, nose, and 
throat. 

From this animal model , it was 
shown that reasonable predictions for 
TL Vs could be made for 40 industrial 
chemicals. One major exception was 
for formaldehyde, with the animal 
model predicting a much lower value 
than the current TL V. Alarie noted 
that "this is the first animal model to 
predict safe exposure in industry." He 
urged that "models should be devel­
oped for major health effects catego­
ries such as lung cancer, pulmonary 
hypersensitivity, methemoglobinemia 
(a blood ailment), and other such dis­
eases. 

Aerosol deposition 
Visualize the lungs as a hollow, up­

side-down tree. Roughly, the larynx 
and trachea would be equivalent to the 
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main trunk. The bronchi or airways 
could be likened to the principal and 
lesser branches and twigs. The lesser 
branches and twigs in the lung's lobes 
might be taken to be the conducting, 
terminal, and respiratory bronchioles. 
The alveoli or air sacs may be imag­
ined as leaves. 

Morton Lippmann, director of the 
Aerosol and Inhalation Research 
Laboratory of the New York Univer­
sity Medical Center, said that before 
1950 lillie was known about the 
quantitative aspects of the deposition 
of aerosols- many types of which are 
encountered in different industries- in 
the lungs. Research since that time 
indicates that much aerosol deposition, 
particularly in the> 3-/Lm-diameter 
range, is concentrated in the lobar 
bronchi, or "the lesser branches and 
twigs." Some of the smaller particles, 
<3 /Lm, find their way to the alveoli . 

Lippmann has carried out studies of 
intrabronchial particle deposition in 
hollow airways of animals and human 
beings, the lalter studies made on a 
postmortem basis. He has devised a 
formula relating the size of aerosol 
particles deposited in the bronchi to the 
now rate of the air entering and leav-

Respiratory 
bronchiole, 0.5 mm 

Alveolar 
duct, 0,2 mm 

CA. .• r-..,.-- Alveolar 
sac, 0.3 mm 

Alveolus 

ing the lungs. Lippmann observed that 
deposition "hot spots" at bifurcations 
of the larger airways playa role in 
cancer formation, possibly even with 
nonsmokers. 

Clearance 
If aerosol particles are deposi ted in 

the lungs, how many clear out via the 
several available pathways? How long 
does it take? To answer these ques­
tions, tests of respiratory function and 
rates of particle clearance are needed. 
Selected radionuclides can be used to 
trace the paths of particles from the 
lungs, Lippmann explained. Once 
these isotopically labeled particles have 
reached various portions of the lungs, 
the pathways for them to clear out and 
the length of time it takes depend upon 
the location of the particle in the lung 
and the nature of the particle itself. 

In certain parts of the bronchi, there 
exist ciliated cells that produce mu­
cus. From these bronchial regions, 
clearance times can vary between 
about 2- 20 h, Lippmann noted, adding 
that the reasons for such a wide vari­
ation are not known. In the bronchial 
or airway portions approaching the 
alveoli, alveolar macrophages playa 



vital role in the clearance function. 
These are mononuclear phagocytes, 
which essentially are cells that try to 
engulf and destroy foreign materials in 
the body. Since cells in the ncar-al­
veolar bronchial areas are not ciliated, 
this portion clears more slowly. Insol­
uble particles not cleared by macro­
phages can have residence times up to 
"many years," Lippmann points out. 

Paul Morrow of the University of 
Rochester (N.Y.) described a hypo­
thetical lung retention curve for in­
soluble particles. He proposed that a 
fraction of the deposited particles are 
removed in up to one day from tracheal 
and bronchial airways. Next, there is 
a more "protracted clearance phase" 
for the balance of the particles-those 
retained in the lung alveoli. Alveolar 
retention, Morrow said, may range 
very widely "from minutes to years"; 
for instance, s'mall particles of poly­
styrene may remain in the alveoli "for 
several years." The alveolar rate of 
clearance is considered to be the 
slowest rate overall. 

When aerosol particles reach the 
lungs, little is known about their ab­
sorption by pulmonary tissue, but a bit 
more is understood about mucociliary 
removal. This process involves ciliated 

Clearance model' 

8-Material is taken up into bloodstream 

cells in the airways carrying particles 
off to the gastrointestinal tract. Also, 
macrophages are brought to the alveoli 
through the pulmonary circulation 
system; they "can act as a work force," 
as Morrow put it, to remove some 
"insoluble" (solid) particles. He added 
that the quantitative measurement of 
particle retention in the lungs may 
make possible a more accurate deter­
mination of permissible doses and 
TLVs. 

Measuring aerosols 

Aerosols or atmospheric particles 
from about 10-3 /Lm to over 102 JLm in 
particle diameter are of interest in the 
occupational environment, as these can 
deposit anywhere in the respiratory 
tract from the nasal passages to the 
alveoli. Those that deposit in the al­
veoli are known as " inspirable aero­
sols," and range from <0.1 JLm to 
nearly 10 JLm in aerodynamic diam­
eter. 

Klaus Willeke of the University of 
Cincinnati (Ohio) explains that inha­
lable aerosols can be divided into three 
specific sub fractions, reflecting por­
tions of the respiratory tract's ana­
tomic regions where they may lodge. 
These comprise the extrathoracic 

b-Material is rapidly cleared by mucociliary transport 
c-Material is rapidly absorbed into systemic circulation 
d-Material is rapidly cleared by mucociliary transport to gastrointestinal tract 
e-Material is translocated or absorbed to bloodstream 
f-This is a rapid clearance phase, most likely by macrophages and mucociliary 

activity 
g-This is a slower pulmonary clearance phase. dependent upon endocytosis and 

mucociliary transport 
h, i-These are pathways for clearance through the lymphatic system 

'After the International Commission on Radiological Protection, Health Phys. 1966, 12. 173-207. 

subfraction (~5-200 JLm diameter, 
"caught" above the larynx), the tra­
cheobronchial subfraction (~1-30 
JLm), and the alveolar subfraction 
«O.I -~IOJLm). 

~ 
Willeke: "separate aerosols like the 

body does it" 

Willeke recommends that to assess 
risk to humans, one should measure 
only the subfraction of aerosols de­
posited in the anatomical region of 
interest (such as tracheobronchial or 
alveoli). Perhaps this is because dif­
ferent types of particles lodged in each 
region could vary considerably in their 
effects on those regions and differ as to 
clearance rates and paths to other body 
parts, or out of the body. 

There are instruments with which 
such deposition can be simulated. Such 
an instrument's inlet would differen­
tiate or "classify" particle size distri­
bution in a manner similar to that in 
which the respiratory tract performs 
this function, Willeke explains. For 
example, if one wishes to capture par­
ticles of the alveolar subfraction and 
eliminate a ll other sizes, cyclonic, 
elutriative, impactive, and centripetal 
removal methods arc available. To 
collect the tracheobronchial subfrac­
tion, aerosols are drawn into a stilling 
chamber through an annular slit, and 
size classification is accomplished by 
impaction or cyclonic removal. 

Personal and fixed monitors 

Both aerosol and gas monitors can 
be personal or fixed. "Portable" mon­
itors combine features of personal and 
fixed monitors. The personal monitor 
is generally a sensor or collector a 
worker wears in his or her breathing 
zone. For measuring aerosols, this 
sensor is normally coupled to a very 
small pump carried on the worker's 
belt, Willeke points out. Sensors 
equipped with optical scattering 
measuring components have recently 
become available; these sensors do not 
require pumps. The monitor records 
personal aerosol (or gas) exposure, 
generally during an entire work shift. 
In most cases, aerosol material is col-
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Collecting the tracheobronchial subfraction" 

a These methods simulate the upper size limit or "cut" of the tracheobronchial fraction, reckoned in 
~m particle diameter 

Source: Symposium presentation by Klaus Willeke of the University of Cincinnati 

lected by filtration or impaction for 
subsequent laboratory extraction and 
analysis. 

Some new technologies involving 
miniaturization are leading to personal 
monitors with built-in analysis capa­
bilities. Although these are more 
costly, they provide "instantaneous 
exposure data ," Willeke says. 

Fixed monitors record aerosol con­
centration variations in a work area as 
a function of time. But while a fixed 
instrument gives details of time-vary­
ing aerosol generation, it will not nec­
essarily reflect aerosol exposure that a 
worker experiences. Thus, personal 
monitors are preferred for regulatory 
purposes, Willeke explains. 

An active gas monitor includes a 
pump, and therefore could function as 
an aerosol-capturing instrument. With 
passive gas monitors, diffusion or 
convection generally does not transport 
aerosols into the monitor without some 
size selectivity. 

The lung and beyond 
The lung is a principal organ 

through which workplace contami­
nants enter the human body, but it is 
not the only one. Willeke notes that the 
"extrathoracic fraction" of aerosols 
(the fraction depositing immediately 
after entering the nose or mouth, and 
above the larynx) may be ingested, and 
become hazardous to the digestive, 
metabolic, circulatory, and excretory 
systems. He says that this fraction and 
mode of entry are gaining increased 
attention on the part of occupational 
health scientists and engineers. 

Also, either through respiration, 
ingestion, or topical exposure, a 
chemical might attack the lung or go 
on to affect other body organs and 
functions (or perhaps do both). For 
example, inhaled vinyl chloride 
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monomer is suspected not of affecting 
the lung, but of being carried to the 
liver and eventually causing angio­
sarcoma, as a result of biochemical 
reactions subsequent to inhalation. 

Cancer evaluations 
I. Bernard Weinstein of the Cancer 

Center of Columbia University notes 
that industrial chemicals such as ben­
zidine, 4-aminobiphenyl, and 2-
naphthylamine are implicated in 
human bladder tumors. He told the 
American Cancer Society that inhaled 
benzene vapors are believed to cause a 
type of leukemia. Soots and tars are 
often linked to tumors at various body 
sites. It is suspected that such tumors 
are attr.ibutable to metabolites of the 
polynuclear aromatic hydrocarbon 
"family" contained in soots and tars. 
Other industrial "cancer-suspect" 
chemicals and processes Weinstein 
cites are arsenic, chromium, bis(chlo­
romethyl) ether (BCME), nickel re­
fining, and isopropyl alcohol manu­
facture by the strong acid process. 

To determine longer term risks of 
workplace chemicals to humans, 
Weinstein calls for both short-term 
and in vivo studies. For short-term 
tests, he recommends the Ames Sal­
monella typhimurium test, studies of 
yeast and of Drosophila melanogaster 
(a fruit fly) , and mammalian cell cul­
tures. Assays for cell transformation; 
DNA binding (and binding to other 
macromolecules), damage, and repair; 
chromosomal abnormalities and sister 
chromatid exchange (£S& T, October 
1982, p. 569A); and studies on meta­
bolic activation are also suggested . In 
vivo studies would include clinical 
observations and follow-up "by astute 
physicians and patients," epidemio­
logical studies, and long-term bioas­
says in experimental animals. 

The question is often asked: How 
reliable are animal bioassays? Wein­
stein believes that for several chemicals 
the carcinogenic activity in rodents 
approaches that of humans. 

He reminded £S& T that there are 
23 specific chemicals that are defi­
nitely linked to cancer causation in 
humans. I n addition, he said that seven 
industrial processes have the same ef­
fect; however, the "guilty chemicals 
are n'ot yet known ." Weinstein said 
that of the 23 chemicals, two- arsenic 
and benzene- were originally thought 
not to cause cancer in rodents, but re­
cent evidence indicates that rodents are 
at risk of cancer from these two sub­
stances. Moreover, animal studies have 
predicted human carcinogens such as 
BCME, vinyl chloride monomer, and 
several other industrial chemicals or 
contaminants. 

Weinstein adds that of about 143 
known rodent carcinogens, none have 
been proven to be noncarcinogenic in 
humans. He stresses the need to em­
ploy newly developed laboratory 
methods in clinical and epidemiologi­
cal studies on human cancer causation, 
an approach he calls "molecular epi­
demiology. " 

The common bond between toxic 
gas and aerosol monitoring and anal­
ysis, epidemiological assessments, 
animal and human studies, carcino­
genesis evaluations, and the like is 
found in the objective of protecting the 
worker from hazardous chemical and 
biological materials. One way is to 
determine safe exposures, if any; pro­
mulgate regulations based upon this 
information; and apply science and 
engineering to the task of constructing 
workplaces in which undesired sub­
stances remain below certain levels. A 
future approach may use knowledge of 
biomolecular effects. In that case, the 
aim could be to ascertain the mecha­
nisms of effects such as carcino-, 
muta-, and teratogenicity. The goal 
could be to find chromosomal- and 
genetic-level means of arresting or 
even reversing these effects. 

Proceedings from the Hatch Sym­
posium are due to be published in 
September in a volume entitled the 
"First Hatch Symposium on Occupa­
tional Health ." The publisher is 
Princeton Scientific (formerly 
Princeton University Press) for the 
Series of Advances in Modern Envi­
ronmental Toxicology. 

- Julian Josephson 
Additional reading 
" nli:cts of Inhaled Particles on lIuman Health: 

Inllucnee or Particle Size and Shape:' N RCC 
No. I X564; Nalional Research Council 
Canada . Publications N RCC/CN RC: Ot­
lawa . Ontario K I i\ ORl>. Canada . I n2. 
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EPA's cancer policy 

Michael R. Deland 

Hidden behind the headlines on 
the continuing controversy at EPA and 
the recent resignation of its adminis­
trator is a story with serious implica­
tions for the health of the American 
public. Knowledgeable observers 
contend that EPA is subtly- without 
providing an opportunity for public 
comment or heari ng- changing its 
cancer policy by relaxing regulation of 
suspected carcinogens. 

Roy Albert, professor of environ­
mental medicine at the New York 
University Medical Center and since 
1976 chairman of EPA's Carcinogen 
Assessment Group (CAG), recently 
test ified before a House agriculture 
subcommittee, chaired by Rep. George 
Brown (D-Calif.). He stated that while 
" there have been no major recent de­
partures from the broad framework set 
out by the EPA Guidelines for Car­
cinogen Assessment" there has been a 
"tuning" of the guidelines "to give 
them a slant consistent with the phi­
losophy of the present administration." 
As an example, he cited permethrin, 
which, based on data from animal 
tests , would have been regulated as a 
carcinogen in former years but is not 
now controlled. He added that "pre­
vious administrations tended to be 
overprotective; the current adminis­
tration tends to be underprotective" 
and concluded that "there has never 
been a federal cancer policy that really 
works." 

Karim Ahmed, senior staff scientist 
at the National Resources Defense 
Council (NRDC), testified that 
changes in EPA's policies have re-

suited in raising the "acceptance of 
cancer risks for the U.S. population to 
at least 100 times the levels which were 
sanctioned by former administra­
tions." 

John Todhunter, assistant admin­
istrator for Pesticides and Toxic Sub­
stances at EPA, denied that there have 
been dramatic changes at EPA, stating 
that "Risk assessment at EPA today is 
a cautious evolutionary product of past 
practice and growing sophistica­
tion ." 

EPA's policy 
EPA's first articulation of a cancer 

policy was in a 1972 legal brief in 
which statements of expert witnesses 
were referred to as "cancer principles." 
They conveyed the concept that the 
only permissible degree of regulation 
was a total ban on exposures. This 
policy was widely criticized, leading to 
the adoption in 1976 of formal guide­
lines predicated on a "weight of the 
evidence" approach. 

Last fall the White House Office of 
Science and Technology Policy 
(OSTP) circulated a draft document 
on the scientific basis of risk assess­
ment. OSTP is currently refining that 
effort and preparing guidelines to be 
used by the various regulatory agen­
cies. Its work is proceeding slowly, 
and participants will only project that 
they "hope it is completed this 
year." 

NRDCsuit 
Distressed by the direction of EPA's 

policy and finding no reassurance in 
OSTP's efforts, NRDC recently filed 
suit against EPA. The suit seeks to 
force the agency to initiate regulatory 
action under the Toxic Substances 
Control Act (TSCA) to reduce the 
significant risks of cancer posed to 
humans by exposure to the chemical 
formaldehyde, or to publish in the 
Federal Register a finding that the risk 
is not unreasonable. Ironically, in the 
spring of 1981 , EPA staff found that 
its data on formaldehyde, including 
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studies by the Chemical Industry In­
stitute of Toxicology and the National 
Toxicology Program, did warrant ac­
tion under TSCA and prepared a no­
tice for the administrator's signature. 
Instead, NRDC charges, following a 
series of private, unannounced "science 
courts" to which industry representa­
tives but not members of the public 
were invited, the agency concluded 
that formaldehyde was not subject to 
TSCA "at this time." Agency 
spokesmen now argue that the onus for 
regulating formaldehyde falls on other 
agencies such as OSHA. 

NAS report 
Meanwhile, the National Research 

Council, the operating arm of the 
National Academy of Sciences' 
(NAS), last month released a report, 
"Risk Assessment in the Federal 
Government: Managing the Process," 
which could provide a helpful per­
spective on the ongoing cancer policy 
debate. Among the major recommen­
dations of the report was that Congress 
establish a Board on Risk Assessment 
Methods within the National Acade­
my of Sciences. The Board would as­
sume the lead in all government ac­
tivity relating to the regulation of 
carcinogens. Key congressmen such as 
Representative Brown have hailed the 
report as timely and extremely helpful 
and are likely to link it to legislation 
being drafted in their committees. 

A decade has passed since the ar­
ticulation of EPA's initial "cancer 
principles." Long overdue is a formally 
promulgated EPA "cancer policy" 
that bears the benefit of public par­
ticipation. Sorely needed as well is a 
mechanism to coordinate EPA's ef­
forts with those of other government 
agencies. Current activity by envi­
ronmentalists, the courts, and Con­
gress could be the catalyst needed to 
refine the regulation of carcinogens. 

Deland writes this column monthly and is 
counsel to ERT, Concord, Mass. 
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Quality control 
in water analyses 

The definitions and principles underlying the practice of 
quality control need to be critically evaluated 

Cliff J. Kirchmer 
Roy F. Weston, Inc. 

West Chester, Pa. 19380 

Until the late I 960s, there was only 
limited official recognition of the need 
for analytical quality control in water 
analyses. In January 1967, the Federal 
Water Pollution Control Administra­
tion (FWPCA) held its first meeting 
on the subject and established the 
Committee on Methods Validation 
and Analytical Quality Control. An 
analytical quality control laboratory 
was subsequently established in the 
FWPCA's Division of Research (the 
FWPCA was later replaced by the 
Environmental Protection Agency) . 
This laboratory has evolved into what 
is now the Environmental Monitoring 
and Support Laboratory. Throughout 
its existence, it has played an impor­
tant role in providing the necessary 
leadership for developing analytical 
quality control procedures and en­
couraging their use in environmental 
laboratories. 

In 1971, the EPA published the 
"Handbook for Analytical Quality 
Control in Water and Wastewater 
Laboratories," which has since un­
dergone several revisions. It provided 
the first comprehensive discussion of 
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factors that can influence the quality 
of data in water analyses and was 
written so that it could be used by a 
laboratory for self-evaluation. Also, 
recent editions of "Standard Methods 
for the Analysis of Water and Waste­
water" have included expanded sec­
tions that have contributed to the de­
velopment of criteria and methodology 
for analytical quality control. 

Even though the importance of 
quality control has been recognized, 
some of the more commonly used 
definitions in this subject area need to 
be clarified, and principles that have 
been established but are not uniformly 
applied in practice need to be empha­
sized. This article discusses these defi­
nitions and principles and makes spe­
cific recommendations for their ap­
plication. 

Accuracy 
The expression "accuracy and pre­

cision" is .used commonly to charac­
terize the performance of analytical 
methods. There is no general agree­
ment regarding the meaning of this 
phrase, however. Churchill Eisenhart 
referred to this problem when he 
wrote: "It is most unfortunate that in 
everyday parlance we often speak of 
'accuracy and precision' because ac­
curacy requires precision, but precision 

docs not necessarily imply accuracy" 
(f) . 

R. B. Murphy compared the situa­
tion to a marksman aiming at a target: 
"We would call him a precise marks­
man if in firing a sequence of rounds, 
he were able to place all his shots in a 
rather small circle on the target. Any 
other rifleman unable to group his 
shots in such a small circle would nat­
urally be regarded as less precise. Most 
people would accept this character­
ization whether either rifleman hits the 
bull's-eye or not" (2). Precision in 
water measurements has been defined 
by the EPA as "the degree of mutual 
agreement among individual mea­
surements made under prescribed 
conditions" with a "single test proce­
dure" (3). While there is general 
agreement about the meaning of pre­
cision, there is less agreement about 
the meaning of accuracy and its rela­
tionship to precision. 

The problem in defining the term 
"accuracy" is the discrepancy between 
the accuracy of "individual analytical 
measurements" and the accuracy of 
"average values" obtained from a 
number of replicate measurements. In 
terms of the bull's-eye analogy, Mur­
phy states that "one school of thought 
on the subject of accuracy insists that 
if a marksman hits the bull's-eye 'on 
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the average,' then he is accurate even 
though [he) may have a wavering aim 
so that his shots scatter. The point is 
that accuracy in this sense is deter­
mined solely by the behavior of the 
long-run average of the shots. The 
position of the average shot is assumed, 
of course, to be the centroid of the 
bullet holes in the target: few shots 
might actually hit or nearly hit the 
bull's-eye. 

"The second school of thought on 
accuracy would insist that if the 
[marksman) is unlikely to be very close 
to the bull's-eye, he should be termed 
an inaccurate shot. That is, the second 
school holds to the belief that accuracy 
should imply that any given shot is 
very likely to be in the bull's-eye or 
very near to it" (2) . 

It is difficult to say which of these 

definitions is more correct, but it may 
be possible to decide which is more 
useful when applied to water analysis. 
Reported results of analyses are usu­
ally based on "individual analytical 
measurements" rather than "aver­
ages" of replicate determinations. 
Duplicate determinations are made on 
perhaps 5-\ 0% of the samples as a 
quality control measure, but extensive 
replication is not economically feasi­
ble. Thus, we are concerned with the 
"accuracy" of these individual ana­
lytical measurements. 

It is interesting to note that while 
statisticians in the U.S. have clearly 
recognized the two ways of defining 
accuracy, the definition that equates 
accuracy with bias or systematic error 
has been commonly used in wate~ 
analyses. For example, the EPA has 
defined accuracy as "the difference 
between an average value and the true 
value when the latter is known or as­
sumed" (3) . 

In contrast, the Water Research 
Centre in England bases its definition 
of accuracy on individual analytical 
measurements. The error, E, of an 
analytical result, R, is defined as: E = 
R - T where T is the true value. Ac­
curacy is then defined as the total error 
of a result; that is, accuracy represents 
the combined random and systematic-

errors of results and is said to improve 
as the total error decreases (4). 

The Water Research Centre defines 
systematic error as follows. The mean 
of n analytical results on the same 
sample approaches a definite value, fJ., 
as the number of results is increased 
indefinitely. When fJ. differs from the 
true value, T, results are said to be 
subject to systematic error of magni­
tude B, where B = fJ. - T. The term 
"bias" is used synonymously with 
systematic error. 

Note that in the Water Research 
Centre definition, precision (which is 
a measure of random error) is a part of 
accuracy. One then speaks of precision 
and bias (the two components of ac­
curacy) rather than precision and ac­
curacy. Also, under this definition, it 
is impossible to speak of measurements 

FIGURE 1 

being accurate but not precise, since 
precision is a component of accu­
racy. 

In statistical terminology, common 
practice in the U.S. has been to define 
accuracy by comparing the mean of n 
measurements with the true value, and 
to define precision separately as the 
standard deviation, s, of n analytical 
measurements (3, 5). The Water Re­
search Centre approach is more real­
istic in that it defines accuracy as the 
difference between individual analyt­
ical measurements and the true value, 
this difference corresponding to the 
sum of bias (systematic) and random 
errors. 

The bull's-eye analogy described by 
R. B. Murphy has been used in both 
the U.S. and Great Britain to graphi­
cally illustrate the types of error that 

Water Research Centre Interpretation of the bull's-eye analogy 
for describing analytical error 

(a) Large random errors, 
no systematic errors 

(e) Small random errors, 
large systematic errors 

Source: Reference 4 

(b) Small random errors, 
no systematic errors 

(d) Large random errors, 
large systematic errors 

Environ. Sci. Technol.. Vol. 17. No.4, 1983 175A 



can occur in water analysis. The first 
school of thought has dominated the 
interpretation of this bUll's-eye anal­
ogy in the U.S. and has been included 
even in government training manuals 
(6). In contrast, the Water Research 
Centre subscribes to the second school 
of thought; its interpretation of the 
bull's-eye analogy is illustrated in 
Figure I (4). The major difference of 
interpretation is shown in Figure la, 
which represents "accurate but im­
precise" data in the U.S. (6). The 
Water Research Centre avoids the 
terms accuracy and precision entirely, 
referring only to random and system­
a tic errors. 

Using an appropriate definition of 
accuracy has important practical 
consequences. With the definition 
commonly used in the U.S., methods 
giving very imprecise results can be 
characterized as accurate, when indi­
vidual analytical measurements are 
clearly not accurate. A definition of 
accuracy based on individual analyti­
cal measurements, which includes the 
effects of random as well as systematic 
errors, is clearly more useful. 

Analytical method 

Before discussing the subject of bias 
in water analysis, it is useful to define 
"analytical method. " The following 
definition has been proposed by A. L. 
Wilson: "An analytical method is to be 
regarded as the set of written instruc­
tions completely defining the proce­
dure to be adopted by the analyst in 
order to obtain the required analytical 
result" (7). 

Wilson states that this definition has 
two important consequences: A dis­
tinction must be made between the 
errors of analytical methods and the 
errors of results, and great emphasis 
must be placed on specifying methods 
accurately and completely. Under this 
definition, it is clear that one should 
not make such statements as "the 
precision of the method is .... " The 
correct form would be "when the 
method was followed, analytical rc­
suits were obtained with a precision 
of. ... " 

A numbcr of terms have been used 
to indicate the status of a method (i.e., 
"standard" method, "tentative" 
method, "approved" method) or hier­
archy of a method (i.e., technique, 
method, procedure, protocol). There is 
probably a place for these terms within 
the classifications of standard methods 
devised by committees or regulatory 
agencies. Thc relative mcrits of these 
terms will not be discussed further, 
however, since the aim of this article is 
to emphasize the importance of the 
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performance of individual laborato­
ries. 

The Water Research Centre has 
emphasized the value of supplying 
quantitative evidence about the per­
formance of an analytical method. It 
recommends that a summary of per­
formance characteristics, using clearly 
defined criteria, be included at the 
beginning of each published method. 
With this approach, methods are not 
classified arbitrarily, and one is able to 
answer the basic question: Does this 
method meet my analytical require­
ments? A representative tabulation of 
performance characteristics used by 
the Water Research Centre is given in 
Table I (8). 

Bias 

It has been stated that there are six 
possible sources of bias or systematic 
error in water analyses (4): 

• unrepresentative sampling, 
• instability of samples between 

sampling and analysis, 
• interference effects, 
• biased calibration, 
• a biased blank correction, and 
• inability to determine all forms of 

the determinand (that which is to be 

determined). For example, if "total 
iron" is to be measured, the method 
should give "total iron" and not soluble 
ferrous iron. 

Because they are more directly as­
sociated with the problems of defini­
tions and principles in analytical 
quality control, the third, fourth, and 
fifth items are the only ones discussed 
here. 

Calibration bias. Related to the 
definition of analytical method is the 
Water Research Centre's insistence 
that blanks, standards, and samples be 
analyzed by exactly the same proce­
dure. Failure to do this may result in 
either a biased blank correction or a 
biased calibration. Different proce­
dures are acceptable only if there is 
experimental evidence that they pro­
duce results that differ by a negligible 
amount. 

A survey of "standard methods" and 
"government-approved methods" of 
water analyses in the U.S. indicates 
that the possibility of biased calibra­
tion curves or biased calibration fac­
tors resulting from the use of different 
analytical procedures for standards 
and samples is not widely recognized. 
It is common for calibration standards 
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to be subjected only to the final step in 
an analytical procedure. This is justi­
fied as being the only "practical" ap­
proach to analysis, particularly for 
those methods involving long and 
complex concentration and separation 
procedures. According to A. L. Wil­
son, however, these methods present 
the greatest possibility for bias due to 
improper calibration procedures (9) . 

While "bias in the calibration pro­
cedure" is usually not recognized by 
that name in the U.S., procedures have 
been recommended to estimate this 
error. They are usually termed "pro­
cedures for estimating recovery." For 
example, the recently published 
"Guidelines for Data Acquisition and 
Data Quality Evaluation in Environ­
mental Chemistry" states that "the 
recovery of a method is derived from 
the measurement of spiked blanks" 
(/0). The difference between the ac­
tual recovery gnd theoretical recovery 
of 100% corresponds to the bias in the 
calibration procedure. For methods 
that give very low recoveries, changes 
in the calibration procedure should be 
made whenever possible to correct for 
this source of bias. 

An alternative approach would be to 
use recovery estimates to correct for 
the calibration bias. Unfortunately, 
many methods prohibit this type of 
correction, although it would clearly 
permit a better estimate of the true 
concentration in the water sample. For 
example, EPA Method 608 for organ­
ochlorine pesticides and PCBs says to 
"report results in micrograms per liter 
without correction for recovery data." 
A similar restriction in EPA Method 
615 for chlorinated herbicides states 
that one should "report results in mi­
crograms per liter as the acid equiva­
lent without correction for recovery 
data." These methods seem intended 
to measure the quantities of pollutant 
in the final extracts, rather than in the 
original water samples. 

While not as critical to the analyti­
cal results, the use of the increasingly 
common term "spiked blank" is not 
recommended. When a known amount 
of an element or compound is added to 
a known amount of water, this is a 
standard solution, not a "spiked 
blank." Standard solutions can be used 
either for calibration (calibration 
standards) or as a check on precision 
or calibration bias (check standards). 
Thus, instead of writing that "the re­
covery of a method is derived from the 
measurement of spiked blanks," it is 
preferable to state that the calibration 
bias of a method can be estimated by 
the analysis of check standard solu­
tions (where the check standard solu-

tions are analyzed exactly as the sam­
ples are analyzed). 

Blank correction bias_ To obtain 
accurate analytical results, particu­
larly when performing trace analyses, 
it is necessary to make a blank cor­
rection of sample responses. O'Haver 
has stated that "in strictest terms, the 
blank is a solution that contains ev­
erything in the sample solution except 
the analyte" (/ J) . Blank correction of 
individual samples- that is, sub­
tracting a separately determined blank 
response from each sample re­
sponse-is the recommended proce­
dure based on statistical consider­
ations, and it is generally accepted in 
principle, although sometimes ignored 
in practice. At a minimum, a blank 
should be analyzed along with . each 
batch of samples. (Subtracting blank 
response from sample response is valid 
only for procedures in which calibra­
tion is of the form A = a + {3C where 
A = response, C = concentration, and 
a and (3 are constants. Only these types 
of procedures are considered in this 
article.) 

It is equally important to recognize 
that blank determinations should be 
made by exactly the same procedure as 
that used for the samples. For exam­
ple, according to O'Haver, "in ana­
lytical procedures involving sample 
preparation, separation, or precon­
centration steps, it is almost always 
essential that a blank be carried 
through the entire procedure" (J J) . If 
this is done, then blank-corrected re­
sults for water analyses should not 
present any problem of bias due to the 
blank, provided that the concentration 
of the determinand in the water used 
for the blank is negligible. On the other 
hand, when the concentration of the 
determinand in the water used for the 
blank is not negligible, it is essential to 
determine its concentration and make 
an appropriate correction in the blank 
value. 

Bias due to interference_ As indi­
cated previously, the term "recovery" 
has been used in the methods for 
measuring the bias of the calibration 
procedure. More commonly (and 
correctly), the term recovery has been 
used to indicate the percent "recov­
ered" when a sample is spiked with a 
known amount of compound. Recov­
ery is the difference between the ana­
lytical results before and after spiking, 
divided by the known amount of spik­
ing compound and multiplied by 100 
to convert to percentage. The differ­
ence between the actual recovery and 
theoretical recovery (100%) is con­
sidered to be caused by interference. In 
other words, the recovery test is used 

to determine the presence of bias due 
to interference. The term recovery 
should be limited to this usage only and 
not to the evaluation of bias in the . 
calibration procedure. 

The recovery test is not very pow­
erful in a statistical sense. The exper­
imental recovery is obtained from the 
difference between two measurements 
(sample and spiked sample), each of 
which is subject to random error. Even 
in the absence of interference effects, 
significant deviations from 100% re­
covery are common. For example, 
Water Research Centre Technical 
Report 66 indicates that if the stan­
dard deviations of spiked and unspiked 
samples are equal and the amount of 
spiking material is 10 times the stan­
dard deviation, the expected recovery 
would lie between 72% and 128% at 
the 95% confidence level , even in the 
absence of interference (4) . In addi­
tion, the recovery test does not detect 
interfering species whose effects are 
independent of the determinand con­
centration. This can be another im­
portant limitation. 

Control charts 
A common procedure for analytical 

quality control is to analyze check 
standards, duplicates, and spiked 
samples in amounts corresponding to 
approximately 10% of the samples 
analyzed (3). As subsequent data are 
accumulated, these analyses should be 
used to prepare control charts defining 
accuracy and precision. As already 
noted, when referring to tests for in­
terference, accuracy control charts are 
better termed bias control charts. 

Because laboratories operate under 
budget constraints and limited time, 
some order of priority should be as­
signed to the different kinds of control 
tests. In some European laboratories 
(4, J 2), first priority has been given to 
precision control charts based on the 
analysis of standard solutions. (These 
standard solutions should be prepared 
independently of the calibration stan­
dards to provide a truly independent 
check, including the accuracy and 
stability of the stock calibration stan­
dard solution.) The next priority is the 
preparation of precision control charts 
based on duplicate analyses of actual 
samples. Bias control charts based on 
the recovery of spiked samples are the 
third priority. Finally, control charts 
based on blanks can be plotted to de­
tect changes in the quality of reagents, 
etc. The latter are not true control 
charts since there are no control limits. 
Using this priority listing contrasts 
sharply with the common practice of 
devoting equal time to the analysis of 
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standards, duplicate samples, and 
spiked samples. 

It should be added, however, that 
the order of priority for control charts 
depends somewhat on the determi­
nand . For example, one may not be 
able to prepare appropria te standard 
solutions for "suspended solids" and 
biochemical oxygen demand; for such 
determi nands, the other types of con­
trol tests may be more important. 

Several kinds of quality control 
charts have been recommended, 
including Cumulative-Summation 
(CuSum) and Shew hart charts (3). 
But if the emphasis is on the accuracy 
of individual analytical results, it is 
sufficient to simply plot the measured 
values on a chart in which J.l ± 2u de­
fines the "warning limits" and J.l ± 3u 
defines the "action limits," where J.l is 
the arithmetic mean and u is the 
standard deviation. This type of chart 
has been described in "Standard 
Methods" (5), and detailed instruc­
tions for construction of the four pre­
viously mentioned categories of charts 
have been given in a publication by the 
World Health Organization Regional 
Office for Europe (J 2). An example of 
the most commonly used control chart, 
based on the use of standard solutions, 
is given in Figure 2. Note that the 
control limits in this chart are based 
on estimates of standard deviations 

FIGURE 2 

and, as such, must be updated pe­
riodically by "pooling" preliminary 
and recent estimates. Note also that 
the warni ng and action limits in this 
case are plotted symmetrically around 
the expected mean concentration. 
This is because the true concentra­
tion of the solution is known. Any 
trend indicati ng that the sta tistica l 
mean is higher or lower than the 
expected mean would signify that 
calibration bias probably affects the 
measurements. 

Method validation 
In the U.S., tests are often per­

formed before a laboratory begins to 
use a method for routi ne sample ana l­
yses. These tests are commonly called 
"method validation" procedures. Few 
guidel ines have been written, however, 
that provide optimal experimenta l 
designs for method validation. 

In general, a good experi mental 
design would enable the laboratory to 
estimate precision for the analysis of 
both standard solutions and real sam­
ples, to estimate bias due to interfer­
ence in the analysis of real samples, 
and to estimate a lower limit of detec­
tion for the method. 

Wilson has proposed an experi­
mental design using analysis of va ri ­
ance to give a preliminary estimate of 
precision (J 3). This design was later 

Example of a control chart for a standard solution 

1.4 

1.3 

:J' ..... 
Cl .s 1.2 
c: • 0 • :s • • 0 1.1 '" 'E If • '" • • '0 
c: 

1.0 ~ 
III .E tl) • '0 iii 

c: 0.9 II 
:J • .£ 
c: • 0 

~ 0.8 
C 
Q) 

" c: 
0 0.7 u 

0.6 

Date of analysis 

178A Environ. Sci. Te<:hnol., Vol. 17, No.4, t983 

expanded to include estimates of some 
sources of bias as well as limits of de­
tection (4). The design specifies that 
analyses be performed in several 
batches over a period of one to two 
weeks. Each batch consists of replicate 
analyses of blanks, standard solutions, 
samples, and "spiked" samples. In 
general, to estimate precision over a 
range of concentrations, at least two 
standard solu tions are recommended 
with the upper and lower concentra­
tions of interest. This is necessary be­
cause it is common for precision to 
worsen with increasing concentration, 
and therefore the standard deviation at 
one concentration will not necessarily 
be the same as the standard deviation 
at another. A detailed discussion of 
experimenta l design is beyond the 
scope of this article, but clearly there 
is a need to apply these techniques 
more often in our laborator ies and 
to be more cri tical of the approaches 
to "method validation" now being 
used. 

Limit of detection 
Many definitions of the term "limit 

of detection" or "detection limit" have 
been proposed in the literat ure. I n re­
cent yea rs, however, there have been 
indica tions that some consensus is 
being reached. It is generally agreed 
that in qualitative terms, limit of de-

Action limit (pooled) 
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Warning limit (pooled) 
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Expected concentration 

Warning limit (preliminary) 
Warning limit (pooled) 

Action limit (preliminary) 
Action limit (pooled) 
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tection is the lowest concentration of 
determinand that the analytical proc­
ess can reliably detect. Because an 
analytical result is generally equal to 
the difference between the responses 
obtained for sample and blank, the 
variability of the blank response has 
been recognized as the determining 
factor for estimating the limit of de­
tection for many methods. 

The following general equation has 
recently been accepted by several au­
thors for defining the limit of detection 
(l0, 14, 15): 

(I) 

where Lf) = limit of detection, Kd = 
constant obtained from a statistical 
evaluation of blank responses, and 
0'8 = the within-batch standard de­
viation of the blank . 

When the limit of detection is 
treated statistically, it is assumed that 
analytical results follow a normal dis­
tribution. Figure 3a illustrates the 
distribution of results for the differ­
ences of pairs of blank determinations, 
each pair of blanks being measured in 
the same batch of analyses. The dis­
tribution has a mean of zero and a 
standard deviation of v'2 O'B. (Note: 
the property of additivity of variances 
results in the standard deviation of the 
differences between blank determi­
nations being v'2 greater than the 
standard deviations of the blank re­
sponses themselves.) Thus the differ­
ence of + 1.65 v'2 0'8 (=2.33 O'B) will 
be exceeded, on the average, only once 
in every 20 occasions. The analytical 
result (R) is obtained by subtracting 
the result of a blank determination (B) 
from that of a sample (S), i.e. , R = S 
- B. If we now analyze a sample and 
a blank in the same batch and the dif-

FIGURE 4 

Illustration of the relationship between the criterion of detection 
and the limit of detection 
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ference (S - B) is greater than 2.33 
0'8, there is less than a 5% chance that 
the sample contains the same concen­
tration of the determinand as the 
blank. This value, 2.33 0'8, has been 
called the criterion of detection and is 
based on an evaluation of the risk of an 
error of the first kind (that is, the error 
of accepting an apparent effect arising 
by chance as a real effect). 

There is also the error of the second 
kind, corresponding to the error of 
failing to recognize a real effect. In the 
problem under consideration, this 
would correspond to concluding that 
the sample contains the same concen­
tration of the determinand as the 
blank, when in reality the determinand 
concentration is greater in the 
sample. 

If we assume a case where the sam­
ple concentration is equal to the pre-
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viously defined criteria of detection, it 
is apparent that there is a 50% chance 
of an error of the second kind. 

The limit of detection is defined 
such that the error of the second kind 
has a lower value (that is, in Figure 3b, 
the significance level associated with 
the error of the second kind is equal to 
5%) and the limit of detection is 4.65 
0'8. Both Currie (J 4) and Wilson (J 5) 
suggest this value for defining the de­
tection limit. 

Figure 4 summarizes and illustrates 
the relationship between the criterion 
of detection and the limit of detec­
tion. 

Values other than 5% have been 
chosen for the significance levels as­
sociated with errors of the first and 
second kinds, resulting in different 
values for Kd in the general equation 
for limit of detection. For example, the 
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American Chemical Society's Sub­
committee on Environmental Chem­
istry has recommended using a value 
of 3 for Kt. This treatment is appar­
ently based, however, on the use of a 
"well-known" blank rather than paired 
observations; for paired observations, 
K.J = 4.23. This value is said to imply 
definite risks of 7% for false positives 
and false negatives. (The precise value 
is 6.68%.) 

When standard deviation values for 
a population are known, it is not criti­
cal whether a 5% or a 7% risk level is 
chosen. But in real situations, the limit 
of detection (LD ) must be estimated 
from a restricted number of blank 
measurements, and the following 
equation is recommended: 

LD = 2 ViI S8 (2) 

where I = the 5% point of the single­
sided I statistic and S8 = estimated 
within-batch standard deviation of the 
blank. 

While I values corresponding to the 
5% confidence level are usually listed 
in statistical tables, those correspond­
ing to the 7% confidence level are not. 

FIGURE 5 

Thus, it would appear that the detec­
tion limit expression of Currie and 
Wilson is more easily applied in prac­
tice. It is important to recognize the 
weaknesses of this definition. These 
include the following assumptions: 

• The within-batch standard de­
viations of both the blank and samples 
containing very small concentrations 
of determinand are the same. 

• The analytical response is not 
zero for finite concentrations of the 
determinand. 

• The sample and blank are not 
biased with respect to each other, (that 
is, there are no interfering substances 
in the sample or the blank). 

If anyone of these assumptions is 
not true, then the detection limit can­
not be calculated using the equations 
given previously. 

It has been stressed that the limit of 
detection should apply to a complete 
analytical procedure and not to a given 
instrument or instrumental method 
(I / , /6). O'Haver also states that a 
concentration at the detection limit can 
only be detected, as the term "detec­
tion limit" implies, and not measured 
quantitatively (I I). In fact, when 

using Currie and Wilson's definition, 
the random error at the limit of de­
tection is equal to approximately 66% 
of the limit of detection at the 95% 
confidence level. 

As a consequence of this high ran­
dom error for concentrations at or 
approaching the limit of detection, LD , 

Currie suggested the use of another 
term, the determination limit , LQ, for 
which the relative standard deviation 
is 10% (that is, LQ = 14.1 O"B). For 
practical purposes, the following three 
principal analytical regions defined by 
Currie can be applied in water anal­
yses: 

Region I 
Unreliable 
detection 

Region II 
Detection: 
qualitative 

analysis 

Region III 
Detection: 

quantitative 
analysis 

o L/J LQ 
4.65 aB 14.1 aB 

fn using these definitions, when a 
measured value is below the limit of 
detection, it is reported as such (i .e., 
<LD)' When the measured value is 
between the limit of detection and the 
limit of quantification, it is reported as 
being qualitatively detected but no 

Flow chart for achieving comparable analytical results from a group of laboratories 
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Establish a control chart and regularly analyze solutions of known concentration 
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Estimate the bias of each laboratory and. if necessary, improve until the target 
value is achieved. 



value is given. If the measured value 
exceeds LQ, it is reported as such­
that is, the quantitative result is re­
ported. 

When it is essential to provide 
quantitative estimates at low concen­
trations, the method recommended by 
the Water Research Centre probably 
supplies the most information (4). The 
Centre suggests reporting the actual 
analytical results together with their 
95% confidence limits because this 
gives all relevant information. 

Precision of measurement has been 
described by A. L. Wilson as one of the 
"performance characteristics" of an 
analytical method. It is widely recog­
nized that a laboratory using a given 
method may obtain one precision when 
applying a method to the analysis of 
standard solutions and another when 
applying it to real samples. It should 
not be surprisIng, therefore, that the 
detection limit as determined from 
repeated measurements on blanks may 
not always be the same as that ob­
tained when real samples are analyzed. 
However, while it is fairly easy to de­
termine precision on real samples, it is 
not so easy to determine the limit of 
detection on real samples when, for 
example, the sample contains inter­
fering substances (that is, the sample 
and blank are biased with respect to 
each other). Despite the limitations of 
the limit-of-detection concept in 
practice, it is still useful, just as de­
termining the precision of measure­
ments of standard solutions is of use. 

Finally, it is important to place the 
limit-of-detection problem into per­
spective in terms of real analytical 
needs. Wilson has recommended that 
analytical objectives be established for 
each measurement program. These 
goals include the need to define the 
determinand, the required accuracy, 
and the required limit of detection. In 
other words, the required limit of de­
tection should be distinguished from 
the experimental limit of detection. In 
many cases, it will be clear that the 
method used in the laboratory is ca­
pable of measuring below the required 
limit of detection, whether that be on 
standard solutions or real samples. In 
this case, in order not to expend re­
sources in obtaining information un­
related to the objectives of the mea­
surement program, all results less than 
the required limit of detection can 
simply be recorded as such (i.e., less 
than the required LD)' 

Between-laboratory control 
The concepts discussed thus far re­

late principally to within-laboratory 
quality control (also known as intra-

laboratory or internal quality control). 
Accurate analyses depend primarily on 
the implementation of a well-conceived 
within-laboratory quality control 
program involving two stages (4): 

• preliminary error estimation 
(i.e., method validation), and 

• routine quality control through 
the use of appropriate control charts. 

Between-laboratory quality control 
(also known as interlaboratory or ex­
ternal quality control) is also useful for 
several purposes. From the standpoint 
of the individual laboratory, the anal­
ysis of standard solutions or samples 
prepared by another laboratory (for 
example, EPA quality control samples 
or standard reference materials of the 
National Bureau of Standards) can 
serve as a check on the efficiency of its 
within-laboratory quality control 
program. From a broader perspective, 
between-laboratory collaborative tests 
may be necessary for several reasons: 
to evaluate analytical methods or to 
determine individual and group labo­
ratory performance, for example. 

Between:laboratory tests should 
involve two stages (4): 

• comparison of standard solutions 
used by each laboratory with a stan­
dard distributed by a coordinating 
laboratory and, when all standards are 
in satisfactory agreement, and 

• collaborative analysis of samples 
distributed to all laboratories by a 
coordinating laboratory. 

It is important to stress that be­
tween-laboratory quality control can 
only complement, and not be a sub­
stitute for, an efficient within-labora­
tory quality control program. Figure 
5 illustrates the approach to analytical 
quality control recommended by the 
Water Research Centre (4). Note that 
in this step-wise approach, between­
laboratory quality control is initiated 
after the individual laboratories have 
completed within-laboratory tests. 
Essentially the same approach is used 
to control the accuracy of a single 
laboratory and to achieve comparabi­
lity of results from a group of labora­
tories by controlling the accuracy of 
each. 

Summary 
Although quality control has be­

come an accepted and even required 
practice in water analysis laboratol"ies, 
the definitions and principles under­
lying the practice of quality control 
still need to be critically evaluated. In 
evaluating quality control practices in 
the U.S., the experience of European 
laboratories, particularly the Water 
Research Centre in Great Britain, 
appears most useful. 
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Software program 
Program is used in conjunction with a 
plasma emission spectrometer to de­
termine the concentrations of 29 
common elements within 8 min. The 
spectrum around each emission peak 
is shown graphically and can be 
printed out to indicate potential spec­
tral interference. The program can be 
modified from the keyboard to add or 
delete elements or change analytical 
lines. Instrumentation Laboratory 
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Anion analyzer 

101 

Single-channel instrument analyzes 
anions including fluoride, chloride, 
nitrite, nitrate, phosphate, and sulfate 
in water, air, and soils. Total analysis 
typically takes less than 20 min be­
cause minimal sample preparation is 
required. Dionex 102 

Pyranometer 
This weatherproof instrument having 
a sensitivity of 100 mY 11000 W Im2 0f 
solar irradiance, may be left in the 
open environment indefinitely. It has 
a response time of I ms, temperature 
compensation of ±1.5% from -20 to 
50 °C, a cosine resp'onse of ±2% from 
o to 700 of incidence, and a linearity of 
±1.0% up to 1400 W 1m2. Hollis 
Geosystems 103 

Dissohed oxygen sensors 
Available as general-purpose models 
or as autoclavable models, these 
mem brane sensors measure percent 
saturation, oxygen pressure, and oxy­
gen concentration in mg/L. Yellow 
Springs Instrument 104 

Need more information about any 
items? If so. just circle the appropriate 
numbers on one of the reader service 
cards bound into this issue and mail in 
the card. No stamp is necessary. 
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PRODUCTS 
Oscillographic chart recorder 
Standard features of this instrument 
include: an event marker, preset re­
cording time or shot length, trace 
identification, grid lines, timing lines, 
and remote control capabilities. It has 
6-24 channels and a maximum writing 
speed of 2000 m/s. Paper speeds vary 
from 10 cmlmin to 4 m/s. Soltec 

105 

High-capacity stack sampler 
Instrument collects gram quantities 
without overloadin~, provides size data 
in four size ranges from 1.5 to II J.l.m, 
fits a 3-in. sampling port, and may be 
used in temperatures up to 1500 0 F. 
Andersen Samplers 106 

Organic vapor meter 
Meter uses a photoionization detection 
system to measure organic vapors in as 
many as 10 remote locations in ranges 
from 0.01 to 2000 ppm. An optional 
recorder provides a permanent record 
of all measured concentrations. Ana­
Iyticallnstrument Development 

107 

Laboratory controller 
Multipurpose controller combines 
timing, equipment controlling, metric 
conversion, and calculating functions 
into a single unit. Three independently 
programmable channels have count­
down capability from 100 h to I s. 
They also sound visual and audible 
alarms, turn lab appliances on and off, 
make unit and metric conversions, and 
perform calculations. Chemtrix 

108 

Companies interested in alistiag in this 
department should send their releases 
directly to Environmental Science & 
Technology, Attn: Products, 1155 
16th St., N. w., Washington, D.C. 
20036 

Solar-powered weather station 
Electronic station can measure up to 
six parameters, including wind speed, 
wind direction, relative humidity, solar 
radiation, and precipitation. It is 
powered by 2-, 4-, or 9-W solar panels 
with a rechargeable battery. The sta­
tion is available with these optional 
measurements: dew point, barometric 
pressure, soil temperature, water 
temperature, wind run, and heated 
precipitation. Climatronics 109 

Transducer 
This is designed for measuring ex­
tremely low differential pressures. It is 
available in ranges from 0-2 in. H20 
to 0-100 psid. Applications include 
combustion analysis, stack draft 
monitoring, and pump-suction mea­
surement. The device uses a linear 
variable differential transformer to 
measure the deflection of a pressure 
capsule. Schaevitz Engineering 112 

Temperature controls 
Designed for on-off or time-propor­
tioning control, these controls provide 
fast temperature sensing in ranges 
from 0 to 1000 0 F. A replaceable, 
plug-in I O-amp relay and a field-con­
vertible 115-230 V ac voltage supply 
are included. United Electric Con­
trols 113 

Chlorophyll field fluorometer 
Accessory converts the Turner field 
fluorometer into a portable chloro­
phyll-measuring instrument, capable 
of detection down to 5 ppt. Algae, 
phytoplankton, diatoms, and dissolved 
organic matter can be measured on­
site. Turner Designs 114 



Chlorine test kit 
Determines free or total chlorine in 
water with a method that is free of in­
terference from chromate. The kit in­
cludes vacuum-sealed, disposable 
ampules containing the premeasured 
reagent DDPD in stable liquid form. 
CHEMetrics 115 

Slurry packing system 
This unit can pack HPLC columns in 
the upward or downward positions. 
Three different solvents can be used 
during the packing process. H PLC 
Technology 116 

Air velocity meters 
Portable units are available in a dozen 
models with both English and metric 
units . These meters measure air ve­
locity, temperature, and pressure. Air 
velocity ranges from 0 to 60 mis, gas 
temperature from -40 to 250°C, and 
static air pressure from 0 to 5 in. water 
can be measured. High-temperature 
models allow operation up to 500 ° F. 
Sierra Instruments 117 

NO, N02, NO, analyzer 
This instrument detects concentrations 
in the 2 ppb- 5.0 ppm range. It exceeds 
all present EPA requirements gov­
erning monitors for oxides of nitrogen. 
Performance specifications are guar­
anteed over the temperature range 01 
10 to 40°C. The analyzer may be op­
erated unattended for at least seven 
days. Columbia Scientific Industries 

118 

Personal computer 
Desk-top model has a CRT that dis­
plays 80 characters and 25 lines. The 
memory capacity is 64 kilobytes of 
RAM . The basic computer includes an 
RS-232 serial port, a parallel port, and 
an RS-232 modem port. Cromemco 

119 

Waste disposal service 
Purchase of a combination storage and 
shipping container for hazardous waste 
includes the right to ship the waste to 
an EPA-approved disposal company 
and have it disposed of by the compa­
ny. The container consists of a 4-L 
glass bottle filled with an absorbent 
and foamed into place in an outer fi­
berboard box. Lab Safety Supply 

120 

HPLC pulse dampeners 
Three different sizes rated at 4000 psi, 
6000 psi, and 10000 psi are available. 
They are compact and hook up with 
standard 1/16-in. fittings. ANSPEC 

121 

H2S gas monitor 
Pocket-sized personal monitor incor­
porates a state-of-the-art sensor and an 
alarm to warn the user of dangerous 
concentrations of H2S. It operates up 
to 2500 h on one 9-V battery. Texas 
Analytical Controls 122 

Electronic recorder 
Housed in a compact case, this moni­
tor continuously records low-level di­
rect current signals. Selectable pen 
response provides standard response of 
one full second for full-scale pen travel 
or an adjustable pen response of 
2- 20 s. Robertshaw Controls 123 

Venus TV cameras 
According to the manufacturer, these 
cameras expand video microscopy 
capabilities by producing high-reso­
lution, high-contrast images at ultra­
low light levels. Light- and heat-sen­
sitive live material can be studied with 
in vivo and in vitro microscopy. Phase 
contrast, differential interference 
contrast, and polarizing microscopy 
can be employed for motion studies. 
Carl Zeiss 124 

Digital thermometer 
According to the manufacturer, this 
meter has an accuracy of ±O.I °C over 
its entire range of -100 to 850°C. It 
has a large 31/z-digit LCD display. A 
9-V battery provides up to 300 h of 
continuous operation. Available ac­
cessories include a calibration unit, 
multiple-probe switch box, carrying 
case, and variety of interchangeable 
probes. Owen Instruments 125 

Standardized concentrates 
These are formulated for more than 75 
volumetric solutions to eliminate the 
drying, weighing, and titrating that are 
usually required in the preparation of 
volumetric solutions. Hellige 126 

HPLC systems 
Two models are available, each with a 
reliable solvent delivery system, high­
pressure sampling valve, and 254-nm, 
fixed-wavelength stable UV detector. 
Model 80-650 has a solvent delivery 
system with a single-piston recipro­
cating pump and built-in phase 
dampener. Model 80-700 has a solvent 
delivery system with a dual-piston 
drive mechanism. GOW-MAC In­
strument 127 

Video cassette data recorder 
Portable recorder has a self-contained 
microcomputer to control a number of 
processes. Because it uses a video cas­
sette, this instrument is capable of re­
cording 14 channels. It is designed for 
use in the field and is resistant to vi­
bration. Six tape speeds range from 
38.1 to 1.19 cm/s, and calibration 
voltages range from 0.2 to 8 V peak. 
Kyowa Dengyo 128 

Stack sampling train 
This is designed to sample gas stream 
effluents isokinetically in accordance 
with EPA standards. Recently a 
number of changes have been incor­
porated, including a digital readout, 
modular Pi tot tube tip, and a I-in. 
manometer mounted on the front 
panel for calibration of the magne­
helics. Andersen Samplers 129 

Portable polarimeter 
Useful for the determination of sugars, 
amino acids, steroids, and other opti­
cally active substances, the polarime­
ter includes several measuring tu.bes 
with varying lengths for specific ap­
plications. It employs a sodium lamp, 
spiral focusing adjustment, and a cir­
cular metal dial with vernier to per­
mit readings accurate to ±O.I 0. 

PolyScience 130 
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LITERATURE 

Tissue culture. Brochure describes 
broad line of apparatus for tissue cul­
ture, with spinner flasks and slow­
speed magnetic stirrers featured. 
Other equipment is also listed. 
Wheaton Scientific 174 

Centrifugal sifter. Bulletin CS-82 de­
scribes high-capacity centrifugal filter 
for the continuous separation of dry or 
moist materials. Can retain particles 
as small as 37 /Lm. Kason 175 

Internal deposition detection. Brochure 
describes chordal thermocouples for 
instrumenting boilers in order to detect 
internal deposition. Babcock & 
Wilcox 176 

Diaphragm valves. Bulletin 4250-
DQ4B describes '/4-turn diaphragm 
valves for fluid shut-off at up to 3000 
psig. Parker Hannifin 177 

Fuel cell systems. Technical brochure 
gives an overview of basic types of fuel 
cell systems, and a detailed description 
of a solid polymer electrolyte-phos­
phoric acid fuel cell system. Engel­
hard 178 

CO monitor. Brochure describes the 
Land 8000 carbon monoxide (CO) 
monitor and explains its application in 
situations in which cost-effective 
combustion monitoring is essential. 
Sensitive to fuel-air ratio changes. 
Land Combustion 179 

Water conservation in coolers. Bulletin 
RC explains why recirculating coolant 
enhances temperature control more 
reliably than tap water, and can con­
serve water, and reduce "down time" 
for cleaning or water shortages. FTS 
Systems 180 

Water treatment glossary. Booklet, 
Item TS-69, defines water treatment 
terms from "absolute pressure" to 
"zeolite." Mogul 181 

Need more information about any 
items? Ifso, just circle the appropriate 
numbers on one of the reader service 
cards bound into this issue and mail in 
the card. No stamp is necessary. 
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Filtration systems. Booklet features 
full line of medium- and high-tech­
nology filtration systems that meet a 
broad range of specifications. Dispos­
able or reusable filter elements are 
offered; many industrial needs are met. 
Brunswick Technetics 182 

Sample preparation. Data sheet 
PDS-0982 describes sample grinding, 
blending, and briquetting additives and 
techniques to give a preweighed cap­
sule or bulk powder. Chemplex In­
dustries 183 

Solar fiberglass. Brochure describes 
SUN-LITE, a fiberglass-reinforced 
material originally made for solar 
heating. It is useful for aquaculture 
tanks, industrial research, and other 
applications. Solar Components 

184 

Sodium aluminate. Brochure tells why 
sodium aluminate can be more effec­
tive than lime for wastewater treat­
ment and why it cuts chemical costs 
and produces far less sludge. Vinings 
Chemical 185 

Portable instruments. Brochure lists 
line of instruments for air sampling, air 
velocity, mass flow, and other uses. 
Kurz Instruments 186 

Radioactivity SRMs. Release an­
nounces availability of standard ref­
erence materials (SRMs) for radio­
activity such as technetium-99. Office 
of Standard Reference Materials, 
B311 Chemistry, National Bureau of 
Standards, Washington, D.C. 20234 
(write direct) . 

Wood fuel: A threat? "Wood as Home 
Fuel: A Source of Air Pollution" ex­
plains why and how. American 
Council on Science and Health, 47 
Maple St., Summit N.J. 07901 (write 
direct). 

Innovative energy efforts. Directory 
lists innovative energy efforts by util­
ities. Madalyn Cafruny, American 
Public Power Association, 2301 M St., 

N.W., Washington, D.C. 20037 (write 
direct). 

"Priority products." Advertising sec­
tion in ES & T will help user reach 
87500 readers at low cost. CENT­
COM, Ltd., P.O. Box 231, Westport, 
Conn. 06881 (write direct, or phone 
203-226-7131 ). 

Renewable energy's side effects. Study, 
"Side Effects of Renewable Energy," 
shows where environmental problems 
could crop up. Science Division, Na­
tional Audubon Society, 950 Third 
Ave., New York, N.Y, 10022 (write 
direct). 

Water conservation. DWR Bulletin 
198-82 sets forth recommended water 
conservation steps for the present and 
future. California Department of 
Water Resources, Room 1115-16, 
Resources Building, 1416 Ninth St., 
Sacramento, Calif. 95814 (write di­
rect, or phone 916-445-450 I). 

Industry studies. Brochures list in­
dustry studies scheduled for 1983. 
Predicasts, 1100 I Cedar Ave., Cleve­
land, Ohio 44106 (write direct). 

Solvent recovery. Flyer announces 
study, "Solvent Recovery in the 
U.S.-Demand, Capacity, and Pric­
ing, 1980-1995." First comprehensive 
look at this field , Victor Johnson, 
Harding Lawson As~ociates, 6300 
Westpark Dr., Suite 100, Houston, 
Tex. 77057 (write direct). 

RCRA financial requirements. Pam­
phlet summarizes federal financial 
requirements for hazardous waste fa­
cilities, pursuant to RCRA, that came 
into effect in 1982. Single copies 
available. Office of Solid Waste and 
Emergency Response, U.S. EPA, 
Washington, D.C. 20460 (write direct, 
or phone 800-424-9346; 382-3000 
in Washington, D.C.). 

Companies interested in B listing in this 
department should send their releases 
directly to Environmental Science & 
Technology, Attn: Literature, 1155 
16th St., N. w., Washington, D.C. 
20036 



The Clean Water Act: The Second 
Decade. Morris A. Ward. 54 pages. E. 
Bruce Harrison Co., Inc., Suite 900, 
605 14th St., N.W., Washington, D.C. 
20005. 1982. $11.95. 

This book presents a section-by­
section analysis of the existing water 
law and its regulations in layman's 
language. It also gives a history of U.S. 
water resources legislation and a 
summary of water resource and qual­
ity issues that will be increasingly dis­
cussed. 

Manual on Water (STP 442A). C. E. 
Hamilton. Contains 18 papers, 471 
pages. ASTM, 1916 Race St., Phila­
delphia, Pa. 19103. 1982. $28.50 (20% 
discount for ASTM members). 

This manual consists of information 
on the influence of water on various 
industries. It is a guide to the kind of 
water planning needed at executive 
and investment levels of management. 
Certain operations, such as sampling 
under various conditions, are in­
cluded. 

Indoor Air Pollution. Richard A. 
Wadden, Peter A. Scheff. 213 pages. 
John Wiley & Sons, Inc., 605 Third 
Ave., New York, N.Y. 10158. 1983. 
$39.95, hardcover. 

More than 80% of most individuals' 
time is spent indoors. With tighter in­
sulation in buildings, pollution con­
centrations in internal spaces could rise 
to hazardous levels, the authors say. 
They look at the dangers posed by 
cigarette smoke, particle board, ce­
ment, and other materials, and by oven 
exhausts and other sources. 

Ionizing Radiation: Sources and Bio­
logical Effects. 773 pages. United 
Nations Industrial Development Or­
ganization, P.O. Box 300, A-1400 
Vienna, Austria. 1982. Inquire as to 
price. Paper. 

Ionizing radiation emanates from 
both natural and man-made sources. 
This work examines these sources and 
assesses levels and dosages. It also 
discusses both genetic and somatic 
effects of ionizing radiation, under the 
heading of new developments in ra­
diobiology. 

BOOKS 

Carcinogens and Mutagens in the En­
vironment. Vol. I, "Food Products." 
Hans F. Stich, Ed. 320 pages. CRC 
Press, Inc., 2000 Corporate Blvd., 
N.W., Boca Raton, Fla. 33431. 1982. 
$89.50, hardcover. 

This work discusses epidemiological 
evidence, carcinogens and mutagens in 
food, and methodological and regula­
tory issues. Among more detailed 
topics covered are life-style and cancer 
etiology, dietary fat relationships to 
cancer, metabolic activation, myco­
toxins, analysis, and regulatory ap­
proaches. 

Trace Elements in Coal. Vlado Val­
kovic, Ed. 272 pages (Vol. I) and 304 
pages (Vol. 2)., CRC Press, Inc., 2000 
Corporate Blvd., N.W., Boca Raton, 
Fla. 33431, 1983. Vol. I, $74; Vol. 2, 
$81 (prepublication). Outside U.S., 
$85 and $93, respectively, hard­
cover. 

These volumes discuss the nature 
and mode of trace-element occurrence, 
analysis, concentrations, and envi­
ronmental implications. These trace 
elements can also contain radionu­
c1ides. The need for environmentally 
acceptable coal utilization techiques is 
strongly emphasized. 

Solar Age. Bruce Anderson. Executive 
Ed. Monthly periodical. P.O. Box 985, 
Farmingdale, N.Y. 11737. $24/y, or 
$59 for 3 y. 

This magazine looks at active and 
passive homes, retrofit homes, solar 
cooling, performance ratings, and 
many other aspects of solar energy 
from a technical and business stand­
point. 

Journal of Atmospheric Chemistry. 
P. J. Crutzen, D. H. Ehhalt, Eds. Pe­
riodical. D. Reidel Publishing Co., 
P.O. Box 17, 3300 AA Dordrecht, The 
Netherlands, $34jy, personal; $74jy, 
institutional. 

This journal will publish original 
work on modeling, physicochemical 
processes, roles of biogeochemical cy­
cles, laboratory studies, transformation 
processes, instrumentation, and other 
subjects devoted to the chemistry of 
the atmosphere from the earth's sur­
face to about 100 km in altitude. 

Carbon Dioxide: Friend or Foe? 
Sherwood B. Idso. 96 pages. IBR 
Press, 631 East Laguna Dr., Tempe, 
Ariz. 85282. 1982. $9.95, paper. 

This book examines the controversy 
as to whether increased atmospheric 
carbon dioxide will alter the earth's 
climate. It also discusses agricultural 
matters. 

Floc Property Effects on Sludge De­
watering Characteristics. William R. 
Knocke, Douglas L. Wakeland. Bul­
letin 133. 65 pages. Virginia Water 
Resources Research Center, 617 
North Main St., Blacksburg, Va. 
24060-3397. 1982. $6 ($8 if billed); 
single copies free within Virginia. 

Topics covered include floc particle 
size, water content analysis, waste 
source descriptions, tests to determine 
if sludge can be properly handled, 
solids determination, and other as­
pects. 

Enrironmental Health Perspectires. 
Vol. 46, December 1982. "Drinking 
Water Disinfectants." George W. 
Lucier, Gary E. R. Hook, Eds. 241 
pages. Superintendent of Documents, 
U.S. Government Printing Office, 
Washington, D.C. 20402. 1982. $8, 
paper. 

Among subjects considered are 
chlorine dioxide, N-chloramines, mu­
tagenic activity by disinfectant reac­
tion products, trihalomethane and 
behavioral toxicity, and carcinogenic 
risk estimation. There are 27 papers on 
these and related topics. The volume 
stems from a symposium on drinking 
water disinfectants and disinfectant 
by-products. 

Ozonization Manual for Water and 
Wastewater Treatment. W. J. Mas­
schelein, Ed. xi + 324 pages. John 
Wiley & Sons, Inc., 605 Third Ave., 
New York, N.Y. 10016. 1982. $41.95, 
hardcover. 

This book is divided into parts dis­
cussing ozone generation, water ozon­
ization principles, practical aspects, 
and ozone analysis. Critical questions 
in ozone practice, costs, new develop­
ments, and flow sheets are also pre­
sented. The editor is president of the 
European Committee of the Interna­
tional Ozone Association. 
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MEETINGS 
Aprir21 Washington, D.C. 
Complying with New Requirements for 
Radioactive Materials Transport. 
Hazardous Materials Advisory 
Council 

Write: HMAC, 1100 17th St., N.W., 
Washington, D.C. 20036; (202) 223-
1271 

April25-27 Roanoke, Va. 
37th Annual Meeting. Virginia Water 
Pollution Control Association 
(VWPCA) 

Write: G. David Waltrip, VWPCA, 
P.O. Box 5000, Virginia Beach. Va. 23455; 
(804) 460-2661 

April26 Bear Mountain, N.Y. 
Alternatives to Land Burial-A Review 
of Innovative Hazardous Waste Man­
agement Techniques. New York State 
Environmental Facilities Corp. and 
others 

Write: Diana M. Hinchcliff, New York 
State Environmental Facilities Corp., 50 
Wolf Rd., Albany, N.Y. 12205; (518) 
457-4222 

May 2-4 Pittsburgh, Pa. 
4th Annual Symposium of Emiron­
mental Epidemiology. University of 
Pittsburgh 

Write: Josephine B. Hatley, Graduate 
School of Public Health, University of 
Pittsburgh, Pittsburgh, Pa. 15261 ; (412) 
624-1559 

May 2-4 Fort Mitchell, Ky. 
9th Annual Research Symposium on 
Land Disposal, Incineration, and 
Treatment of Hazardous Waste. 
EPA 

Write: David Shultz or Cathy Murillo, 
Southwest Research Institute, P.O. 
Drawer 28510, San Antonio, Tex. 78284; 
(512) 684-51 II 

May 9 West Lafayette, Ind. 
Particles in Water: Surfaces and In­
teractions. Association of Environ­
mental Engineering Professors 

Write: Desmond Lawler, Department of 
Civil Engineering ECJ 8.6, University of 
Texas, Austin, Tex. 78712 

May 10-12 West Lafayette, Ind. 
38th Annual Purdue Industrial Waste 
Conference. Purdue University 

Write: J. D. Wolszon, Purdue Industrial 
Waste Conference, Civil Engineering 
Bldg., Purdue University, West Lafayette. 
Ind. 47907; (317) 494-2194 
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May 12-13 Las Vegas, Nev. 
The Management and Disposal of 
Hazardous and Chemical Wastes. J. T . 
Baker Chemical Co. 

Write: Anne Logan, J. T. Baker Chem­
ical Co., 222 Red School Lane, Phillips­
burg, N.J. 08865; (201) 454-2500 

May 16-17 Arlington, Va. 
Superfund Update: Cleanup Lessons 
Learned. Center for Energy and En­
vironmental Management (CEEM) 

Write: Penny Dimler, CEEM, P.O. Box 
536. Fairfax, Va. 22030; (800) 424-9068 
or (703) 250-5900 

May 16-18 Jekyll Island, Ga . 
13th Annual Symposium on the Ana­
lytical Chemistry of Pollutants. EPA 
and others 

Write: Elaine McGarity. U.S. Envi­
ronmental Protection Agency. Environ­
mental Research Laboratory, Athens, Ga. 
30613; (404) 546-3184 

May 18-19 Grand Forks, N .D. 
12th Biennial Lignite Symposium. 
University of North Dakota 

Write: Dawn Botsford, Division of 
Continuing Education, Box 8277 Uni­
versity Station, Grand Forks, N.D. 58202; 
(701) 777-2663 

May 22-26 Washington, D.C. 
6th Ozone World Congress. Interna­
tional Ozone Association 

Write: Kathleen Loomis. International 
Ozone Association, Tower Suite 510, 301 
Maple Ave. West, Vienna, Va. 22180; 
(703) 255-2210 

May 23-24 San Francisco, Calif. 
Siting New Industry: Solving the En­
vironmental Equation. The Conserva­
tion Foundation 

Write: The Conservation Foundation, 
1717 Massachusetts Ave .. N.W .• Wash­
ington, D.C. 20036; (202) 797-4300 

May 25-26 Minnetonka, Minn. 
Water Purification Seminar. Osmon­
ics, Inc. 

Write: Natalie Hahn, Osmonics. Inc., 
5951 Clearwater Dr., Minnetonka. Minn. 
55343; (612) 933-2277 

May 26-31 Detroit, Mich. 
149th National Meeting: Science and 
Engineering-Toward a National Re­
naissance. American Association for 
the Advancement of Science 

Write: Joan Wrather, American Asso­
ciation for the Advancement of Science. 
1515 Massachusetts Ave .. N.W., Wash­
ington, D.C. 20036 (202) 467-5441 

May 30 Baltimore, Md. 
Symposium on Groundwater Flow and 
Solute Transport in Fractured Rocks. 
American Geophysical Union 

This symposium is a part of the AGU 
Spring Annual Meeting. Write: American 
Geophysical Union, 2000 Florida Ave., 
N.W., Washington, D.C. 20009; (202) 
462-6903 

June 10-12 Plattsburgh, N .Y. 
Acid Rain Symposium. Plattsburgh 
State University 

Write: Bette S. Brohel, State University, 
Plattsburgh , N.Y. 12091 ; (518) 564-
2050 

June 20-24 Atlanta, Ga. 
76th Air Pollution Control Association 
(APCA) Annual Meeting & Exhibition. 
APCA 

Write: Air Pollution Control Associa­
tion, P.O. Box 2861, Pittsburgh, Pa. 
15230-2861; (412) 621-1090 

COURSES 

Apri121-22 Arlington, Va. 
Environmental Laws and Regula­
tions-Update Course. Government 
Institutes, Inc. 

Fee: $565. Write: Governmental Insti­
tutes, Inc., 966 Hungerford Dr., No. 24, 
Rockville, Md. 20850; (301) 251-9250 

April 25-26 Madison, Wis. 
Transport, Storage, Handling, and 
Cleaning of Drums at Industrial and 
Hazardous Waste Facilities. Univer­
sity of Wisconsin-Extension 

Fee: $255. Write: John T. Quigley, De­
partment of Engineering, University of 
Wisconsin- Extension, 432 North Lake 
St., Madison, Wis. 53706; (608) 262-
0820 

May 4-7 Lake Geneva, Wis. 
Short Course on Co-oxidation, Auto­
oxidation, Selenium, Anti-oxidation, 
and Cancer. American Oil Chemists 
Society (AOCS) . 

Write: Meetings Coordinator, AOCS, 
508 South Sixth St., Champaign, III. 
61820; (217) 359-2344 

May 16-20 Cincinnati, Ohio 
Environmental Analysis by Atomic 
Spectroscopy. Janet Van Doren Fin-
nigan MAT Institute ' 

Fee: $850. Write: Nancy Kranpitz, 
R~glstrar, Finnigan MAT Insti tute, II 
Tnangle Park Dr., Cincinnati, Ohio 45246' 
(513) 772-5500 ' 

May 17-18 Kansas City, Mo. 
Controlling Air Pollution. University 
of Missouri and others 

Fee: $225. Write: Brenda Bryson, Uni­
versity of Missouri, 1020A Engineering 
Bldg., Columbia, Mo. 65211; (314) 882-
3088 

(continued on p. 188A) 
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May 17-20 Seattle, Wash. 
Quality Assurance for Ambient Air 
Monitoring. Northrop Environmental 
Training 

Fee: $585. Write: Registrar, Northrop 
Environmental Training, P.O. Box 12313, 
Research Triangle Park, N.C. 27709; 
(919) 549-0652 

May 18-19 St. John's, Newfound­
land, Canada 
Occupational Health and Safety. Me­
morial University of Newfoundland 

Write: Director, Continuing Engineer­
ing Education Center, Memorial Univer­
sity of Newfoundland, St. John's, New­
foundland AI B 3X5, Canada; (709) 
737-7467 

May 18-20 Philadelphia, Pa. 
3-Day Stack Sampling and Particle 
Sizing Seminar. Andersen Samplers 
Inc. 

Fee: $395. Write: Ralph Bulger, An­
dersen Samplers Inc., 4215 Wendell Dr., 
Atlanta, Ga., 30336; (800) 241-6898 

May 23-25 Washington, D.C. 
Computer Analysis of Satellite Data 
for Vegetation Mapping and Enyiron­
mental Monitoring. The George 
Washington University 

Fee: $685. Write: The George Wash­
ington University, School of Engineering 
and Applied Science, Washington, D.C., 
20052; (202) 676-6106 or (800) 424-
9773 

May 24-26 Washington, D.C. 
Practical Enyironmental Law. Uni­
versity of Denver College of Law 

Fee: $675. Write: J. K. Van Wycks, 
Seminar Division Office, 5th Floor South, 
1120 20th St., N.W., Washington, D.C. 
20036; (202) 337-7000 

May 26-27 Bronx, N.Y. 
Quality Models of Natural Water 
Systems. Manhattan College 

Fee: $200. Write: Kathryn King, Pro­
gram Coordinator, Environmental Engi­
neering & Science Program, Manhattan 
College, Bronx, N.Y. 10471; (212) 920-
0277 

June 14-17 Quebec City, Canada 
Acid Rain and Forest Resources Con­
ference. Canadian Forestry Service 
and others 

Write: Claude Gendreau, chairman, 
Arrangements Committee, Acid Rain and 
Forest Resources Conference, Lauretian 
Forest Research Centre, Environment 
Canada, P.O. Box 3800, 1080 Route du 
Vallon, Sainte-Foy, Quebec G I V 4C7, 
Canada 

August 17-24 Estes Park, Colo. 
International Humic Substances So­
ciety Meeting. USDA, Soil Conser­
vation Service, U.S. EPA, USGS, and 
International Humic Substances So­
ciety 

Write: Ronald L. Malcolm, U.S. Geo­
logical Survey, Box 25046, MS 407, Den­
ver, Colo. 80225; (303) 234-3975 

INTERNATIONAL 

May 17-19 Geneva, Switzerland 
Second International Conference on 
Photoyoltaic Business Deyelopment. 
Monegon, Ltd. 

Fee: $1200. Write: Peter Grambs, Mo­
negon, Ltd., Photovoltaics Business De­
velopment Conference, 4 Professional Dr., 
Gaithersburg, Md., 20879; (301) 258-
7540 

May 24-26 Jerusalem, Israel 
2nd International Conference on 
Ecology and Enyironmental Quality. 
The Israel Ecological Society 

Write: H. Shuval, chairman, Israel 
Ecological Society, Hebrew University­
Hadassah Medical School, P.O. Box 1172, 
Jerusalem, Israel 

May 30-June 3 Parkville, Victoria, 
Australia 
International Conference on Chroma­
tographic Detectors. C.S.I.R.O., 
Melbourne University, and others 

Write: The Secretary, International 
Conference on Chromatographic Detec­
tors, University of Melbourne, Parkville, 
Victoria, Australia 3052 

INDEX TO THE ADVERTISERS IN THIS ISSUE 

CIRCLE 
INQUIRY NO. PAGE NO. 

•••••• Martek Instruments, Inc. • .• OBC 
Tekmar Marketing Services 

PROFESSIONAL CONSULTING 
SERVICES DIRECTORY .•••...•.. l87A 

Advertising Management for the 
American Chemical Society Publications 

CENTCOM, LTD. 

Thomas N. J. Koerwer, President 
James A. Byrne, Vice President 
Alfred L. Gregory, Vice President 
Clay S. Holden, Vice President 
Benjamin W. Jones, Vice President 
Robert L. Voepel, Vice President 
Joseph P. Stenza, Production Director 

25 Sylvan Road, South 
P.O. Box 231 
Westport, Connecticut 06881 
(Area Code 203) 226-7131 
Telex No. 643-310 

l88A Environ. Sci. Technol., Vol. 17, No.4, 1983 

ADVERTISING SALES MANAGER 

JAMES A. BYRNE 

ADVERTISING PRODUCTION MANAGER 
GERI P. ANASTASIA 

SALES REPRESENTATIVES 

Philadelphia, Pa, . . CENTCOM, LTD., GSB Build­
ing, Suile 425, 1 Belmont Ave., Bala Cynwyd, 
Pa 19004 (Area Code 215) 667-9666 

New York, N.Y .... CENTCOM, LTD., 60 E. 42nd 
Street, New York 10165 (Area Code 212) 
972-9660 

Westport, Ct. ... CENTCOM, L TO., 25 Sylvan Road 
South, P.O. Box 231, Westport, Gt 06881 (Area 
Code 203) 226-7131 

Cleveland, Oh. ... Bruce Poorman, CENTCOM, 
L TO., 325 Front St., Suite 2, Berea, OH 
44017 (Area Code 216) 234-1333 

Chicago, III .... Bruce Poorman, CENTCOM, LTD., 
540 Frontage Rd., Northfield, III 60093 (Area 
Gode 312) 441-6383 

Houston, Tx .... Dean A. Baldwin, CENTCOM, LTO., 
(Area Code 713) 667-9666 

San Francisco, Ca .... Paul M. Butts, CENTCOM, 
LTD., Suite 112, 1499 Bayshore Highway, 
Burlingame, CA 90410. Telephone 415-
692-1218 

Los Angeles, Ca .... Clay S. Holden, CENTCOM, 
LTD., 3142 Pacific Coast Highway, Suite 200, 
Torrance, CA 90505 (korea Code 213) 325-
1903 

Boston, Ma, . .. CENTCOM, L TO. (Area Code 212) 
972-9660 

Atlanta, Ga ... Donald B. Davis, CENTCOM, L TO., 
Phone (Area Code 203) 226-7131 

Denver, Co .... Clay S. Holden, CENTCOM, LTO' 
(Area Code 213) 325-1903 

United Kingdom: 
Reading, England- Technomedia. Ltd. 

Wood Cottage, Shurlock Row, Reading 
RG10 OQE, Berkshire, England 0734-343302 

Lancashire, England-Technomedia. Ltd . . 
c/o Meconomics Ltd., Meconomics House, 
31 Old Street, Ashton Under Lyne, Lan­
cashire, England 061-308-3025 

Continental Europe .. Andre Jamar, Rue Mallar 1, 
4800 Verviers, Belgium. Telephone (087) 
22-53-85. Telex No. 49263 

Tokyo, Japan . .. Shigeo Aoki, International Media 
Representatives Ltd .. 2-29, Toranomon 1-
Chrome, Minatoku, Tokyo 105 Japan. Tele­
phone: 502-0656 



Distribution Profiles of Chloroform, Weak Organic Acids, and PCBs on 
Granular Activated Carbon Columns from Waterford, New York 

Katherine Alben' and Eugene ShpIrI 

Center for Laboratories and Research, New York State Department of Health, Albany, New York 

• Profiles are given for the distribution of chloroform, 
weak organic acids, and polychlorinated biphenyls (PCBs) 
on granular activated carbon (GAC) samples from four 
pilot columns, placed in series and operated for 26 weeks 
at Waterford, NY. Chloroform and the weak organic acids 
are found at or near saturation through most of the GAC 
system, whereas the PCBs are accumulated only at the 
inlet. The extent of saturation achieved by these com­
pounds is consistent with differences in their mass inputs 
and GAC capacities. However, irregularities in adsorption 
of these substances are evident in localized depletions of 
chloroform and the weak organic acids at the inlet to the 
system. Displacement of chloroform from the GAC inlet 
after 26 weeks' operation is confirmed by analysis of 
breakthrough data for the trihalomethanes. 

Granular activated carbon (GAC) is often monitored for 
evidence of column breakthrough based on comparative 
analyses of influent and effluent water samples. This 
strategy is appropriate to assess final water quality and 
the overall efficiency of the GAC adsorber. In the case of 
a potable water supply being treated for compounds whose 
maximum contaminant levels are defined, such informa­
tion is essential. It is the purpose of this paper to show 
that detailed examination of GAC samples, as much as the 
analysis of water samples, can be used to advantage to 
understand GAC performance under complex treatment 
plant conditions. 

From a mass transfer viewpoint, the saturation of an 
adsorbent such as GAC parallels breakthrough to the ef­
fluent. The saturation of a GAC bed can be deduced from 
breakthrough data by analyzing water samples collected 
along the length of a column. This approach has been used 
to study mass transfer zones for phenolic compounds (1) 
and for volatile trichloroethylene (2) through fixed beds 
ofGAC. 

Direct analysis of GAC samples, also taken along the 
length of a column, is an alternative approach. Distribu­
tion profiles have been obtained for volatile and semivo­
latile organics obtained in solvent extracts of GAC samples 
(3,4) . Cases have also been reported where the distribu­
tion profile for total organic halogen was determined from 
microcoulometric analysis of pyrolyzed GAC samples (3, 
5, 6). Generally the highest surface concentrations were 
found at the inlet to the columns studied. However, in a 
few instances, depletions of chloroform, dichloroethane, 
dichloropropane, trichloroethylene, bis(2-chloroisopropyl) 
ether (3), and total organic halogen (5) were observed at 
the column inlet. These results indicate that uniform 

saturation of a GAC bed is not necessarily achieved in a 
chemically complex system. 

For this project, simi1ar postrun analyses were performed 
on GAC samples taken from pilot columns at the Water­
ford, NY, potable water treatment plant. Methods of 
sample preparation and instrumental analysis were se­
lected (or developed, when necessary) to study the diversity 
of organics adsorbed on the GAC pilot columns: chloro­
form and other volatile organics; semivolatile Arodors 1016 
and 1254 added as a spike to the GAC influent; polar 
nonvolatile organic acids. Sample chromatograms were 
inspected to identify compounds whose concentrations 
changed as a function of distance through the GAC col­
umns. Distribution profiles were constructed for the 
different compounds to obtain a case history for GAC 
saturation and to look for evidence of displacement. 

Experimental Section 
Design and Operation oC Pilot Columns. The pilot 

columns at Waterford, NY, have been described elsewhere 
(7, 8). Data for this paper were obtained from samples 
taken from four columns (10 cm i.d., 212 cm long) operated 
in series. The columns were each filled with 3900 g of 
Calgon F400 to a bed depth of 120 cm. Water from the 
Hudson River was taken after prechlorination and sand 
filtration and pumped onto the columns at a rate of 76 
Llh, resulting in a total empty-bed contact time of 30 min. 
The GAC influent was continuously spiked at 1 p.g/L with 
a 50:50 mixture of Aroclors 1016 and 1254, until the last 
week, when their influent concentration was increased to 
10 p.g/L. The pilot column experiments were terminated 
after 26 weeks', operation. 

Sample Collection_ When the pilot columns were shut 
down, they were divided into 20-cm sections and labeled 
for sampling. At a given distance, six samples were taken 
from a column cross section for replicate thermal desorp­
tion analyses (8). A custom-made auger was used to work 
through the columns in increments of 20 cm; the sections 
of intervening material were stored in a refrigerator for 
related analyses (e.g., elemental distributions by energy­
dispersive X-ray fluorescence, and bacterial distributions 
(9». 

Volatile Organics. Several methods were used to an­
alyze the GAC samples for volatile organics. The first set 
was analyzed by thermal desorption-packed column GC, 
and results were confirmed by mass spectrometry (MS) 
(8). 

For comparison, a second set of samples were solvent 
extracted by a microscale analytical procedure. Approx-
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imately 25 mg of GAC was weighed into a glass capillary 
tube (2 mm i.d., 6 mm O.d., 12.7 cm long) sealed at one end. 
Methylene chloride (30 jtL) was added, and the sample end 
of the tube was frozen in liquid nitrogen. The tube was 
quickly sealed at its other end and placed in an ultrasonic 
bath for 30 min. Just prior to analysis the tube was broken 
with a sharp file and 2 jtL of extract withdrawn in a syr­
inge. Data were acquired on a Perkin-Elmer Sigma 1 GC 
with a flame ionization detector. Organics were separated 
on a 40-m SF 96 glass capillary column, held at -30 ·C for 
5 min and then heated by a programmed temperature 
change from 5 to 200·C at 6 ·C/min. Helium carrier gas 
was supplied at 20 psi to achieve a linear velocity of about 
25 cm/s. 

In addition, influent and effluent water samples for each 
of the four GAC columns were independently analyzed for 
total (instantaneous) trihalomethanes (7), following es­
tablished procedures (10). 

Polychlorinated Biphenyls (PCBs). To determine 
the concentration of Aroclors 1016 and 1254, GAC samples 
(approximately 20 g) were Soxhlet-extracted overnight in 
methylene chloride. The extracts were concentrated with 
a Kuderna-Danish and Snyder column, and the methylene 
chloride was exchanged for hexane. The PCBs were fur­
ther separated from interferring background material by 
a Florisil cleanup procedure, and the final hexane extracts 
were analyzed by extablished GC methods with electron­
capture detection (11). 

Organic Acids. Acids were eluted from the carbon 
samples (approximately 40 g each) with three 25-mL ali­
quots of 0.1 N NaOH, allowing 15-min contact time each. 
The extracts were analyzed by pH gradient HPLC, fol­
lowing a procedure developed for separation of humic 
substances into characteristic fractions of weak and strong 
organic acids (12). A 100-cm column of XAD-8, ground 
and sieved between 45 and 75 jtm, was slurry packed in 
methanol and installed in a Spectra Physics 8000 liquid 
chromatograph. After sample injection (25 jtL) the column 
was eluted at 1 mL/min with a linear gradient from 0.1 
N H3PO. (held for 1 min) to 0.1 N NaOH at 30 min (held 
for 15 min). The column effluent was monitored by 
measuring the UV absorbance at 254 nm. 

Quantitation of the organic acids was based on mea­
surements of dissolved organic carbon. GAC fines were 
removed from sodium hydroxide extracts of GAC samples 
by using 0.45-jtm membrane filters. The filtrates were 
analyzed for dissolved organic carbon (DOC) on an 
Oceanography International carbon analyzer, following 
standard procedures (13). 

For additional characterization <;>f the organic acids, 0.1 
N sodium hydroxide extracts were chlorinated with com­
mercial solutions of sodium hypochlorite at chlorine to 
carbon mole ratios of 0.7-2.2. The initial and final con­
centration of hypochlorite were determined by titration 
(14). After 3 days, chlorinated samples and blanks were 
analyzed for trihalomethanes by liquid-liquid extraction 
with electron-capture gas chromatography (10) . 

Results and Discussion 
Volatile Organics: Chloroform. Chromatograms for 

replicate GAC samples, analyzed for volatile organics by 
thermal desorption-packed-column GC and solvent ex­
traction-capillary column GC, are given in Figures 1 and 
2. Regardless of the methods of sample preparation and 
analysis, chloroform was the major volatile organic com­
pound found on the GAC samples. 

Profiles for the distribution of chloroform obtained by 
the two GC procedures are compared in Figure 3. The 
results are qualitatively the same. Chloroform was at or 
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Figure 2. Solvent extraction-<:apillary-coiumn gas chromatograms for 
volatiles adsorbed on GAC samples from column 1. 
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Figure 3. Profiles for distribution of chloroform on columns 1-4. 
Resu~s from thermal desorption-packed column GC analysis were 
obtained 1 month after the pilot column shut down. Resu~s from 
solvent extraction-capillary column GC analysis were obtained 9 
months after shutdown. 

near saturation in all of the columns except the first. 
However, the chloroform concentration was lowest (ap-
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figure 4. Break1lv'ough data for TIHMs on pilot columns 1-4, based 
on data from ref 7, Figure 12. 

proximately 5-36% of saturation) at the inlet to the first 
column. 

Quantitatively, the maximum GAC surface concentra­
tion for chloroform in Figure 3 was determined to be 2.3 
:!: 0.2 mg of CHCla/g of GAC by thermal desorption and 
1.5 :!: 0.2 mg of CHCla/g of GAC by solvent extraction. 
The difference between our two values for the chloro­
form-GAC surface concentrations could be the result of 
sample losses during the 8 months between determinations 
and/or of better resolution of chloroform by the capillary 
system used to analyze the solvent extracts. Evidence has 
also been found that chloroform concentrations are 
15-45% greater in water samples analyzed by direct in­
jection than in replicates analyzed by the purge-and-trap 
procedure (14). In this case, the difference was attributed 
to thermal decomposition of nonpurgeable organics in the 
hot injection port of the GC. In a similar manner, thermal 
decomposition could have resulted in enhancement of 
chloroform determined by thermal desorption of GAC 
samples, compared to solvent extraction. 

For comparison, equilibrium capacities of 0.2-2 mg of 
CHCla/g of GAC have been reported elsewhere for solu­
tions containing 10-100 ~ of CHCla/L (15). We have also 
recently determined adsorption isotherms for chloroform 
on Calgon F400, 10(}-200 mesh, allowing 7 days to achieve 
equilibrium (15). The results were fit by a log-log plot of 
GAC surface concentration (mg/g) vs. solution concen­
tration (I'g/L) with a coefficient of linearity of 0.95 for N 
= 24 experimental points: the Freundlich constants were 
l/n = 0.75 and KF = 0.096 (16). Thus our results give 
equilibrium capacities of 0.5-3.0 mg of CHCla/g of GAC 
for solutions containing 10-100 I'g of CHCla/L. 

Other compounds less volatile than chloroform are noted 
from the sample chromatograms to be concentrated pri­
marily at the inlet to the GAC columns (Figures 1 and 2). 
Some of these compounds have been tentatively identified 
by thermal desorption-GC-MS analysis as butanamide, 
pyridine, toluene, chlorobenzene, chlorofluorobenzene, and 
ethylbenzene-xylene isomers (8). Since different columns 
were used for GC and GC-MS analyses, peaks other than 
chloroform are not identified in the GC-FID chromato­
grams. However, some of these compounds have been 
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figure 5. CumulaUve adsorption of TTHMs on plot columns 1-4, based 
on data from ref 7 Figure 12. 
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Figure 8. Comparison of distribution profiles obtained for chloroform 
(based on solvent extraction capillary GC-FID data In Figure 3) and 
ITHMs (based on data from ref 7, Figure 12). 

recently reported elsewhere in similar GC-MS analyses by 
thermal desorption and solvent extraction of GAC samples 
(17). 

For comparison to the chloroform distribution profIles, 
the breakthrough curves for total (instantaneous) tri­
halomethanes (TTHMs) are given in Figure 4 (7). The 
first and second columns are noted to have reached com­
plete breakthrough (effluent = influent) at 6 and 15 weeks, 
respectively, whereas the third and fourth columns were 
near complete breakthrough at 24 weeks. 

Average TTHM-GAC surface concentrations as a 
function of time are given in Figure 5. To obtain these 
results, the mg of TTHM applied were calculated by in­
tegrating each colwnn's influent and effluent breakthrough 
curves, taking the difference, and multiplying by the total 
volume of water treated (1.27 x 104 L/week). The mg of 
TTHM applied were then divided by the amount of GAC 
in a colwnn (3900 g) to determine the average GAC surface 
concentration. 

The results in Figure 5 show qualitatively that trends 
in TTHM-GAC surface concentrations for the four col­
umns resemble trends in the chloroform-GAC data. The 
first and second columns are noted to have a relatively high 
TTHM-GAC surface concentration when they initially 
reached complete breakthrough at 6 and 15 weeks, re­
spectively. However, after 24 weeks the average TTHM­
GAC surface concentration of the first column had dra­
matically decreased. 

In Figure 6 the final CHCla and TTHM distribution 
profiles from the different methods of analysis are com­
pared. Points for the CHCla profIle represent the average 
of three points plotted for each colwnn in Figure 3 by using 
the solvent extraction-capillary GC-FID data. Reasons 
for using this set of data have been discussed above. Points 
for the TTHM profIle are taken from results in Figure 5, 
corresponding to 24 weeks' operation. Both distribution 
profiles provide evidence for CHCla depletion from the first 
column. 

Differences in quantitative values for trihalomethane­
GAC surface concentrations shown in Figure 6 are re­
markably small. The maximum TTHM-GAC surface 
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Figure 7. Clv'omatograms for Aroclors 1016 and 1254 compared to 
. PCBs adsorbed on GAC samples from column 1. 

concentration (0.85 mg of TIHM/g of GAC, column 2), 
based on analysis of water samples concurrent with pilot 
column operation, is close to the CHCla-GAC surface 
concentration (0.98 mg of CHCla/g of GAC, column 2 
average, solvent extraction capillary GC-FID data). Less 
agreement between the two sets of data would not have 
been surprising, given the possible sources of error: dif­
ferences in recovery factors for the TIHM- and chloro­
form-GAC analyses; uncertainties in parameters needed 
to calculate TIHM-GAC surface concentrations from the 
TIHM data, specifically the flow through the pilot col­
umns and the mass of GAC in individual columns, cor­
rected for losses from backwashing. 

PCBs. Chromatograms for the PCBs adsorbed on the 
GAC columns (Figure 7) show that Aroclor 1254 was ad­
sorbed primarily according to its commercial composition, 
with little evidence of selectivity. However, a few volatile 
halogenated compounds that were not eliminated by the 
Florisil cleanup procedure appear interspersed with Aroclor 
1016 in the chromatograms. 

Profiles for the distribution of Aroclors 1016 and 1254 
(Figure 8) indicate that they were concentrated at the inlet 
to the first GAC column. Analysis of samples in triplicate 
confirmed the depletion of the PCBs at the midpoint of 
the first column, followed by a small but noticeable in­
crease at the outlet of that column (cf. Figures 7 and 8). 
Only Aroclor 1254 was found above minimum detectable 
concentrations downstream of the first column. All of the 
GAC samples were screened for PCBs at a minimum de­
tectable concentration of 0.05 /Jog/g of GAC. This figure 
is based on the working range of our PCB standards from 
0.1 to 2.5 mg/L and on l()..mL final volume of solvent 
extracts from 20-g GAC samples. Extracts from the inlet 
GAC samples had to be diluted volumetrically for analysis. 
Although our detection limit was inordinately low, there 
is considerable certainty in the fact that the PCBs were 
not present at significant concentrations downstream of 
the first column. 

In retrospect, it would have been advantageous to have 
analyzed 1-g GAC samples and to have subsectioned the 
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first 20 cm of GAC from column 1 in smaller 1-cm incre­
ments. Maximum PCB-GAC surface concentrations found 
were 7.6 ± 0.2 ~/g of GAC for Aroclor 1016 and 5.6 ± 1.0 
/Jog/ g of GAC for Aroclor 1254. These concentrations are 
substantially below batch isotherm capacities of 2.14 mg/g 
of GAC for Aroclor 1016 and 0.61 mg/ g of GAC for Aroclor 
1254, reported at equilibrium concentrations of 0.5 /Jog/L 
(18). It can be deduced that some of this discrepancy may 
have arisen from subdivision of the GAC bed into 20-cm 
sections. The calculated mass input of PCBs corresponds 
to 165 mg each of Aroclors 1016 and 1254 during the pilot 
columns' operation. On the basis of adsorption isotherm 
capacities, approximately 77 g of GAC and 270 g of GAC 
should have been saturated with Aroclors 1016 and 1254, 
respectively. Given 3900 g of GAC per column with a bed 
depth of 120 cm, there were approximately 32 g of 
GAC/cm. Hence the GAC should have been saturated to 
a depth of only 2.4 cm by Aroclor 1016 and 8.4 cm by 
Aroclor 1254. Although these calculations neglect any 
effect of competition on GAC adsorption capacity, they 
show that the bed depth saturated by the PCBs was 
probably less than the 20-cm sections in which the GAC 
columns were subdivided. Smaller GAC sections would 
have enabled a more precise determination of the gradient 
in PCB concentrations at the column 1 inlet, as well as a 
more accurate determination of maximum PCB-GAC 
surface concentrations. 

Organic Acids. A typical HPLC chromatogram for the 
acids extracted from the GAC samples is shown in Figure 
9. The various peaks are concluded to represent successive 
elution of compounds with decreasing acidity. The in­
tensity of the late-eluting peak for weak organic acids 
suggests that they were either more abundant or more 
chromophoric than the strong organic acids. The chro­
matograms resemble those obtained under similar ana­
lytical conditions for humic substances, where the separate 
peaks were interpreted to represent differences in the 
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Figure 10. Prolile lor distribution 01 weak organic acids on columns 
1-4. 

relative abundance of carboxylic and phenolic functional 
groups (12). 

In this and other respects the organic acids adsorbed on 
the GAC columns are considered related to fulvic and/or 
humic substances found in surface water suplies. When 
chlorinated, the weak organic acids were found to have a 
chlorine demand of 0.6 ± 0.2 mol of chlorine/mol of carbon 
and a chloroform yield of 32 ± 4 mg of CHCI3/g of DOC. 
Values reported in the literature for chlorination of fulvic 
and humic acids range from 46 to 207 mg of CHCI3/ g of 
TOC (19-23). Our experiments differ by a somewhat 
shorter reaction time, 72 h compared to 90-120 h, but also 
by a more optimal pH for formation of chloroform, 12 
compared to 6.5-9.2. In addition to having a chloroform 
formation potential, some of our organic acid-GAC ex­
tracts have been observed to coagulate when left to stand 
in the laboratory. Also, the organic acids extracted from 
the GAC have exhibited little affinity for a reverse-phase 
RP-8 column used to separate low molecular weight phe­
nols, cresols, and chlorophenols (16). Finally, the UV 
spectrum for the weak organic acids was similar to that 
reported for humic substances, with a maximum at 240 nm, 
followed by a monotonic decrease in absorbance with in­
creasing wavelength (24). 

The profile for the weak organic acids (Figure 10) in­
dicates that they had reached saturation on a substantial 
part of the GAC system. However, the weak organic acids 
were depleted at the inlet to the first column. The profile 
for the strong organic acids is not given because their 
intensity was too low to reproducibly verify their abun­
dance. The maximum surface concentration of the weak 
organic acids was determined to be 3 mg of DOC/g of 
GAC, by successively extracting the strong and weak acids 
from the GAC in 0.01 and 0.1 NaOH, respectively. Batch 
isotherm capacities for humic substances range from 10 
to 100 mg of TOC/g of GAC in solutions of humic acids 
containing 0.1-10 mg of TOC/L (25). 

Relative Distributions of Organics, Determining 
Factors, and Sampling Strategies 

The distribution profiles for chloroform, PCBs, and 
weak organic acids are considered to reflect basic differ­
ences in their influent concentrations and GAC capacities. 
The data summarized in Table I suggest that because of 
comparatively high influent concentrations (and therefore 
mass loads) and low GAC capacities for chloroform and 
the weak organic acids, they advanced well through the 
pilot columns, whereas the PCBs accumulated at the inlet. 

In addition, distribution profIles obtained for chloroform 
and the weak organic acids suggest their displacement from 
the GAC inlet, but the cause of this behavior is more 

Table I 

CHCI, 
PCBs 

organic 
acids 

cumulative input 

10.6 g of TTHM 
165 mg of Aroc1or 1016 
165 mg of Aroc1or 1254 

2700 g of Toca (26) 

GAC capacities 

KF 

0.096 
3.44 
0.73 

lin 

0.75 
0.66 (18) 
1.14 (18) 

(25) 

a This figure is an estimate based on TOC analyses and 
is not specific to organic acids. 

difficult to deduce. In the case of chloroform, at least, it 
was possible to verify its displacement by calculating cu­
mulative adsorption curves (Figure 5) and the final TTHM 
distribution profIle (Figure 6) from independently acquired 
breakthrough data. Displacement of chloroform has also 
been reported for other systems where effluent concen­
trations were found in excess of influent concentrations 
(27,28). Chromatograms for the Waterford GAC samples 
(Figures 1 and 2) suggest that displacement of chloroform 
may result from accumulation of less volatile compounds, 
including the PCBs, at the GAC inlet. Organic and in­
organic chlorine and calcium were also found at the pilot 
columns' inlet (9). Because of the 120-cm separation be­
tween sampling sites for TTHM analyses, it is difficult to 
identify fluctuations in TTHM influent concentrations 
(Figure 4) as a cause of TTHM displacement. Although 
dramatic fluctuations in TTHM influent concentrations 
occurred during the first 6 weeks (Figure 4), the first 
column was effectively in a net adsorptive phase as seen 
from the point of monitoring (Figure 5). Lesser fluctua­
tions in TTHM influent concentrations occurred between 
6 and 26 weeks, during which the first column was seen 
to be in a virtually continuous desorptive phase (Figure 
5). Therefore the TTHM data do not provide clear evi­
dence of a relationship between fluctuations in influent 
concentration and TTHM displacement. It should be 
possible with further experiments and use of mathematical 
models to resolve the extent to which chemical competition 
and/ or fluctuations in influent compositions are the 
cause(s) of chloroform displacement. 

We conclude from the the present work that the tri­
halomethanes and organic acids are two classes of chem­
icals for which GAC adsorption under treatment plant 
conditions should be considered a dynamic process. 
Further studies of their adsorption will benefit from ju­
dicious selection of bed depth sampling positions to 
monitor for dynamic conditions. For example, if the four 
GAC columns at Waterford had been sampled just at the 
inlet and outlet (0 and 480 cm), the only conclusion would 
have been that after 26 weeks 94 % of the TTHMs were 
removed and the column effluent had reached initial 
breakthrough (6%). With sample ports at intervals of 120 
cm, it was possible to obtain evidence for displacement of 
TTHMs, but the effluent's response to fluctutions in in­
fluent THM levels was obscured. Nonetheless the TTHM 
data revealed that after 26 weeks 75% ofTHMs adsorbed 
on the first 120 cm had been displaced downstream (and 
readsorbed), corresponding to a shift of 20% of the total 
mass input of TTHMs. Sectioning the GAC columns in 
increments of 20 cm (albeit for postrun analysis) resulted 
in a more detailed picture of fluctuations in GAC surface 
concentrations for CHCl3 and weak organic acids but was 
not sufficient to precisely determine the sharp decline in 
PCB concentrations near the inlet or screen for competitive 
effects in PCB adsorption. For GAC systems with design 
parameters and mass input rates similar to the columns 
described in this paper, sample sites spaced 20 cm apart 
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should suffice to study dynamic adsorption of THMs and 
organic acids. Smaller distances between sampling sites 
would be necessary to monitor dynamic adsorption of 
PCBs, and similar compounds, present at very low influent 
concentrations, but characterized by very favorable ad· 
sorption capacities; however, sample ports very close to­
gether (e.g., 1 cm) may represent a practical problem for 
column design and operation. 

Other aspects of the sampling strategy are the sample 
type and sampling frequency. Analyses of GAC and water 
samples collected from the same location at the same time 
permit results to be cross-checked for accuracy. For this 
paper, it was useful to be able to compare results based 
on CHCI3-GAC analyses and TTHM-water analyses in 
order to interpret the postrun distribution profiles. Since 
relatively good agreement was obtained, the key factor was 
not whether GAC or water samples were used but that the 
water samples were collected at various times during pilot 
column operation. In retrospect, analysis of weekly sam­
ples of either type would have improved the quality of the 
data base used to establish breakthrough (or saturation) 
curves, corresponding distribution profiles, and in the end, 
experimental evidence for displacement. 

Conclusions 
The results provided in this paper show that diverse 

organic substances accumulate on GAC columns in surface 
water supplies, trihalomethanes and organic acids in 
particular. Distribution profiles for these substances based 
on postrun GAC analyses are nonuniform: depletion of 
chloroform and organic acids at the GAC inlet contrast 
with their increased accumulation on the GAC down­
stream. These depletions were not found in distribution 
profiles for other volatile and semivolatile organics, in­
cluding Aroclors 1016 and 1254 added as a spike to the 
GAC influent. Therefore, the depletions raise the question 
of time-dependent displacement of chloroform and organic 
acids from the GAC inlet. Evaluation of trihalomethane 
data from water samples collected during pilot column 
operation revealed that the trihalomethanes had been 
displaced from the GAC inlet: the final distribution of 
trihalomethanes was in agreement with the profile based 
on postrun GAC analyses. Results presented in this paper 
illustrate how sampling and analytical protocols could be 
designed to monitor for dynamic adsorption of trihalo­
methanes and organic acids on GAC, to obtain experi­
mentally a better understanding of the conditions under 
which displacement occurs. 
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• Fly ash residues from several sites in which solid mu­
nicipal refuse is being incinerated for energy production 
were found to contain excessive amounts of cadmium 
and/or lead according to an empirical extraction test (0.5 
N acetic acid) developed by the Environmental Protection 
Agency. Samples of associated bottom ashes contained 
acceptable levels of Cd and Pb, but several were marginal 
with respect to Pb content. Leaching tests clearly dem­
onstrated that Cd and, to a lesser extent, Pb were mobile 
in soil when applied in a fly ash matrix. The high chloride 
content (10-12%), which is characteristic of these ashes, 
resulted in metal complexation and enhanced Cd and Pb 
mobility in soil. Normally these elements are relatively 
immobile in soils when applied as inorganic salts or con­
tained in municipal sewage sludge. Plant uptake of Cd and 
Pb in a greenhouse test was marked when fly or finely 
ground bottom ashes were soil applied. Phytotoxicity of 
fly ash appeared to be associated with the high salt content 
rather than with a specific metal. 

Introduction 

Waste-to-energy conversion plants are attracting con­
siderable attention in many U.S. cities because of the sharp 
rise in energy cost, increased expense in solid-waste man­
agement, and recent scarcity of suitable landfill sites (4). 
This approach, however, is not without problems. Al­
though up to 75% of municipal solid waste is combustible 
and the volume reduction is about 90%, such environ­
mental concerns as potential pollution to the atmosphere, 
water supply, and vegetation must be considered. Land­
filling of ash residues, which are characteristically high in 
heavy metals (and occasionally toxic organics), may be a 
problem due to leaching and accumulation by vegetation 
(2). 

The purpose of this study was to characterize the 
heavy-metal content of ash residues (bottom and fly) from 
several plants using thermal conversion processes. An 
extraction test (3) designed to identify potentially toxic 
or hazardous materials was used along with a series of 
leaching experiments to characterize ash constituents that 
might render the ash unsafe for conventionallandfilling. 
Plant uptake of heavy metals also was determined from 
soil-applied ashes to estimate the possible impact of metal 
entrance into the food chain. 

Experimental Section 

Ash Extraction and Characterization. A variation 
of the technique described in ref 3 was developed and used 
to characterize both fly and bottom ash residues obtained 
from seven thermal conversion plants in the United States 
and Canada (identified as incinerator sites A-G). The 
procedure was as follows: 

A. Air-dried samples (five 10.0-g replicates) of fly ash 
or bottom ash (crushed), able to pass through a 3.0-mm 
stainless steel screen, were weighed into flat-bottomed 
Nalgene bottles. 

B. Deionized H20 (160 mL) was added to each bottle 
and the contents agitated on a horizontal shaker for 30 min 

before 0.5 N acetic acid was added to adjust the pH to 5.0 
::!:: 0.2. 

C. After 24-h extraction, the solution volume was 
brought to 200 mL and filtered, and the filtrate was ana­
lyzed for Ag, As, Cd, Cr, Hg, Pb, and Se by atomic ab­
sorption spectroscopy. 

Samples of fly ash also were subjected to analysis by 
X-ray fluorescence (XRF) and diffraction (XRD), optical 
microscopy (PLM), infrared spectroscopy (IR), and scan­
ning electron microscope/energy dispersive X-ray 
(SEM/EDX) to characterize the residue with respect to 
matrix structure and elemental composition. Relative 
effectiveness of refuse combustion was estimated by drying 
10-g samples of bottom ash at 100 °C for 2 h and igniting 
at 1000 °C in a muffle furnace for 1 h. The resulting 
weight loss after drying at 100 °C was assumed to be the 
unburned portion of the ash residue. 

Metal Leaching from Ash Applied to Soil. A 
leaching apparatus consisting of a series of 15 cm (Ld.) X 
60 cm (length) plastic well casings fitted with ceramic 
porolis plates was used in conjunction with a vacuum 
system to reduce soil moisture to one-third bar percentage. 
An experiment was conducted to determine the mobility 
of Cd and Pb derived from fly ash (incinerator site A) in 
three soils varying in chemical and physical properties. 
The soils selected were Lakeland sand (Typic Quartzip­
samment: pH 5.0, CEC 1.32 mequiv /100 g of soil, organic 
C 0.5%), Decatur silt loam (Rhodic Paleudult: pH 5.2, 
CEC 9.3 mequiv/100 g of soil, organic C 0.7%), and a 
calcareous Webster silty clay loam (Typic Haplaquoll: pH 
7.5, CEC 30.6 mequiv /100 g of soil, organic C 5.1 %). The 
above columns were filled with 40 cm of screened soil «2 
mm) and packed to a bulk density of about 1.5 g/ cm3• An 
8-cm layer of fly ash (400 g) was added to the soil column 
and an additional 8 cm of soil added to the top. The 
equivalent of 30 cm of rainfall was leached through the 
prewet columns in increments over a 2-week period. 
Leachates were collected and stored under refrigeration 
until analyzed for cations, anions, pH, and organic C. Data 
from the Decatur soil were subsequently incorporated into 
the computer program GEOCHEM to determine metal 
equilibria and speciation with primary ligands (4). 

A second experiment was conducted with Decatur soil 
in the TVA rhizotron lysimeter facility (5), utilizing soil 
bins of 1.82 x 1.22 X 1.02 m volume. Metal leaching from 
30-cm thick surface soil-applied fly and bottom ashes 
(incinerator site A) under conditions of natural rainfall was 
monitored over an 18-month period. In addition sericea 
lespedeza (Lespedeza cuneata L. sericea) was sown to 
determine uptake of metals from the ash residues over 
two-crop seasons. 

Plant Uptake of Metals from Soil-Applied Ashes. 
Decatur silt loam (pH 5.5 or limed to pH 6.5) was ade­
quately fertilized with N, P, and K as a preplant appli­
cation prior to seeding corn (Zea mays) and Swiss chard 
(Beta vulgaris var. cicla) in a greenhouse study. Each pot 
contained 2 kg of fertilized soil plus 300 g of fly ash or 600 
g of crushed and screened «2 mm) bottom ash (inciner­
ator site A) as a surface layer, middepth layer, or mixed 
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Table I. Content of 0.5 N Acetic Acid Extractable Cd 
and Ph in Several Incinerator Ashes 

I'g/mL of extract· 

inciner-
fly bottom 

ator site Cd Pb Cd Pb 

A 28.9 52.0 0.05 3.4 
B 6.7 4.6 
C 5.7 4.4 0.05 0.85 
D 0.64 0.47 <0.01 <0.01 
E 0.27 4.6 
F 0.09 1.9 
G 0.04 4.2 

• Waste is classified as hazardous if 0.5 N acetic acid 
extract contains concentrations that exceed the following 
levels (llg/mL) : Cd, 1.0; Pb, 5.0. 

full depth with the soil. Because of the high salt content 
of the ashes, that portion which was surface applied was 
previously leached with a large volume of deionized H20 
before use to ensure seed germination. 

Corn and Swiss chard seeds were planted and later 
thinned to 5 and 8 plants per pot, respectively. Corn was 
harvested after 8 weeks, and chard was clipped at 3-week 
intervals for a total of 5 clippings. The plant tissue was 
dried at 70°C, weighed, and ground in a Wiley mill 
equipped with stainless steel knives and screens. Heavy­
metal analysis was done by atomic absorption spectroscopy 
after dry ashing 2-g samples at 470°C for 5 h. Soil samples 
were taken after corn harvest from the no-ash controls and 
from mixed bottom and fly ash pots at both pH levels. 
Ten-gram samples of air dried soil were extracted with 50 
mL of 1 N HCl or H20 for 30 min and filtered. The filtrate 
was then analyzed for heavy metals by atomic absorption 
spectroscopy. 

Results and Discussion 
Ash Extraction and Characterization. Data in Table 

I indicate considerable variability among incinerator sites 
with respect to 0.5 N acetic acid extractable Cd and Pb 
from ash residues. Highest values were found in fly ash 
from site A. Monthly samples taken over a 14-month 
period were analyzed and found to have concentrations of 
Cd and Pb in fly ash ranging from 8 to 40 and 21 to 91 
llf./mL, respectively, and in bottom ash from 0.03 to 3 and 
0.2 to 13 ILg/mL, respectively. The relatively high con­
centrations of Cd and Pb in the bottom ash have been 
reported elsewhere (6) even though these volatile elements 
would be expected to exit with the flue gases. 

Since the elemental composition of the ashes is a re­
flection of the influent waste, much of the variability may 
be due to seasonal and weather-related factors (1). Cad­
mium and lead, as well as several other metals, are derived 
from the noncombustible as well as the combustible 
fraction of the refuse, and it has been suggested that 
emissions of these metals may be reduced significantly by 
recycling of the noncombustibles prior to burning (7). 
Another means by which ashes may be rendered acceptable 
in terms of meeting the EPA extraction standards is by 
mixing of fly with bottom ash during or after the incin­
eration process (8). The law requires that fly and bottom 
ashes be combined before landfilling, thus reducing the 
impact of the more metal-rich fly ash. 

No metals designated by EPA as hazardous contami­
nants other than Cd and Pb exceeded the critical con­
centrations in the 0.5 N acetic acid extracts of fly and 
bottom ashes from incinerator site A (data not shown). 
Although total (nitric acid-perchloric acid digestion) 
contents of Ag and Cr were high in both fly and bottom 
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Table II. Mobility in Soil of Cd and Ph 
Contained in Fly Ash 

range in leachate 
concn,l'g/mL 

soil type Cd Pb 

Soil Columns· 

recovery 
in 

leachate, 
% 

Cd Pb 

Lakeland sand 
Decatur clay loam 
Webster silty clay loam 

2.20-56 0.7-109 40.1 7.0 
0.02-14 0.1-1.8 11.0 0.5 
0.02-0.2 0.2-1.8 0.2 0.7 

Rhizotron Lysimeterb 

Decatur clay loam 50-270 2-131 79.5 6.0 

• Columns contained 50 cm of sieved «2 mm) soil and 
were subjected to the equivalent of 30 em of rainfall in 
eight increments as deionized H,O in the laboratory. 
b Rhizotron Iysimeter bins contained 140 em of screened 
soil «6 mm) and received approximately 150 em of natu­
ral rainfall over an 18-month period. 

ashes (147 and 48ILg of Ag/g and 555 and 234ILg of Cr/g, 
respectively), the solubility in 0.5 N acetic acid of both 
metals was well below the established critical limits. 

Further characterization of the site A fly ash indicated 
that about 40% of the ash dissolved in boiling H20 after 
3 h. Although a qualitative XRF scan detected several 
metals in the material, including Cd, Pb, Zn, and Cu, only 
Cd was leached in a significant amount (approximately 
30%). The soluble portion of the ash consisted largely of 
Na, K, Ca, S, and Cl. 

X-ray diffraction patterns were obtained from the ori­
ginal sample and the dried, H20-soluble material. Sodium 
chloride and KCl were the predominant patterns seen in 
the original sample along with one or more unidentified 
crystalline phases. The predominant phases in solids after 
removal of the soluble phase were gypsum (CaSO,·2H20) 
and CaSO,-o.5H20. The hemihydrate resulted from partial 
dehydration of some of the gypsum. The presence of NaCI 
and KCl in the original samples explains the high levels 
of H20-soluble Na, K, and Cl. 

Optical examination with the PLM showed 50-80% of 
the material to be opaque fibers or irregularly shaped 
particles; some of the latter were magnetic. When treated 
with HCl, a few of the particles evolved gas bubbles, in­
dicating the presence of carbonates. Trace amounts of 
quartz and at least two unidentified crystalline phases were 
observed. 

SEM/EDX analysis of the original solids detected the 
same elements as the XRF analysis except for Sn and Cd. 
Tin was below the level detectable by EDX, and Cd X-ray 
lines were obscured by other, more abundant elements. 
Lead was ubiquitous in the fly ash sample and not con­
centrated in any of the phases present. A few regularly 
shaped particles-spherical fly ash beads and fiberglass 
particles-were present. 

Metal Leaching from Ash Applied to Soil. Recovery 
of Cd in leachate from the soil columns increased in the 
order Webster < Decatur < Lakeland (Table II). Highest 
Cd concentrations (43-56 ILg/mL) appeared in leachate 
from the fourth and fifth increment of H 20 added to the 
Lakeland and from the fifth and sixth increment added 
to the Decatur soils (13-14ILg/mL). Recovery of Pb was 
lower than that of Cd and was appreciable only from the 
Lakeland sand. 

Much higher recovery of Cd (80%), but a similar amount 
ofPb (6%), was obtained in the rhizotron compared with 
the soil columns. Differences may be explained in part by 
the greater amount of H20 passing through the rhizotron 



system and the lower bulk density of the rhizotron soil 
(about 1.35 g/cm3) relative to the packed soil columns. No 
Cd or Pb appeared for 2 months after ash application or 
until about 150 L of leachate hsd been collected. Very high 
concentrations of Cd and Pb were found throughout the 
18 months of the experiment with peak concentrations 
occurring at the sixth month. A total of 150 cm of rainfall 
occurred over this period. 

Despite the apparent high degree of Cd and Pb solubility 
in the fly ash, mobility in soil of these elements was not 
anticipated to be significant. An earlier study showed very 
little movement of Cd or Pb in columns of Decatur soil 
when applied as sewage sludge or sulfate salts (9). How­
ever, Taylor and Griffin (10) found Cd to be far more 
mobile than Pb in a Paxton fine sandy loam when applied 
to the soil surface as nitrate salts and leached intermit­
tently for 30 weeks. 

Hulett et al. (11) characterized several fly ash specimens 
and separated them into amorphous glass, mullite quartz 
(3 A120 3·2 Si02), and magnetic spinel (Fe30.) matrices. 
They hypothesized that removal of the glass and magnetic 
spinel components would likely reduce the long-term 
leaching of the transition elements such as Cd and Pb. 
Since the Cd and Pb in fly ash are associated with the glass 
phase, the possibility that movement occurred through the 
soil via physical transport in H20 rather than chemical 
processes was explored. To test this possibility, ash 
leachates were analyzed for Cd and Pb before and after 
fIltration through a 0.2-lLm Millipore fIlter. No net change 
in concentration was obtained, suggesting that both ele­
ments were soluble and not associated with the solid phase. 

High concentrations of Ca, Mg, Na, Cl, SO., and F were 
found in the ash residues, and similar levels have been 
documented elsewhere (12). This observation suggested 
that enhanced Cd and Pb mobility from the ash sources 
might be a result of displacement from soil exchange sites 
by cations such as Ca, Mg, and Na or possibly metal 
complexation by anions. Egozy (13) reported that Cd 
adsorption on Wyoming montmorillonite was very low in 
highly concentrated Cl solutions (> 1 M) because of Cl 
complex formation. Adsorption was diminished further 
as pH was increased. Accordingly, Doner (14) found Cd 
mobility to be greater in soils in the presence of NaCI than 
in perchlorate solutions. 

Columns prepared with Decatur soil and containing in­
organic Cd, Ca, and Mg salts at concentrations equivalent 
to those in 400 g of fly ash from site A were leached with 
deionized H20. No Cd was detected in the leachate from 
incremental additions (150 mL) totaling 1200 mL (data 
not shown). However,leaching with aIM NaCI solution 
resulted in quantitative recovery of the applied Cd. Sim­
ilar soil columns containing Cd, Ca, and Mg as well as 48 
g of Cl as NaCI (amount based on 12% Cl content of the 
fly ash) were leached with H20 . Again, over 90% of the 
applied Cd was displaced, supporting the metal Cl com­
plexation theory. Other salts including NaN03, Na2S0., 
and NaF were tested and found to be ineffective in pro­
moting Cd movement through soil. 

The distribution of dominant Cd, Pb, and other metal 
species in leachate from fly-ash-treated Decatur soil as 
computed by the GEOCHEM program is given in Table III. 
Of the metals detected in significant amounts in the so­
lution, Cd and Pb exhibited greatest complexation by Cl; 
other metals were complexed by Cl to varying degrees. 
Sulfate and F complexation were relatively minor in all 
instances with the free metal ions accounting for the major 
portion of the metals not complexed by Cl. Behel et al. 
(15) found that Cd existed mainly in the free ion in solu-

Table III. Distribution (as Calculated by GEOCHEM) of 
Metals in Leachate from Decatur Soil Amended with Fly 
Ash from Incinerator Site A 

% of total 

total metal calcd com pie xed by 
conen, free 

metal I'g/mLa metal CI- SO.'- F-

Cd" 67.7 3.2 96.6 3.3 0.9 
Pb" 3.9 11 .4 87.7 0.7 0.1 
Sr2 + 5.7 59.9 38.5 1.5 0.1 
Cali- 4300.0 64.7 33.0 2.0 0.3 
Mg" 402.0 67.0 29.1 1.6 2.2 
NiH 0.8 72.6 24.6 2.2 0.5 
Na+ 13883.0 84.3 14.2 1.5 
ZnH 284.7 84.4 11.5 3.3 0.9 
MnB 465.7 87.3 10.0 2.7 
BaH 9.7 87.2 10.0 2.7 0.1 
K+ 23667.0 89.2 9.5 1.3 
Cr l + 0.8 0.4 0.2 94.8 
AI'+ . 4.3 100.0 

a Measured average from three replicated soil columns. 

tions displaced from sewage-sludge-treated soil. However, 
the Cl content of the soil solution was less than 60 ILg/ mL, 
and the pH values of the solutions were less than 5.5, thus 
resulting in conditions unsuitable for metal Cl complex 
formation. Hahne and Kroontje (16) determined that 
MCl+ species of Cd and Pb formed at Cl concentrations 
above 35 ILg/mL and MCl2 complexes at concentrations 
above 350 ILg of CI/mL. The MCI3- and MCl.2- species 
become important above 3500 ILg of CI/mL. In the present 
study, solution Cl concentrations were between 20 and 
25000 ILg/mL with about 72% of the complexed metal 
being in the forms CdCl+ and CdCl2 and the remainder 
as CdCI3- and CdCll-. The predominant Cl complex of 
Pb was the form PbCl+ followed by PbCl2, PbCla-, and 
PbCIl-· 

Dry matter production of sericea lespedeza over two 
seasons in the rhizotron-lysimeter totaled 1.49, 1.31, and 
1.15 kg when grown on the untreated, bottom-ash-treated, 
and fly-ash-treated soil, respectively. Corresponding up­
take of Cd was 0.61, 0.55, and 4.24 mg and of Pb was 7.90, 
7.22, and 10.89 mg. Although much of the Cd and Pb was 
present in an acetic acid soluble form in both fly and finely 
ground bottom ashes, plant availability was considerably 
greater from the former due likely to the smaller particle 
size, and, hence, greater reactivity. It is unlikely that 
landfilling of bottom ashes, especially if deposited as large 
clinker-type aggregates, would constitute a hazard to 
covering vegetation. 

Plant Uptake of Metals from Soil-Applied Ashes. 
Surface application of preleached bottom ash resulted in 
dry matter production of corn similar to that where ash 
residues were not applied (Table IV). Mixing bottom ash 
(not leached) with soil resulted in extreme toxicity, while 
the same material layered at middepth was less damaging 
but still quite toxic. Leached fly ash reduced dry matter 
production when surface applied; however, mixed and 
middepth placements resulted in complete kill. Concen­
trations of Cd and Pb were highest from mixed bottom ash, 
whereas surface applications of bottom and fly ashes re­
sulted in lower concentrations but greatest uptake because 
of higher yields. Soil pH level had no influence on dry 
matter production or metal uptake. 

Cumulative dry weight yields of Swiss chard were 
slightly higher at an initial soil pH of 6.5 than at 5.5 (Table 
V). Furthermore, chard displayed a significant positive 
growth response to bottom ash treatment regardless of 
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Table IV. Dry Weights of Corn and Concentrations of Cd and Pb as Affected by Soil pH and Type and Placement of 
Incinerator Ashes 

concn in corn plants, I'g/g uptake,l'g/pot 

soil pH type of ash ash placementa dry wt, g/pot Cd Pb Cd Pb 

5.5 none 15.1 0.92 4.79 14 72 
bottom surface 15.0 2.83 10.96 42 164 

center layer 5.5 8.84 8.25 49 45 
mixed 0.6 19.31 30.71 12 18 

fly surface 10.8 2.09 15.46 23 167 
center layer b 
mixed b 

6.5 none 15.1 0.92 6.09 14 92 
bottom surface 13.0 2.75 12.75 36 166 

center layer 2.8 7.51 8.27 21 21 
mixed 0.8 29.41 21.75 24 17 

fly surface 9.4 2.13 17.59 20 165 
center layer b 
mixed b 

S" (1.1) (1.81) (1.62) (2) (12) 

a Only ashes for surface application were leached with deionized H,O prior to use. b Seed germinated but plants did not 
survive. 

Table V. Cumulative Dry Weights of Swiss Chard as Affected by Soil pH and Type and Placement of Incinerator Ashes 

dry weight/clipping, g/pot 

soil pH type of ash ash placementa 2 3 4 5 total 

5.5 none 3.8 5.1 4.1 4.8 5.8 23.6 
bottom surface 4.9 9.0 8.3 8.5 6.8 37.5 

center layer 1.4 1.7 4.5 16.9 12.2 36.7 
mixed 1.5 2.1 5.0 16.8 12.5 37.9 

fly surface 3.0 7.2 8.1 10.7 6.7 35.7 
center layer b 
mixed b 

6.5 none 4.1 7.4 7.1 6.3 5.4 30.3 
bottom surface 4.6 9.8 9.5 9.2 7.3 40.4 

center layer 1.7 2.5 7.0 19.0 13.7 43.9 
mixed 1.2 1.8 3.9 18.0 13.7 38.6 

fly surface 3.5 7.9 7.6 11.8 7.6 38.4 
center layer b 
mixed b 

S" (0.3) (0.6) (0.5) (0.9) (0.6) (0.4) 

a Only ashes for surface application were leached with deionized H,O prior to use. b Seed germinated but plants did not 
survive. 

Table VI. Concentration of Cd in Swiss Chard as Affected by Soil pH and Type and Placement of Incinerator Ashe. 

type Cd concentration/clipping, I'g/g 

soil pH of ash ash placementa 1 2 3 4 5 total 

5.5 none 2.3 (9)b 3.0 (15) 3.5 (14) 3.2 (15) 1.8 (10) (63) 
bottom surface 5.0 (25) 3.5 (32) 6.8 (56) 13.7 (116) 18.7 (127) (356) 

center layer 44.4 (62) 46.4 (79) 37.6 (169) 21.8 (368) 23.4 (286) (964) 
mixed 42.6 (64) 44.1 (93) 35.8 (179) 26.5 (445) 36.1 (451) (1232) 

fly surface 5.1 (15) 5.1 (37) 7.0 (57) 10.9 (117) 18.6 (125) (336) 
6.5 none 1.9 (8) 1.8 (13) 1.6 (11) 1.7 (11) 1.4 (8) (51) 

bottom surface 3.6 (17) 3.2 (31) 6.7 (64) 16.8 (155) 19.9 (145) (412) 
center layer 17.7(29) 23.2 (58) 20.5 (144) 14.8 (281) 16.3 (223) (735) 
mixed 44.3 (53) 43.5 (78) 30.1 (117) 22.5 (405) 34.1 (467) (1120) 

fly surface 4.0 (14) 4.4(35) 6.8 (52) 8.8 (104) 15.2 (116) (321) 
S" 3.4 (4) 3.5 (6) 2.5 (16) 1.5(30) 2.1 (30) (11) 

a Only ashes for surface application were leached with deionized H,O prior to use. b Values in parentheses represent Cd 
uptake in I'g/pot. 

placement in clippings 4 and 5, resulting in higher total 
yields than from the untreated pots; a similar response 
occurred with the preleached fly ash applied to the soil 
surface. This response was possibly due to one or more 
essential micronutrients present in the ash such as Zn, Fe, 
or Mn or to the increase in soil pH (Table IX). 

In general, Cd uptake by chard was slightly lower at pH 
6.5 than at pH 5.5 (Table VI). Concentrations of Cd from 
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mixed bottom ash application were equal to or higher than 
concentrations from middepth placement; accordingly, Cd 
uptake was also greater with mixed placement. Surface 
application of ash resulted in much lower Cd concentra­
tions, probably as a result of preleaching, which removed 
a significant amount of soluble Cd. 

Contrasting results were obtained for Pb in that con­
centration and uptake were highest with surface applica-



Table VII. Concentration of Pb in Swiss Chard as Affected by SOU pH and Type and Placement of Incinerator Ashes 

type Pb concentration/clipping, I'g/g 

soil pH of ash ash placement" 1 2 3 4 5 total 

5.5 none 11.8 (45)b 9.0 (46) 7.9(32) 7.8 (37) 6.4(37) (197) 
bottom surface 23.1 (113) 12.0 (108) 10.1 (84) 11.3 (96) 17.6 (120) (521) 

center layer 13.1 (18) 9.7 (17) 7.7 (35) 7.8 (132) 8.2 (100) (302) 
mixed 21.2 (32) 11.6 (24) 10.4 (52) 8.3 (139) 11.3 (141) (388) 

fly surface 17.6 (53) 21.1 (152) 16.3 (132) 21.6 (231) 39.8 (267) (835) 
6.5 none 12.0 (49) 8.0 (59) 7.2 (51) 6.9 (44) 7.5 (41) (244) 

bottom surface 29.6 (136) 10.4 (102) 8.8 (84) 14.2 (130) 19.1 (139) (591) 
center layer 15.9 (27) 9.0 (23) 7.4 (52) 7.8 (149) 9.8 (135) (396) 
mixed 18.7 (22) 11.3 (20) 9.8 (38) 9.3 (167) 9.6 (132) (379) 

fly surface 24.8 (87) 13.9 (110) 16.1 (123) 18.4 (217) 30.8 (234) (771) 

S" 1.3 (8) 0.9 (11) 0.7 (6) 0.9 (12) 2.0 (13) (5) 

" Only ashes for surface application were leached with deionized H,O prior to use. b Values in parentheses represent Pb 
uptake in I'g/pot. 

Table VIII. Concentration of Several Elements in Com and Swiss Chard as Affected by Soil pH and Type and 
Placement of Ash 

. type com,l'g/g chard, cutting no. l,l'g/g 

soil pH of ash ash placement" Zn Ni Na Mn Zn Ni Na Mn 

5.5 none 23 2.2 245 93 68 4.8 4838 900 
bottom surface 83 3.2 394 75 114 4.0 45125 355 

center layer 104 2.7 10263 241 113 2.7 50333 2080 
mixed 66 0.9 4494 49 259 4.6 45042 52 

fly surface 100 3.3 357 72 114 3.7 44292 348 
6.5 none 20 1.8 267 60 48 4.0 4900 300 

bottom surface 82 3.0 480 68 107 3.5 38542 130 
center layer 130 2.4 22163 181 101 4.3 53188 449 
mixed 63 0.6 4087 10 165 2.7 48750 37 

fly surface 98 2.5 318 71 111 3.6 44458 156 
S" 10 0.2 3814 123 7 0.2 1221 13 

" Only ashes for surface application were leached with deionized H,O prior to use. 

Table IX. SoU-Extractable Metals (I'g/g of Soil) as Affected by Soil pH and Type of Incinerator Ash 

pretreatment type postharvest H,O 

soil pH of ash soil pH Cd Pb 

5.5 none 5.2 ND" ND 
bottom 7.6 0.14 0.53 
fly 7.2 9.85 1.50 

6.5 none 6.2 ND ND 
bottom 7.6 0 .14 0 .43 
fly 7.1 8.74 1.52 

" ND = not detected in extract. 

tion, especially from fly ash (Table VII) . Although pre­
vious characterization of the ashes indicated little Pb re­
moval by hot H20 extraction, it is possible that the shallow 
root system associated with chard was able to extract 
sufficient Pb from the surface ash layer to explain these 
findings. 

Concentrations of several other elements in com and the 
first cutting of chard are shown in Table VIII. Only Na 
and possibly Mn were present at levels that would be 
considered excessive, especially in chard, which is an ac­
cumulator of most metals. Highest concentrations of Zn, 
Na, and Mn in corn and Na and Mn in chard were asso­
ciated with the mid depth placement. As with Cd, liming 
the soil to pH 6.5 reduced concentrations of Zn and Mn 
in the chard. Results suggest that the mode of ash toxicity 
to plants may be attributed to a cumulative effect from 
soluble salts rather than to a particular element. 

Soil extraction of metals from mixed ash treatments 
after crop harvest corroborate earlier results that indicated 

extractant 

1NHCl 

Zn Cd Pb Zn 

ND 0.13 7.3 2.7 
0.24 19.3 98 2083 

47 .5 68.9 365 6475 
ND 0.18 8.6 3.9 
ND 23.2 106 2483 
43.2 58.5 318 5367 

that Cd was more soluble than Pb in the fly ash (Table 
IX). Whereas the amount of H20-soluble Pb as a per­
centage of the 1 N HCl fraction was similar in bottom and 
fly ashes, the H20-soluble Cd and Zn contents were much 
greater in the fly ash residue. Soil pH was increased 
markedly by ash application, especially from bottom ash. 
Mter harvest, soil pH values were 7.6 and 7.1 (from bottom 
and fly ashes, respectively), despite the pH differentials 
established prior to treatment (pH 5.5 and 6.5). 

These data give preliminary indication that land ap­
plication of some ash residues (especially fly ash) arising 
from combustion of muncipal refuse may constitute a 
hazard to the H20 supply as well as to vegetation. It is 
clear that special treatment such as diluting fly ash in a 
large volume of bottom ash is necessary to meet EPA 
landfill requirements. However, onsite wells should be 
monitored to ensure that this practice effectively minimizes 
leachate migration. Although phytotoxicity is reduced 
after the ashes have been leached, uptake of Cd and Pb 

Environ. Sci. Technol., Vol. 17, No.4, 1983 187 



Envron. Sci. Tschnol. 1883, 17, 198-202 

remains significantly high and may pose a danger if veg­
etation grown on these landfills should enter the food 
chain. Since some incineration processes appear to yield 
ash residues containing higher total and extractable con­
centrations of toxic metals than others, methods of at­
tenuation should be developed to prevent soil and H20 
contamination. Such information would be of wide in­
terest, since energy-recovery systems utilizing refuse are 
operating or planned for several locations in the United 
States. 
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1-Nitropyrene Concentration and Bacterial MutageniCity in On-Road Vehicle 
Particulate Emissions 

Robert A. Gorse, Jr.,' TImothy L. Riley, Fred C. Ferris, Anna M. Pero, and LoreHa M. Skewes 

Ford Motor Company, Engineering and Research Staff-Research, Dearborn, Michigan 48121 

• 1-Nitropyrene (lNP) has been detected in the partic­
ulate emissions from on-road vehicles during an experi­
ment conducted at the Allegheny Mountain Tunnel on the 
Pennsylvania Turnpike. 1NP emission rates and muta­
genicities (Ames activities) of the emissions were deter­
mined for heavy-duty diesel trucks and for light-duty 
spark-ignition vehicles. The 1NP concentrations in the 
particulate extracts and also the 1NP emission rates are 
lower than would be predicted on the basis of laboratory 
dilution tunnel measurements either for diesels or for 
spark-ignition vehicles. 1NP accounts for very little of the 
on-road mutagenicity-indicating that other, unidentified, 
direct-acting mutagens are responsible for on-road vehi­
cular exhaust mutagenicities. Recovery of 1NP from diesel 
particulate material appears to be independent of 1NP 
concentration and filter storage time at -80°C prior to 
extraction. 

It has been reported that organic solvent extracts of 
diesel and spark-ignition vehicle exhaust particulate ma­
terial (I, 2) as well as of urban atmosphere particulate 
material (3, 4) contain direct-acting mutagens-i.e., bac­
terial mutagens that do not require the addition of met­
abolic activating enzymes to show mutagenicity-as shown 
in bioassays such as the Ames test using Salmonella 
typhimurium bacteria. Indirect-acting bacterial mutagens 
(5) such as benzo[aJpyrene and other polynuclear aromatic 
hydrocarbons (PAH) have long been known to be present 
in automobile exhaust (6, 7). There has been a large effort 

in the past few years to identify the compounds in vehi­
cular and atmospheric particulate extracts responsible for 
the direct-acting bacterial mutagenicity (1 , 2, 8-12). 

Previous work in this laboratory resulted in the detection 
of 1-nitropyrene (lNP), a potent direct-acting bacterial 
mutagen, in dilution-tunnel-generated samples of light­
duty diesel exhaust particulate extracts (10, 13, 14) . 
Subsequently the presence of over 50 nitro-PAH com­
pounds has been indicated by various laboratories in di­
lution-tunnel-generated light-duty diesel particulate ex­
tracts (15-25); 1NP has also been detected in spark-igni­
tion engine particulate extracts (22, 23). Some studies have 
reported evidence of nitro-PAH compounds in urban at­
mosphere particulate extracts (26-28). 

Many factors remain to be evaluated in assessing the 
importance of nitro-PAH to health-related issues. One 
crucial factor is whether on-road vehicles emit nitro-P AH 
at rates comparable to those measured for laboratory ve­
hicles. To date, all observations of nitro-P AH in vehicle 
particulate extracts have resulted from laboratory dilution 
tunnel studies. The 1NP concentrations reported in 
light-duty diesel particulate extracts range from 25 to 2000 
ppm depending on the vehicle, implying a passenger-diesel 
fleet average of 100-200 ppm. For some of these diesels, 
1NP is reported to account for up to 25 % of the total 
direct-acting bacterial mutagenicity (Salmonella strains 
TA98, TA100, and TA1538, these strains being the most 
active to vehicle particulate extracts). A study on a single 
heavy-duty diesel has yielded 5.1 ppm 1NP in the extract 
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(24); this would account for ~ 1 % of the direct TA98 
mutagenicity of the extract. 

It is not clear how seriously the foregoing results could 
have been affected by nitro-PAH formed during the par­
ticulate sampling via nitration of filter-collected P AH-the 
so-called artifact formation of nitro-PAH (24,29-32). It 
is generally agreed that artifact formation can occur, but 
the relative amounts of nitro-PAH formed in the com­
bustion process, in the vehicle exhaust system, during the 
dilution process, or during particulate sampling are still 
unknown. 

Here we report the first measurements of INP in par­
ticulate emissions from on-highway heavy-duty diesel and 
light-duty spark-ignition vehicles. Concurrently we have 
measured the Ames assay mutagenicities of the on-road 
particulate emissions from these vehicle categories, using 
strains TA98 and TAl00. 

Experimental Section 
The study was performed during July 22-28, 1981, at 

the Allegheny Mountain Tunnel on the Pennsylvania 
Turnpike. The methods for particulate sampling and 
determination of emission factors have been described 
previously (33-36). Briefly, the air in the tunnel exit portal 
(two traffic lanes, eastbound tube) and the air in the tunnel 
supply fan rooms was sampled on Hi-Vol Teflon-coated 
glass fiber filters (Pallflex TX40HI20) at 0.8-1.7 m3/ min 
flow rate over 5.8-11.8-h periods that differed in the dis­
tribution of light-duty spark-ignition and heavy-duty diesel 
traffic (37-92% spark-ignition vehicles). These two vehicle 
categories account for >96% of the traffic volume. The 
ten periods resulted in 8.0 X 104 accumulated vehicle ki­
lometers in the 1.85-km tunnel at an average speed of 84 
km/h. Vehicles travelling through the tunnel are subject 
to an average tailwind of 5.4 m/s and an average road 
grade of -<l.5%. Under these conditions the vehicles have 
a power requirement that corresponds to a no-wind, no­
grade vehicle speed of ~61 km/h. The 61 km/h effective 
speed should be used in comparison of the on-road results 
with studies performed under other vehicle operating 
conditions. 

Traffic was counted with a road-tube axle counter and 
visual counting of the distribution of vehicle types. The 
collected filters were sealed immediately and stored in the 
dark at -so ·C. Mter 1.5-3.5 months at -so ·C they were 
weighed and extracted in a Soxhlet apparatus with di­
chloromethane (DCM) for 18 h. The extract was rotary 
evaporated to lO-mL volume, blown to dryness under a 
stream of dry N2, weighed, and redissolved in DCM, after 
which an aliquot was removed for Ames analysis. The 
remaining extract was doped with 600 ng of perdeuterio­
INP (INP-d9) (37) and fractionated by using prepara­
tive-scale normal-phase high-performance liquid chroma­
tography (HPLC). The isolated INP fraction (blown to 
dryness, dissolved in 100 I'L of DCM, and spiked with 500 
ng of dibenzothiophene (DBT» was then analyzed with 
a capillary gas chromatograph-mass spectrometer (GC/ 
MS). The GC/MS retention time of INP and the response 
of characteristic ions of INP were used for INP quanti­
tation vs. the internal standard INP-d9 (corrections were 
made for the 0.8% INP impurity in the INP-d9) . The 
INP-d9 was quantified relative to the internal standard 
DBT. Ames assays using strains TA98 and TAl00, with­
out the addition of the metabolic activation S9 mix, were 
performed on dimethyl sulfoxide (Me~O) solutions of the 
extracts in accordance with the Ames procedure (38), with 
additional precautions as described previously (l0, 14). 
The samples were analyzed in four batches with controls 
(2-nitrotluorene (TA98) or sodium azide (TAl00)) and with 

overlapping samples from the other batches. The slope 
of the dose-response curve was determined by linear re­
gression analysis of the revertants/plate vs. the extract 
dose/plate for duplicate plates at six doses, including the 
blank controls in the absence of sample extract. Dose­
response curves were linear over the range of doses ana­
lyzed (0-320 I'g of extract/ plate). 

HPLC analysis was performed on a Varian 5060 HPLC 
with a Vista 401 data system using a 10-l'm Waters 
I'Porasil7.8 X 300 mm column and 254-nm UV absorption 
(Perkin-Elmer Model LC-75) and 254-nm excitation/ 
320-nm emission cutoff (Schoeffel Model FS970) fluores­
cence detectors. Solvent flow (4.5 mL/min) started with 
100% hexane, at 5 min a linear gradient with DCM to 5% 
DCM at 10 min, a linear gradient to 100% DCM at 35 min, 
at 45 min a linear gradient with acetonitrile (ACN) to 
100% ACN at 50 min, a step change to 100% DCM at 70 
min, and a step change to 100% hexane at SO min. Sample 
HPLC fractionation was preceded by HPLC of a standard 
containing INP-d9 and then a blank solvent analysis. The 
sample INP was isolated by collecting the sample eluent 
during the 10-min period centered on the INP-d9 elution 
time determined in the standard analysis. 

GC/MS analysis was performed on a VG MM-16 MS 
interfaced to a Perkin-Elmer Model 910 GC and an INCOS 
2000 data system using on-column injection (0.25 mm i.d. 
X 30 m SE-54 fused silica column (J & W Scientific» with 
the column directly connected to the MS source. Tem­
perature programming was from room temperature to 170 
·C in 30 s and then 5 ·C/ min to 270 ·C with a hold at 270 
·C for 15 min. Helium at 40 cm/s linear velocity was used 
as a carrier gas. Electron impact ionization was used with 
positive ion detection. A magnet scan rate of 3.3 s/cycle 
from 450 to 80 amu was used. 

The on-road emission factors were calculated by taking 
the tunnel minus the intake I'g/ m3, multiplying by the 
total m3 of air passing through the tunnel, and dividing 
by the total number of vehicle kilometers through the 
tunnel in each of the ten sampling periods. The resultant 
emission rates per total vehicle kilometer were then sub­
jected to linear regression against the percentage of 
spark-ignition vehicles. The heavy-duty diesel emission 
rate equals the emission value at 0% spark-ignition ve­
hicles, and the light-duty spark-ignition emission rate 
equals the values at 100% spark-ignition vehicles. This 
analysis procedure is valid for any emission component 
such as total particulate, soluble organic fraction, INP, or 
Ames activity. 

From the diesel emission rates of INP and extractable 
material determined by linear regression as described 
above, the diesel INP can be expressed as ppm of the 
extractable diesel particulate matter. The same applies 
for INP and extractable material from spark-ignition ve­
hicles. Similarly, Ames results can be expressed as re­
vertants per microgram of extractable material for each 
vehicle type separately. 

Results 
The derived emission rates and mutagenicities of the 

particulate emissions from heavy-duty diesels and light­
duty spark-ignition vehicles at Allegheny are listed in 
Table I. The total particulate material, soluble organic 
fraction and Ames activity results are each comparable to 
our 1979 Allegheny results and to dilution-tunnel-derived 
values of these parameters (35). However, the INP 
emission rates at Allegheny are significantly lower than 
have been observed in dilution-tunnel studies of either 
diesels or spark-ignition vehicles. The concentration (ppm) 
of INP in the extractable diesel particulate material at 
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Table 1. On· Road Emission Factors 

component diesela spark ignitionb r C 

total particulate material, mg/km 900 ± 30 20 ± 20 -0.99 
soluble organic fraction, mg/km 230 ± 7 6 ± 4 -0.99 
l·nitropyrene, I'g/km 0.49 ± 0.06 .. 0.03d -0.94 
l·nitropyrene, ppm' 2.1 .. 5d 

Ames, TA98, - 89, rev/km' (0.8 ± 0.1) X 10' (1.5 ± 0.6) X 10' - 0.80 
Ames, TA100, -89, rev/km' (1.9 ± 0.4) X 10' (5 ± 2) X 1()4 -0.67 

a Predominantly heavy·duty diesel trucks, 26 metric tons average gross vehicle weight. b Predominantly light·duty pas· 
senger cars, -74% catalyst·equipped (according to Turnpike fuel sales). C Correlation coefficient from linear regression of 
emission component per kilometer against percentage of gasoline vehicles for each of the ten periods. d Upper limit is cal· 
culated as best estimate plus 1 standard deviation. 'Parts per million, by mass, of the extracted particulate matter; calcu· 
lated from the 1NP and soluble organic fraction emission rates. '(Revertants/I'g of extract) X (I'g of extract/km). 

Allegheny is 2.5 times lower than the one available dilu­
tion-tunnel result on heavy-duty diesels and up to 2 orders 
of magnitude lower than has been observed in dilution­
tunnel samples of light-duty diesel particulate extracts. 
The observed on-road emission rates of INP account for 
only 0.4 % and 1.3 % of the direct-acting TA98 mutagen­
icity of the spark-ignition and diesel particulate extracts, 
respectively. In the case of TAl00 the respective per­
centages are only 0.02% and 0.08%. (The Ames activity 
of extensively purified INP in this laboratory is typically 
~2000 revertants/ltg for TA98, - S9, and ~300 rever­
tants/ Itg for TAl00, - S9; these activities have been used 
to calculate the contribution of the on-road INP to the 
observed Ames activities by using the data in Table L) 

Looking at the individual Allegheny runs rather than 
the regression results, we fmd that the INP concentrations 
in the tunnel particulate extracts were near the ~ 1 ppm 
detection limit, ranging from below the limit to a maximum 
of 3 ppm. The corresponding INP concentrations in the 
tunnel air ranged between <0.04 and 0.12 ng/m3• Cor­
rections for the concentrations in the tunnel intake air 
ranged from 3% to 25% of the tunnellNP concentrations. 
Ames assay activities of the extracts varied (as a result of 
the varying traffic conditions) between 0.3 and 0.9 rever­
tants/ jLg of extract (15-30 revertants/m3 of tunnel air) for 
TA98 and between 0.8 and 2.4 revertants/ltg of extract 
(33-85 revertants/m3 of tunnel air) for TAl00. Corrections 
for the Ames assay activities of the intake air ranged from 
4% to 21 % of the tunnel extract activity. 

The L5-3.5-month interval at -80°C between sample 
collection and extraction raises the question of chemical 
stability during storage. Accordingly, a series of experi­
ments were conducted on a large fIlter sample of light-duty 
diesel exhaust particulate matter collected from a dilution 
tunnel. The fIlter was divided into 16 equal sections, and 
a known amount of INP-d9 was added to each. Three 
concentration levels of INP-d9 were examined, viz., ap­
proximately 3.5, 7.0, and 35 ppm in the particulate extract. 
The filter sections were then stored at -so °C for periods 
of 1, 15, 42, and 91 days prior to extraction and analysis. 
Filter type, storage, extraction, and analytical procedures 
were the same as those used with the Allegheny samples. 
(The indicated INP-d9 recoveries for the 3.5 ppm level 
were 119%, 126%, 115%, and 136%, for the 7 ppm level 
were 68%, 63%, 67%, and 103% (average of duplicate 
samples), and for the 35 ppm level were 91 %,97%, 91 %, 
and SO%, for the respective storage times of 1,15,42, and 
91 days. The mean recovery was 95 ± 26% with no in­
dication of trends with storage time. We therefore con­
clude that sample storage time was not a factor in the 
Allegheny results. 

Discussion 
The difference between on-road and dilution-tunnel 

INP emissions (for example, 2.1 ppm on-road vs. 5.1-2000 
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ppm in dilution tunnels in the case of diesels, or ~5 ppm 
on-road vs. 10-17 ppm in dilution tunnels in the case of 
light-duty spark-ignition vehicles) requires the comment 
that there are several differences between the on-road and 
laboratory conditions. There are differences in vehicle 
driving mode and in diesel engine design, though not in 
spark-ignition engine design. The limited published in­
formation relating to the question of driving mode de­
pendence of INP emissions suggests that driving mode 
may not be important. Average emission rates of INP 
from two light-duty diesels were 4.6 Itg/km on the urban 
driving cycle (FTP) and 4.2 Itg/km on the highway fuel 
economy test (HWFET) (22). Emission rates of INP from 
20 light-duty spark-ignition vehicles (22) on the FTP, 
HWFET, and other driving cycles showed no consistent 
pattern with driving cycle. 

As for engine design, the on-road diesel values in Table 
I pertain to heavy-duty diesel trucks with direct-injection 
engines (mostly 4-stroke), whereas the laboratory mea­
surements pertain to indirect-injection (prechamber) 4-
stroke engines, light duty in all cases but one. Benzo­
[aJpyrene and N02 data obtained by Baines et al. (39) 
suggest that the difference between direct injection and 
indirect injection may not be important for INP formation. 
However, one limited comparison (24) does leave open the 
possibility of some other difference(s) between light- and 
heavy-duty diesels that could cause lower INP emissions 
from the latter. There would still be difficulty in recon­
ciling the on-road results with light-duty diesel dilution­
tunnel measurements. That is, the aggregate INP found 
at Allegheny is barely what would be expected from the 
light-duty diesels alone (2.8% of the light-duty vehicle 
traffic) even if one ignored the fact that the INP corre­
lation is with the heavy-duty diesels rather than with the 
light-duty traffic (Table I) and arbitrarily assigned all of 
the on-road INP to the light-duty diesels. Specifically, the 
extreme upper limit given by this procedure is <4 jLg/km, 
vs. ~5-10 Itg/km for dilution-tunnel measurements of 
light-duty diesels. 

Other possible effects might be considered. In the on­
road study the vehicle exhaust stream is diluted by a factor 
of ~ 103 within the first few seconds after leaving the 
tailpipe, with average tunnel residence times of ~2.5 min, 
sample collection times of 73-256 min, and an average 
temperature of 19°C; in the laboratory studies typical 
dilution ratios are between 5:1 and 20:1 with dilution­
tunnel residence times of a few seconds, sample collection 
times of 23-92 minutes, fIlter flow rates of 2.5-3.0 m3/min, 
and average temperatures of ~35 °C. Neutralization by 
ammonia could be a factor; if INP arises from classical 
aromatic ring nitration by H~04-mediated HN03 attack, 
then neutralization by ammonia should be more important 
on-road than in dilution tunnels. Aqueous extracts of the 
Allegheny samples were essentially pH neutral, whereas 



the H2S04 emitted in dilution tunnels by diesels remains 
mostly unneutralized (40). 

Among the above-noted differences, one that might be 
expected to affect 1NP emissions is the dilution difference. 
As a consequence of the high on-road dilution ratio, the 
N02 concentration at Allegheny (0.04-{U6 ppm average 
during the ten sampling periods) is much lower than is 
typical of dilution-tunnel studies (2-4 ppm N02 in the 
diluted exhaust) . Classical nitration of aromatic com­
poWlds is kinetically first order in the nitrating agent (41), 
which in the case of vehicle exhaust is presumed to be 
HNOa or other reactants related to N02• 

It is difficult to assess which of the effects discussed 
accounts for the difference in the observed on-road and 
dilution tunnel INP emission rates. However, the data 
do suggest that this difference cannot be entirely accoWlted 
for in terms of differences between heavy-duty and 
light-duty diesel systems. Furthermore, the observations 
appear consistent with the hypothesis that (a) low N02 (or 
other nitrating agent) concentrations result in decreased 
PAH nitration rates and (b) the formation of nitro-P AH 
in dilution tWlnel experiments takes place mostly after the 
exhaust leaves the tailpipe. Further work is needed to 
explore the validity of this hypothesis. Experiments are 
in progress to evaluate the artifact formation of 1NP and 
the role of artifact formation relative to other modes of 
1NP formation in vehicle exhaust. 

The small role of 1NP in the on-road direct-acting mu­
tagenicity (0.02-1.3%) means that most of the mutagen­
icity must result from the emission of other, Wlidentified, 
direct-acting mutagenic compounds. 

We have already mentioned that the on-road emissions 
are similar to dilution-tunnel results with respect to par­
ticulate mass, extractable fraction, and Ames activity. 
Experiments at Allegheny in 1979 (35) show that the sim­
ilarity covers not only the foregoing properties but also 
particle size distribution, HPLC profile, and gas chroma­
tographic molecular weight distribution. The present 
study suggests that the ability of the dilution tunnel to 
simulate the characteristics of particulate emissions does 
not necessarily hold when detailed properties are consid­
ered. 
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• The halogenation reactions of 1,3-dihydroxyaromatic 
compounds and simple methyl ketones in dilute aqueous 
solution have been investigated in order to elucidate the 
mechanism of analogous processes involving naturally 
occurring humic material. The 1,3-dihydroxyaromatic 
model compounds were most reactive with maximum 
yields of CHCl3 (>90%) and CHBr% (>70%) at pH 8-10 
with substrate concentrations of 10- M and halogen con­
centrations of 10-5-10-4 M. At high chlorine concentra­
tions, substantial yields of a variety of Cl-substituted 
carboxylic acids were detected, whereas at low [C121 values, 
a number of important polyhalogenated reaction inter­
mediates were identified. Halogenation of resorcinol-2-13C 
produced 13CHCl3 and 13CHBr3 with isotopic enrichments 
equivalent to that of the labeled precursor. The experi­
mental data are generally consistent with a dominant 
haloform-type reaction mechanism, but some details of 
these results strongly suggest that several competitive 
pathways are also involved. 

Introduction 
The formation of trihalomethanes (THM's) during 

disinfection with chlorine is emerging as a persistent 
problem associated with the maintenance of potable water 
quality. The widespread occurrence of haloform pollutants 
suggests that naturally occurring humic substances con­
stitute the dominant organic precursor of THM's (1). 
Numerous investigators have demonstrated that chlori­
nation of fulvic and humic acids in aqueous solution pro­
duces chloroform, CHCl3 (2-10). The corresponding Br­
substituted products, CHBrCl2, CHBr2Cl, and CHBr3' are 
generally thought to result from parallel bromination re­
actions initiated by the action of chlorine on background 
concentrations of bromide ion, dissolved in most natural 
waters (11, 12). 

HOCI + Br- -== HOBr + Cl- (1) 

Because the structure of aquatic humic material is very 
complex, much research has focused on the reaction of 
chlorine with simple model compound systems. A survey 
of the literature reveals that many types of organic species 
such as aliphatic carboxylic acids (13,14), hydroxybenzoic 
acids (15), phenols (16), and pyrrole nitrogen derivatives 
(e.g., tryptophan) (16) are reactive substrates for CHCl3 
production. Unfortunately, the available information is 

primarily limited to a survey of the reactivity of repre­
sentative compounds in each category, over a narrow range 
of experimental conditions. 

Christman and co-workers (17) conducted a systematic 
examination of the chlorination reactions of derivatives 
of vanillic acid, syringic acid, and 3,5-dihydroxybenzoic 
acid. These compounds were selected as representative 
structures for the phenolic polymer core of humic sub­
stances, based on products detected from the alkaline/ 
CUS04 degradation of soil and aquatic organic matter (5). 
Of the substrates chosen for study, structures related to 
3,5-dihydroxybenzoic acid, i.e., resorcinol and orcinol, were 
the most efficient precursors of CHCI3. Rook (3, 4) had 
previously documented that 1,3-dihydroxybenzenes pro­
duced high yields of chloroform under alkaline conditions. 
Boyce and Hornig (18) confirmed these observations and 
reported that significant formation of CHCl3 also occurred 
during reactions at low pH. Preliminary results obtained 
in our laboratory showed that the bromination of these 
substances proceeds in an analogous manner to give CHBr3 
(19). While these studies have identified several important 
precursor structures, many details of the conversion of 
these substrates to trihalomethanes require clarification. 

The speciation of chlorine and bromine in aqueous so­
lution is governed by three principal reactions (eq 2-4), 

Kb 
X2 + H20~HOX + W + X- (2) 

HOX~W+XO- (3) 

(4) 

where the equilibrium constants Kh, K., and Kc have values 
of 3.94 X 10-2 M2, 3.2 X 10-8 M, and 0.18 M-l for Cl2 (20-22) 
and 5.8 X 10-9 M2, 2.0 X 10-9 M, and 15.9 M-l for Br2 
(23-25). Upon dissolution in water, these halogens undergo 
rapid hydrolysis and disproportionation to mixtures of 
hypohalous acid, HOX, and hypohalate anion, XO- (26). 
The composition of the resulting solutions varies as a 
function of pH and the concentration of halide ion, X-. At 
low X- concentrations, hydrolysis to HOX and XO- pro­
ceeds virtually to completion, and formation of trihalide 
ion, X3- (reaction 4), does not occur to a significant degree. 
Therefore, "available" chlorine and bromine exist primarily 
as HOCI (pK. = 7.42) and HOBr (pK. = 8.70) in acidic and 
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neutral solution. These species are strong electrophiles, 
which participate in addition and substitution reactions 
with a variety of organic molecules (12, 27). The action 
of hypochlorite as an oxidizing agent on some aliphatic and 
aromatic compounds in dilute aqueous systems is well 
understood (15,28), but the corresponding reactions of 
bromine remain uncharacterized. 

There have been a few detailed investigations of the 
reaction of chlorine with 1,3-dihydroxybenzenes. Zincke 
(29) reported that chlorination of resorcinol in organic 
solvent produced 2,2,4,4,6-pentachlorocyclohex-4-ene-l,3-
dione (pentachlororesorcinol, 1), which was subsequently 

o*X::-o 
C'~T' 

III 

o 
" ~ ClzCHCCCl zCH=CCICOzH 

(.f.1 

(5) 

hydrolyzed to keto carboxylic acid 2 upon addition to 
water. In a much more recent study, Moye (30) proposed 
a modified degradation mechanism (eq 6). An assessment 

of 1,3-benzenediols as model systems for aquatic humic 
substances should involve experiments performed under 
concentration and pH conditions that more closely re­
semble those encountered in water treatment processes. 
Previous attempts to analyze the details of these reactions 
in dilute aqueous solution have failed to provide repro­
ducible results (15, 31). Therefore, considerable uncer­
tainty still exists as to the pathways of THM production 
from these substrates. 

The primary objective of the current research was to 
conduct a systematic analysis of the halogenation reactions 
of a series of dihydroxyaromatic model compounds. The 
effects of pH and the relative reactant concentrations, 
[X2l/[substrate1 where X = CI and Br, on the formation 
of CHX3 and other halogenated organic products in dilute 
aqueous media have been examined in detail. Finally, an 
isotopically enriched substrate, resorcinol-2-13C, was syn­
thesized, and the fate of the labeled carbon atom was 
followed upon reaction of the precursor with chlorine and 
bromine. Results of this study should help to elucidate 
many important features of the reaction pathways for the 
conversion of 1,3-dihydroxybenzenes to trihalomethanes. 

Experimental Section 
Instrumentation. Gas chromatographic determina­

tions of trihalomethanes (CHCI3 and CHBr3) were per­
formed on a Perkin-Elmer Model 3920B GC equipped with 
a 63Ni electron capture detector (ECD). Peak area mea­
surements were computed automatically with a Columbia 
Scientific Industries Model Supegrator 1 digital integrator. 
Analyses by GC/MS were conducted on a Finnigan Model 
9610 gas chromatograph interfaced to a Finnigan Series 
4000 mass spectrometer. Acquisition and analysis of mass 
spectral data were accomplished by using a Data General 
Nova 3 minicomputer programmed with the Finnigan/ 
INCOS software system. Ultraviolet spectra were recorded 
on a Perkin-Elmer Model 571 UV /vis spectrophotometer, 
and infrared spectra were measured with a Perkin-Elmer 
Model 599 IR spectrophotometer. A JEOL FX 60 Q 
Fourier transform NMR spectrometer was employed for 
the collection of IH and 13C nuclear magnetic resonance 
data. 

Synthesis of 1,3-Dihydroxybenzene-2-13C. The 
preparation of 1,3-dihydroxybenzene-2-13C was carried out 

OCH 0 0 0 

~~ o 0 OCH 3 

(~) 

.CH3M~I 

n THF/Et20" 
-7S'C 

2) NH.CI 

0"0-:-0 ~ HO~OH 
Pd/C i:,JI 
tri~lyme 

(l!) 190"C I§) 

Figure 1. Synthetic scheme for the preparation of l,:Hllhydroxy­
benzene-2 -"C . 

by using standard techniques as outlined in Figure 1. 
Boyce et al. have described the detailed procedures used 
in this synthesis (19,32). The synthetic scheme involved 
cyclization of methyI5-oxohexanoate-6-13C (4). This keto 
ester starting material was prepared by a Grignard reaction 
of the mixed carboxylic anhydride 3 with methyl-13C­
magnesium iodide, 13CH3MgI, according to the method of 
Terasawa and Okada (33). Preparation of anhydride 3 was 
achieved by treatment of o-methoxybenzoic acid (Aldrich) 
with methyl 4-(chloroformyl)butyrate (Aldrich) in the 
presence of triethylamine, Et3N (Eastman). The isotop­
ically labeled Grignard reagent was generated from 25% 
iodomethane-13C (Stohler Isotopes). An intramoleculer 
Claisen condensation reaction of methyl 5-oxohexanoate-
6_13C (4) with sodium methoxide, NaOCH3, yielded 1,3-
cyclohexanedione-2-13C (5). Subsequent dehydrogenation 
of 1,3-cyclohexanedione over a palladium-carbon catalyst, 
Pd/C (Alfa), produced resorcinol-2-13C (6). The cyclization 
and dehydrogenation reactions were performed by uiti­
lizing techniques developed from published procedures (34, 
35). 

The 13C-enriched reaction products were characterized 
by IR, UV, NMR (lH and 13C), and mass spectrometry. 
Spectra obtained for each isotopically labeled compound 
matched data recorded from a genuine sample of the 
corresponding unlabeled substance. Comparison of sample 
spectra and physical properties (boiling points, melting 
points, etc.) with published measurements (36-40) pro­
vided final confirmation of each 13C-labeled intermediate 
and the final product structures. 

Halogenation Reactions. A series of dihydroxy­
benzenes and aliphatic ketones were selected for study 
(Figure 2). Substrate solutions were prepared from 
reagent grade chemicals, which were used without further 
purification. Reagent grade phosphoric acid, potassium 
phosphate monobasic, sodium phosphate dibasic, sodium 
phosphate tribasic, and sodium hydroxide (all from Fisher) 
were employed to prepare the pH buffer solutions. 
Glass-distilled/ deionized water (18 Mn cm resistivity) 
obtained from a Nanopure purification system (Barnstead) 
was utilized in the preparation of all reagent solutions. The 
procedure used for the halogenation of model compounds 
and the analysis of CHCl3 and CHBr3 have been described 
in detail by Boyce and Hornig (18, 41). In these experi­
ments, substrate concentrations were 1~ M, and [C121 and 
[Br21 ([X2]) ranged from 10-6 to 1(J4 M. The reactions were 
conducted at 10°C in 0.2 M phosphate buffer solutions. 
After 24 h, unreacted halogen was reduced to X- by the 
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Table I. Trihalomethane Yields (mol of THM/mol of Substrate) from the Halogenation of Dihydroxyaromatic and Methyl 
Ketone Substrates" ([Substrate) = 1 X 10-s M, [X,) = 1 X 10-4 M) 

chloroform 
bromoform 

pH 4 pH 7 pH 10 pH 4 
SE 

pH 7 pH 10 
substrate DAI SE DAI SE SE SE 

dihydroxyaromatics 
1,2-dihydroxybenzene 0.14 < 0.01 < 0.01 <0.01 0. 24 0.23 < 0.01 0.04 0.29 
1,3-dihydroxybenzene 0.24 0.06 0.79 0.86 0.87 0.95 < 0.01 <0.01 0.37 
1,4-dihydroxybenzene < 0.01 < 0.01 0.03 0.03 0.30 0.34 0.16 0.51 0.74 
2,6 ·dihydroxytoluene 0.01 < 0.01 0.08 0.07 0.17 0.24 < 0.01 0.20 0.19 
3,5·dihydroxytoluene 0.17 < 0.01 0.58 0.51 0.90 1.00 < 0.01 0.11 0.47 
1,3-dihydroxynaphthalene 0.03 < 0.01 0.70 0.63 0.88 0.80 < 0.01 0.12 0.27 
3 ,5-dihydroxybenzoic acid 0.39 0.01 0.73 0.70 0.47 0. 54 0.02 0.07 0.63 
2,4-dihydroxybenzoic acid 0.17 0.08 0.68 0.73 0.90 0.94 0.19 0.46 0.79 
2,6-dihydroxybenzoic acid 1.12 1.15 1.21 0.13 0.45 0.76 

methyl ketones 
acetone < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.05 0.67 
2-butanone < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.29 
2-pentanone < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.02 0.35 

• Multiple determinations indicate a precision of 6-7% in THM yield. b DAI denotes THM yields determined by direct 
aqueous injection. C SE denotes THM yields determined by solvent extraction. 

addition of excess sodium sulfite, and the yields of CHCla 
and CHBra were determined by GC with electron capture 
detection. Samples were analyzed both by direct aqueous 
injection (DAI) and after solvent extraction (SE) with 
cyclohexane (Fisher Spectranalyzed). A Chromosorb 101 
column (Johns-Manville) was used for the DAI analyses, 
and Porapak Q (Waters) was employed for the solvent 
extracts. The GC columns were operated under isothermal 
conditions, and the injection port and ECD temperatures 
were maintained at 250 and 300 °C, respectively. 

The halogenation of resorcinol-2-1aC and selected di­
hydroxyaromatic substrates was also carried out at hir,her 
initial reactant concentrations to permit the isolation of 
sufficient amounts of products for characterization by 
GC/MS. Chlorination reactions were performed at pH 4, 
7, and 10 by using substrate concentrations of 5 X 1(J4 or 
1 X 1(J4 M and [Cl21 ranging from 5 x 10 .... to 1 X 10-2 M, 
added as NaOCI (Mallinckrodt). A series of 1 X 10 .... M 
substrate solutions were treated with bromine at [Br21/ 
[substratel ratios of 1, 5, and 10. Lower reactant con­
centrations were utilized in the bromination experiments 
due to the limited solubility of Br2 (relative to chlorine) 
in water. As before, constant pH was maintained during 
the reactions through the use of phosphate buffers. 

After 3 h, each reaction was quenched by addition of 
sodium sulfite, and the product solution was acidified to 
pH 1 with concentrated HC!. Reaction products were 
extracted from aqueous solution with diethyl ether 
(Mallinckrodt). Each extract was dried over anhydrous 
magnesium sulfate and concentrated to <2 mL, before 
GC/MS analysis, by evaporation of the excess solvent 
under vacuum. Chemical derivatization of selected sam­
ples using either 14% BFa/methanol (Supelco) or a mix­
ture of hexamethyldisilazane, HMOS, and trichloro­
methylsilane, TCMS (Pierce), facilitated the chromato­
graphic separation of carboxylic acid and some phenolic 
reaction products. 

Both the derivatized and untreated products were sep­
arated on each of two glass GC columns, 6 ft X 0.25 in. o.d., 
packed with either 3% SP-2100 or 10% SP-WOO on Su­
pelcoport (Supelco). Mass spectra were recorded under 
electron impact ionization at an energy of 70 eV. The ion 
source was operated at 10-7 torr and 250 °C. 

Results and Discussion 
The results of the initial survey of CHCla and CHBra 

formation from dihydroxyaromatic and methyl ketone 
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Figure 2. Structures 01 dlhydroxyaromatlc and methyl ketone sub­
strates. 

substances are summarized in Table I. Chlorination and 
bromination of 1,3-dihydroxybenzenes produced high 
yields of chloroform and bromoform at neutral and alkaline 
pH, whereas significant conversion of 1,2- and 1,4-
benzenediols and methyl ketones to THM's occurred only 
under strongly alkaline conditions. The presence of an 
unsubstituted carbon atom at the ortho position with re­
spect to both phenolic hydroxyl substituents seems to be 



Table II. Reactant and Product (THM) Stoichiometry (mol/mol of Substrate) for the Halogenation of 
1,g·Dihydroxyaromatic Model Compounds in Aqueous Solution ([Substrate) = 1 X 10" M) 

substrate pH Cl,/substrate CHCI, Br ,/substrate CHBr, 

1,3·dihydroxybenzene 4 6.7a 0.83a 
6.4b 0.04b 

7 7.1a 1.07a 
7.1b 0.72b 7.1 b 0.52b 

10 7.9" 0.73a 
7.9b 0.73 b 6.0b 0.72b 

3,5·dihydroxytoluene 4 6.5a O.l1a 
7 8.1a 0.74a 

7.9b 0.69b 7.8b 0.09b 

10 7.2" 1.02" 
7.2b 1.02b 6.g b 0.47b 

1, 3·dihydroxyna ph thalene 7 5.1a 0.68a 
5.1b 0.68b 5.0b 0.13 b 

3,5·dihydroxybenzoic acid 7 6.9" 0.97a 
7.1 b 0.74b 7.1 b 0.27b 

2,4·dihydroxybenzoic acid 7 7.1a 1.00 
7.5b 0.80 7.0b 0.48b 

2,6·dihydroxybenzoic acid 7 
7.0 b 0.47b 

a Denotes results based on DAI analysis of trihalomethanes. b Denotes results based on solvent extraction anlaysis. 

required for the efficient reaction of 1,3-aromatic diols. 
The only exception to this generalization was the apparent 
high reactivity of 2,6·dihydroxybenzoic acid. Analysis by 
GC /MS confirmed that chlorination of this substrate in· 
volved decarboxylation to form chlororesorcinols as ori­
ginally proposed by Larson and Rockwell (15). These 
observations are indicative of an electrophilic substitution 
mechanism, which is highly favored when both OH groups 
are located at an appropriate orientation to stabilize the 
transition state of the reaction through the donation of 
electron density (42). Rook (3, 4) and Christman et al. (17) 
have each noted an analogous dependency of CHClg pro­
duction on substrate structure. 

A series of experiments were conducted to determine the 
reactant and product (THM) stoichiometry of the halo· 
genation reactions involving the 1,3·dihydroxyaromatic 
substrates. Each compound exhibited increased haloform 
production up to [X21/[substratel reactant ratios ranging 
from 6 to 8, except for naphthalenediol, for which a 
maximum yield of CHClg and CHBrg was achieved at ap· 
proximately 5:1 (Figure 3, Table II). These results agree 
closely with the "end points" previously reported for the 
chlorination of resorcinol, orcinol, and a·resorcylic acid (5, 
17, 31). Except for a decline in the formation of chloroform 
in acidic solution, the observed reaction stoichiometry did 
not vary significantly as a function of pH. The high rei· 
ative stoichiometric coefficient for the halogens is con· 
sistent with a pathway for conversion of the aromatic diol 
precursors to CHXg that involves a number of addition and 
substitution steps as well as oxidation reactions. The lower 
value for the corresponding dihydroxynaphthalene reac· 
tions reflects the fused· ring structure of the molecule, 
which renders one of the aromatic carbon sites adjacent 
to the C1·hydroxyl group inert to electrophilic substitution 
by bromine or chlorine. 

The direct aqueous injection and solvent extraction 
analyses gave equivalent results for the production of 
CHBrg from all the bromination reactions. This is in 
marked contrast to the model compound reactions with 
chlorine, in which the OAI·measured yields of CHClg were 
consistently higher for each dihydroxyaromatic substrate 
at low pH (Table I and Figure 4). Other investigators have 
observed analogous differences upon application of the 
purge-and-trap and OAI techniques to the determination 
of trihalomethane concentrations in chlorinated natural 
waters (43-45). The discrepancy between the OAI and SE 
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Figure 3. Variation In the yteld of CHCI3 as a function of the molar 
ratio of [C1211 [substrate I for the chlorination of resorcinol at pH 7. 

results can be readily attributed to the formation of 
metastable intermediates in acidic and neutral solution, 
which subsequently decompose to CHClg upon injection 
of the aqueous sample into the hot injection port of the 
gas chromatograph. In support of this hypothesis, several 
trichloromethyl-substituted compounds including tri­
chloroacetic acid, trichloroacetaldehyde (chloral) hydrate, 
and pentachloroacetone were identified unambiguously by 
GC /MS as chlorination products of 1,3-dihydroxybenzenes 
at pH 4 and 7. Boyce and Hornig (18,41) and Rook (31) 
have suggested that these species arise from a series of 
reactions in competition with the main reaction pathway 
leading to chloroform. 

The pH dependence for the formation of CHClg and 
CHBrg is unusually complicated, as depicted in Figure 4. 
The shape of these curves, which was replicated for the 
halogenation of each 1,3-aromatic diol except 2,6-di­
hydroxytoluene, demonstrated that maximum conversion 
of the substrate to chloroform (>90%) and bromoform 
(>70%) was attained at pH 8-10, accompanied by a de­
crease in product formation in more strongly basic solution 
(pH 11-12). Conversely, acetone, 2-butanone, and 2-pen­
tanone gave higher yields of CHBrg upon bromination 
under progressively more alkaline conditions. The reaction 
of these methyl ketones with chlorine failed to produce 
measurable yields of CHClg under the experimental con-
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·ditions employed in the current study. The observed 
decline in THM yield from 1,3-dihydroxybenzenes in 
strongly basic solution suggests that other reaction path­
ways may compete with the postulated haloform mecha­
nism at high pH. For example, oxidative coupling of 
resorcinol and orcinol could occur under alkaline pH 
conditions following initial one-electron oxidation of the 
substrate without incorporation of Cl or Br. However, it 
seems more likely that the observed trend indicates that 
the intermediate precursors of CHCl3 are not formed as 
rapidly from ClO-, the predominant form of chlorine in 
alkaline media, as from HOC!. Consequently, the haloform 
reaction may still be the predominant route for the pro­
duction of chloroform. 

The second part of the current study focused on the 
identification of reaction products other than CHCl3 and 
CHBr3' The following discussion emphasizes results ob­
tained from the chlorination of model compounds; how­
ever, parallel trends in reactivity were observed in the 
experiments with bromine. The nature of chlorinated 
products was determined for reactions of reaorcinol, or­
cinol, 1,3-dihydroxynaphthalene, and the three isomers of 
resorcylic acid at each of four different chlorine dosages, 
[CI2l/[substratej = 1,3,5, and 10. Experiments conducted 
in acidic, neutral, and alkaline solution enabled us to also 
examine the effects of pH on the distribution of products. 
Structural characterization by GC /MS was facilitated 
through computer matching of the product spectrum with 
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a reference file of mass/ intensity data. In several cases 
(see Table III), a comparison of the chromatographic re­
tention time and fragmentation pattern with measure­
ments of a standard sample under identical instrumental 
conditions provided unambiguous confirmation of the 
assigned structure. Other identifications are considered 
to be tentative. 

The reaction products, which have been identified from 
the chlorination of resorcinol, are listed in Table III and 
Figure 5. These compounds are representative of the 
species produced from each dihydroxyaromatic precursor 
and illustrate the general characteristics of halogenation 
reactions for a variety of experimental conditions. The 
distribution of specific types of chlorinated products is 
strongly dependent on both the pH and the relative con­
centrations of chlorine and substrate in solution. High 
chlorine dosages, [CI2j/[substratej = 10, promoted con­
version of the substrate to a number of highly oxidized 
organochlorine compounds in addition to CHCI3• The 
large yield of Cl-substituted carboxylic acids (relative to 
CHCI3) at pH 4 may reflect the preponderance of hypo­
chlorous acid as the reactive form of dissolved Cl2 in acidic 
solution and its extensive participation in electrophilic 
addition and substitution reactions. At pH 7 and 10, the 
less strongly electrophilic hypochlorite anion dominates 
the aqueous speciation of C12• Under these conditions 
available chlorine is consumed primarily in the formation 
of CHCl3 through hydrolysis reactions, which are favored 
in weakly alkaline solution. 

Christman et a!. (17) have also noted that chlorination 
of resorcinol at high Cl2/substrate ratios enhanced the 
accumulation of chlorinated organic acids. The authors 
identified chlorobutenedioic acid 7 as the major byproduct 

HOzC-CH=CCI-CO ZH 
, /CI 
c-c /' , 

HOzC COzH 

III I§ I I ~ I 

of the reaction of 1,3-dihydroxybenzene with excess HOCI 
at pH 7. We were unable to detect this compound under 
the conditions described in Table III; however, chloro­
maleic acid (8) did form in neutral solution at 10-3 M 
resorcinol and 10-2 M C12• This observation indicates that 
alternative reaction pathways may direct the formation of 
oxidation products other than CHCla depending on the 
absolute initial concentration of reactants. Therefore, 
slight differences in experimental procedure can be ex­
pected to account for the apparent inconsistency in the 
results of each study. In this context, it should be men­
tioned that reaction of chlorine with 1,3-dihydroxy­
naphthalene and 3,5-dihydroxytoluene produced meas­
urable yields of o-phthalic acid (9) and a peak giving a mass 
spectrum corresponding to 2-chloro-3-methylmaleic acid 
(10), respectively. Also, bromination of resorcinol and 
orcinol at pH 10 gave species exhibiting spectral frag­
mentation patterns characteristic of the Br-substituted 
dicarboxylic anhydrides 11 and 12. 

IIQI 

H B, , / 
c-c 

/ "-o=c coo 
'0/ 

1111 

H3\ jBr 

c- c I , 
o=c c=o 

'0/ 
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Chlorination of resorcinol at equimolar reactant con­
centrations yielded mono-, di-, and trichloro-l,3-di­
hydroxybenzenes. Several researchers have detected 
chlorinated aromatic species in this reaction system but 
have not assigned chromatographic and spectroscopic data 
to specific chlororesorcinol isomers (5, 17, 31, 46). In 
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FIgure 5_ Reaction pathways for the conversion of 1,3-dlhydroxyaromatlc substrates to CHCI3• Structures outlined by brackets denote proposed 
Intermediates that were not detected by GC/MS. 

analogous fashion, addition of hypochlorite to solutions 
of each of the other 1,3-aromatic diols resulted in the 
formation of electrophilic substitution products 13-17. 

HOyrOH 
",I 

CH CI 1,2,3 
3 

(~I 
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~ ~OH 
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In addition to direct aromatic substitution, two of the 
aromatic acid substrates, (3- and ,),-resorcylic acid, under­
went decarboxylation during reaction with HOC!. For 
example, 2,4-dihydroxybenzoic acid gave a mixture of 
2-chlororesorcinol, 4-chlororesorcinol, 2,4-dichloro­
resorcinol, and 2,4,6-trichlororesorcino!. Formation of the 
latter three compounds is consistent with the mechanism 
proposed by Larson and Rockwell (14, 15) for the con-

version of simple hydroxybenzoic acids to chlorinated 
phenols (reaction 7). However, the production of 2-

0 

CO, CI c-o- CI 

OOH (Y0H ~OH :1 HOCI -co, (7) --- I 1 "I 
" OH +OH OH 

(~I 

chloro-l,3-dihydroxybenzene implies that the reaction may 
also proceed via a pathway involving an intermediate such 
as 19 in which the Cl and C02H substituents occupy dif­
ferent aromatic carbon sites (reaction 8). Oxidative de-

9 

¢f0H 

c-o-
~OH () -CO2 

OH :1 HOCI 
1 '" CI V (8) - (I H 

2)Toutomerize h CI 

OH OH OH 
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carboxylation of 3,5-dihydroxybenzoic acid was not ob­
served because the orientation of hydroxyl groups at both 
meta positions relative to the carboxyl functionality pre-
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Table III. R .. action Products Identified from the Chlorination of Resorcinol ([Resorcinol] = 5 X 10-' M, [Cl,] = 5.10-' 
to 5 X 10-' M, T= 10 'C) 
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" Structure of compound confirmed through matching of OC ·retention time and mass spectrum with analysis of standard 
sample. Other structural assignments are considered to be tentative. b Detected by GC/MS in ether extracts obtained at 
reactant concentrations of resorcinol = 1 X 10-' M and C1, = 1 X 10-' M. 

eludes formation of the requisite cyclohexadienone inter­
mediates. 

At intermediate [CI21/[substratel ratios (3:1 and 5:1), 
resorcinol was converted to a complex mixture of chlori-
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nated compounds, which corresponded to the degradation 
products of 2,4,6-trichloro-l,3-dihydroxybenzene. The 
distribution of species varied dramatically as a function 
of pH. At pH 7 and 10, the most abundant components, 



Table IV. Physical Constants and Spectral Data for 
3,5,5-Trichlorocyclopent-3-ene-1,2-dionea ([ Resorcinol) = 
1.1 X 10- ' M, [Cl , ) = 5.5 X 10-' M, pH 7) 

MS (High Resolution)b 
elemental 

m/e(obsd) m/e(calcd) comp ion 

197.90542 197.90422 C,HO,"Cl , M-
199.90118 199.90127 C,HO, - 1M + 2]+ 

"Cl,"CI 
201.90021 201.89832 C,HO,- [M + 4)-

"Cl"CI 
169.90949 169.90931 C,HOCl,' [M - CO)+ 
141.91684 141.91493 C,HCl, [M - 2(CO»)+ 
109.93231 109.93262 C,OCl, 1M - (CH= CClCOO)]+ 

'H NMR (CDCl " relative to Me,Si) 6 6.36 (Ha) 
IR (KBr pellet) 1790 (C=O), 1 555 cm- ' (C=C) 
UV (MeOH) 295 nm 
mp 52-53°C (sharp) 

a Isolated by preparative gas chromatography under the 
following conditions : copper column, 10 ft X 0. 25 in. 
packed w/10% SF-96 on 80/100 mesh Chromosorb WAW. 
Temperatures (OC) : injector 210, column 180, detector 
225. Carrier He, 'l 00 mL/min. b Performed by Depart­
ment of Chemistry, Massachusetts Institute of Technology. 

as measured by GC peak area, were chloroform and a 
Cl-substituted intermediate having a mass spectrum con­
sistent with 3,5,5-trichlorocyclopent-3-ene-1,2-dione (20) . 

0 0 

o~O·o " " CI>(;;;;?O ft CI _ 
) CI 

C, Cl CI CI 

I~I I?J.I Iggi 

Christman and co-workers (J 7) have tentatively identified 
this compound on the basis of mass-analyzed ion kinetic 
energy spectroscopic (MIKES) measurements. 

Experimental conditions were designed to optimize the 
formation of the Cs diketone intermediate in order to 
obtain a sample for complete spectroscopic analysis. After 
extraction from aqueous solution with ether, the compound 
was isolated by preparative-scale gas chromatography. 
Final purification gave a white crystalline product in less 
than 1 % yield (based on resorcinol), with a molecular 
formula CsHCI30 2, which was determined by high-resolu­
tion mass spectrometry. Each of three possible cyclic 
alkenone structures, 20-22, appeared to fit the observed 
elemental composition and ion fragmentation pattern. The 
physical properties and spectrophotometric measurements 
(Table IV) closely resembled the available literature data 
(47-53) for analogues of dione 20. Unfortunately, the IH 
NMR data did not provide a sufficiently clear distinction 
between the olefinic proton environments of isomers 20 
and 21. A sample of this compound has been submitted 
for X-ray crystallographic analysis in order to provide 
unequivocal identification of the product structure. 
Chlorination of orcinol and dihydroxynaphthalene also 
formed a series of related Cl-substituted diketones 23-26. 
Further support for the assigned structures was also ob­
tained from the recent work of Tomita et al. (54), who have 
also reported the separation and characterization of 
chloroindanediones 25 and 26. 

Analysis by GC/MS showed several additional compo­
nents in the ether extracts from the reaction of resorcinol 
with HOCI at pH 4. The mass spectra of these compounds 
conform to structures 28a-3Ia in Figure 5, which illustrates 
a plausible mechanism for the halogenation of 1,3-di­
hydroxybenzenes. fJ- and -y-resorcylic acids also yield these 
products after an initial series of decarboxylation reactions 
(eq 7 and 8). The methyl-substituted compounds 28b-31b 

o 
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I~ I 

o 
II 

0)=0 
H CI 

I~I 

o 
CI~" .0 
CI _ 

CI 
H, C 
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o 

0)=0 
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were formed as the dominant species upon chlorination 
of orcinol at [CI21/ [substratel ratios of 3 and 5 under acidic 
and neutral conditions. Analogous species 32 and 33 were 

I~f) I~I 

also detected in the experiments with naphthoresorcinol. 
We believe that these compounds are representative ex­
amples of the intermediates that participate in the general 
pathway of conversion of aromatic diol substrates to CHCla 
as well as a variety of other CCl3 derivatives such as tri­
chloroacetic acid. 

The proposed reaction scheme given in Figure 5 involves 
the basic features previously described by Zincke (29), 
Moye (30) , and Rook (31). Initial electrophilic substitution 
yields trichloro-1,3-dihydroxybenzenes. Further addition 
of chlorine forms the cyclohexenedione intermediates I and 
II and is followed by hydrolysis and oxidative bond 
cleavage (A or B) about the C2 site of the ring structure 
via a complex series of steps to yield carboxyenolate species 
such as lA, IB, IIA, and lIB. The corresponding keto 
carboxylic acids such as 27 a and 27b are expected to be 
fairly stable in acidic solution. Therefore, it was not 
surprising that these products were detected from reactions 
of resorcinol and orcinol with HOCI at pH 4. In neutral 
and alkaline solution, decarboxylation is probably accom­
panied by direct incorporation of Cl to give, for example, 
chlorinated pentenones 29 and 31. These trichloromethyl 
ketones then undergo base-catalyzed hydrolysis to chlo­
roform. Decarboxylation and chlorination of intermediates 
such as lA, IIA, IB, and lIB may constitute the rate-lim­
iting processes in this mechanism. Halogenation reactions 
involving a variety of 1,3-dicarbonyl compounds (fJ-keto 
acids and f3-diketones) also occur rapidly in this fashion 
(15,55). 

In order to verify that THM products originate from the 
activated C2 site of 1,3-benzenediols, a series of halogen­
ation experiments was carried out by using isotopically 
labeled resorcinol. At pH 4, 7, and 10, treatment of 1,3-
dihydroxybenzene-2- l3C with a 10-fold excess of Cl2 and 
Br2 produced l3CHCI3 and l3CHBr3' As shown by the data 
in Table V, the l3C enrichment of the substrate and ha­
loform reaction products (calculated from mass spectral 
measurements) is approximately equivalent. These results 
confirm that chloroform and bromoform are produced 
almost exclusively by a reaction pathway(s) involving 
carbon-carbon cleavage about the C2 position of the ring 
structure of the aromatic precursor. In addition, chlori­
nation of resorcinol-2- l3C at pH 4 yielded trichloro­
acetic-2-l3C acid, which seems to support the assertion that 
the formation of trichloromethyl-substituted byproducts 
occurs in acidic solution via the same general scheme. 

Other l3C-substituted reaction products have also been 
detected from the chlorination of labeled dihydroxy­
benzene. For example, reaction of resorcinol-2- l3C with 
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Table V. "C Enrichments of Isotopically Labeled 
Resorcinol and Halogenated Reaction Products" 

compd pH % "C 

1 ,3-Dihydroxybenzene-2-"C 
"CHCI,c 

"CHBr,d 

3, 5,5-trichlorocyclopent-3-ene-l ,2 
dione-2-"C (34) 

4 
7 

10 
4 
7 

10 
7 

21.4 
21.8 
19.6 
22.5 
22.4 
24.9 
23.4 
23.5 

a Carbon-13 content calculated from mass spectral 
measuremen ts. Reported values denote "C enrichment 
after subtraction of natural "C isotopic abundance as de­
termined from the mass spectrum of the corresponding un­
labeled compound. b Calculated from parent ion: 
1M + 1]+ /M" i.e., relative intensity (mle Ill/mle 110). 
e Calculated from CHCI , + fragment ion: relative intensity 
(mle 84/mle 83). d Calculated from CHBr,+ fragment 
ion: relative intensity (mle 172/mle 171). e Calculated 
from parent ion: relative intensity (mle 199/mle 198). 

chlorine ([CI2J/[substrateJ = 5) gave 2,4,6-trichloro-l,3-
dihydroxybenzene-2-13C and a product that has been 
tentatively assigned the structure 3,5,5-trichlorocyclo­
pent-3-ene-l,2-dione-5-l3C (34). Given the fact that the 

o 
" CI >(."'),;<0 

Cl - W. 
CI 

1111 

corresponding unlabeled compound 20 is only a minor 
product, the current finding lends credence to the hy­
pothesis that the o-diketone species arise from a reaction 
pathway in competition with that leading to CHCI3. 

Conclusions 
Derivatives of resorcinol are highly efficient precursors 

of trihalomethanes upon halogenation in dilute aqueous 
solution at neutral and weakly alkaline pH. The 1,2- and 
1,4-dihydroxybenzenes are less active substrates, which 
undergo significant reaction only under strongly basic 
conditions. 

Analysis by GC/MS showed that 1,3-aromatic diols were 
converted to several metastable trichloromethyl-substi­
tuted intermediates during reaction with chlorine in acidic 
solution. These compounds subsequently decomposed to 
CHCI3 upon direct aqueous injection GC analysis. There 
was no evidence for the formation of the corresponding 
CBr3 derivatives in the bromination experiments. 

The pH dependence and reaction stoichiometry of 
CHCI3 and CHBr3 production are similar, which indicates 
that the reaction of 1,3-dihydroxybenzenes with Cl2 and 
Br2 proceeds to give THM's via the same general pathway. 
The distribution of other halogenated reaction products 
varied dramatically as a function of pH and the relative 
concentrations of halogen and substrate. Experiments 
conducted at a variety of [Cl2J/[substrateJ ratios permitted 
us to characterize several intermediates involved in the 
formation of CHCI3. 

The data indicate that the conversion of 1,3-di­
hydroxyaromatic precursors to THM's occurs in two stages. 
Extensive incorporation of halogen by electrophilic sub­
stitution and addition processes is followed by a complex 
series of hydrolysis and decarboxylation steps leading to 
CHCI3 and CHBr3 via carbon-carbon bond cleavage about 
the C2-site of the aromatic ring. The identification of 
lacHCI3 and l3CHBr3 from the chlorination and bromi­
nation of resorcinol-2-l3C supports this conclusion. It is 
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hoped that the results of this study offer a detailed basis 
for a future examination of the kinetics of this model 
compound system. 
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Mass Transfer Coefficient Correlations for Volatilization of Organic Solutes 
from Water 

Donald Mackay' and Andrew T. K. Veun 

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, OntariO, Canada M5S 1A4 

• Volatilization rates were measured in a 6-m wind-wave 
tank for 11 organic compounds of varying Henry's law 
constants. The data yielded correlations for the liquid­
and vapor-phase mass transfer coefficients, confirmed the 
validity of the two-resistance model, and showed that no 
interactions occur when solutes volatilize simultaneously. 
The correlations are expressed in terms of the air friction 
velocity and the Schmidt number of the compound in air 
and water, thus providing characterization of the effects 
of windspeed (through a drag coefficient correlation with 
friction velocity), solute diffusivity, and temperature. The 
results suggest that environmental transfer coefficients will 
be generally lower than those measured in the laboratory. 

Introduction 
Volatilization may be an important environmental 

pathway for organic compounds that have relatively high 
Henry's law constants or air-water partition coefficients. 
The generally accepted method of calculating volatilization 
rates is the two-resistance model originally devised by 
Whitman (1) and applied to environmental volatilization 
first by Liss and Slater (2) and later by Mackay and 

Leinonen (3) and Smith et al. (4). The model expresses 
mass flux N (mol/(m2 s» of the volatilizating solute as 

N = KOL(CW - P/ll) (1) 

where 

l/KoL = l/KL + RT/HKG (2) 

where KL, KG, and KOL are the liquid, gas, and overall 
liquid mass transfer coefficients (m/s), H is the Henry's 
law constant (atm m3/mol), R is the gas constant (82 X 
10-6 atm m3/(mol K», T is absolute temperature (K), Cw 
is the solute concentration in water (mol/m3), and P is the 
solute partial pressure in the atmosphere (atm). 

The critical variables are H (which may be obtained 
from solubility and vapor-pressure data or may be mea­
sured directly by gas stripping (5)) and the transport terms 
KL and KG' Several laboratory and field measurements 
have been made of KL and KG for solutes such as oxygen, 
CO2, radon, and various organic solutes, and correlations 
have been proposed (6-11). KL and KG depend on the 
prevailing turbulence level as determined by water currents 
or wind, on temperature, and on properties of the solute 
such as diffusivity or molecular size. 
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Table I. Physical and Transport Properties of the Compounds at 20 'c 
solubility, vapor 

compound mol/m' pressure, atm 

benzene 22.8 0.100 
toluene 5.59 0.029 
1,2-dichloropropane 25.0 0.052 
1,2-dibromoethane 23.0 0.015 
chlorobenzene 4.44 0.012 
carbon tetrachloride 5.20 0.118 
2-pentanone 500 0.016 
2-heptanone 38.0 0.0034 
l ' pentanol 307 0.0037 
2-methyl-1-propanol 1280 0.0132 
1-butanol 1040 0.0058 

/~REA!I 

figure 1. Schematic diagram of the wind-wave tank. 

In this work laboratory wind-wave tank experiments are 
described in which the volatilization rates of solutes of 
varying Henry's law constant were studied with the ob­
jectives of (i) confirming the validity of the two-resistance 
model when applied to wind-wave tank volatilization, (ii) 
devising new correlations for KG and KL as a function of 
windspeed and molecular properties, especially at high 
windspeeds , (iii) investigating the possibility of interac­
tions between solutes that are volatilizing simultaneously, 
and (iv) elucidating the apparent difference between 
volatilization rates in the environment and in laboratory 
tanks as has been noted by Schwartzenbach et al. (12). 
The validity of the two-resistance model cannot be re­
garded as being in doubt, but there are few studies in 
which it has been tested on environmental air-water sys­
tems. A recent example of such a test is the work of Atlas 
et al. (13). The work described here is part of a larger 
report on volatilization processes (14). 

Experimental Section 

The wind-wave tank used for the volatilization study, 
shown in Figure 1, was 6 m long, 0.61 m deep, and 0.60 m 
wide and was located under a wind channel 9.35 m long 
equipped with diffusers at both ends to smooth out the 
turbulence of the airflow. Honeycomb structures of 
thin-wall paper tubes were installed at both ends of the 
wind tunnel to eliminate the swirling motion of the airflow 
produced by the fan. Wooden screens of different porosity 
were used to control the airspeed. An aluminum plate 0.5 
m long was attached to the end of the upwind section and 
inclined at an angle of 5° to the water surface to provide 
a smooth transition between the adjoining air- and wat­
erflow. Water was circulated to maintain a uniform con­
centration along the tank, by a 1.5-HP pump with a gate 
valve for adjusting the recirculation rate. In addition, two 
stirrers (Canlab high torque) were mounted on the tank 
to enhance the water mixing process. A wave absorber was 
attached to the downwind end of the tank to dissipate the 
wave energy and minimize reflection. 

Velocity profiles of the gas phase were measured at two 
locations, 1.4 and 4.2 m from the leading edge of the tank, 
by using a Pitot tube of Prandtl design that was mounted 
on a motor-driven traverse mechanism. The height of the 
Pitot tube from the water surface was measured by a 
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H"atm 10'DL , 
m'/mol DG, cm'/s cm'/s SCG SCL 

4.39 X 10-' 0.088 0.957 1.99 1021 
5.18 X 10-' 0.079 0.844 2.22 1155 
2.07 X 10-' 0.081 1.070 2.17 939 
6.29 X 10-' 0.075 0.909 2.34 1075 
2.61 X 10-' 0.080 0.858 2.19 1137 
2.27 X 10-' 0.081 0.919 2.17 1062 
3.16 X 10-' 0.081 0.871 2.17 1120 
9.00 X 10-' 0.068 0.722 2.58 1340 
1.03 X 10- ' 0.079 0.828 2.22 1177 
1.03 X 10-' 0.088 0.926 1.99 1056 
5.57 X 10-' 0.088 0.966 1.99 1305 

cathetometer. The drift velocity of the wind-driven current 
was measured by timing small pieces of wax paper as they 
moved along the surface. Air humidity was measured at 
both upwind and downwind ends of the tank. The in­
terfacial temperature was measured approximately by 
dipping a thermometer (accurate to 0.1 °C) 0.5 cm below 
the water surface. 

The water evaporation rates were measured by using a 
constant-water-level device operated on the "chicken 
feeder" principle. The length of these experiments usually 
lasted over 48 h to obtain a reasonable amount of evapo­
ration and hence accurate transfer coefficients. 

Volatilization experiments of 11 organic compounds at 
various windspeeds were carried out, Table I giving a list 
ofthe compounds and their physical and chemical prop­
erties. Diffusivities were calculated from the Fuller, 
Schettler, Giddings correlation (air) and the Wilke, Chang 
correlation (water) (Reid et al. (25». The chemicals were 
usually dissolved in the water by using a sump pump, but 
for compounds that were slightly soluble and denser than 
water, saturated solutions were first prepared and then 
diluted in the water tank. The duration of the experiments 
varied from 8 h for chlorinated compounds to over 50 h 
for alcohols. The initial concentration of the solutes in the 
tank varied depending on the water solubilities. For 
chlorinated compounds, which have low solubility, the 
initial concentrations ranged from 0.1 to 0.01 mol/m3• For 
alcohols and ketones, which have a much higher solubility, 
the initial concentrations were usually 0.5 mol/m3• In a 
typical run, a lO-fold change in the solute concentration 
would occur. 

Water samples were analyzed by a gas. chromatograph 
(Hewlett-Packard Model 5840A) equipped with a flame 
ionization detector. The column used was a 0.5 mm o.d., 
50 m long open tubular glass column (WCOT) coated with 
SE 30 (methylsilicone polymer). The compound in the 
water was extracted by a "purge and trap" sampler 
(Hewlett-Packard Model 7675A) using nitrogen for 10 min 
and was absorbed by a short Tenax GC column followed 
by themodesorption at 200 °C before being directly in­
troduced into the capillary column. For single compound 
analysis, the oven condition was set isothermally at the 
boiling point of the compound. In analyzing a mixture, 
the oven condition was set initially at 80 °C and the tem­
perature programmed at a rate of 10°C/min up to 200 °C. 
The detector temperature was 300 °C. 

Results 
Velocity profiles were measured in the wind-wave tank 

for windspeeds from 5.96 to 13.2 m/s. Differences were 
found for the profiles measured at the two locations but 
at the same winds peed, thus average values of the profile 
parameters were used. In particular, the friction velocity 
at the downwind location showed an increase of 15-25% 



Table II. Hydrodynamic Parameter Results 

drift 
U., U*, velocity, 
m/s m/s ZOJ em m/s Re* 10'eo 

13.20 0.993 0.0906 0.395 54.2 5.08 
11.67 0.849 0.0713 0.344 36.5 4.79 
10.31 0.675 0.0429 0.290 17.5 4.77 

8.57 0.455 0.0209 0.222 5.73 3.93 
7.09 0.381 0.0127 0 .200 2.91 3.37 
5.96 0.271 0.0044 0.158 0.72 2.66 

over the upwind location. The data indicated that the 
airflow generally developed behavior characteristic of 
turbulent flow in a boundary layer over a roughened 
surface. The logarithmic velocity law below was found to 
describe the data adequately where 

U/U* = (1/K) In (Z/Zo) (3) 

where U is the velocity (m/s) at an anemometer height of 
Z (m), U* (m/s) is the air side friction velocity; Zo (m) is 
the roughness height, and K is the Von Karman constant, 
equal to 0.4. The average drag or friction coefficient Co, 
which can be calculated from the friction velocity and the 
winds peed, is defined as 

CD = T./P.Um 2 = (U*/Um )2 (4) 

where T. (N/m2) is the wind stress, P. (kg/m3) is the air 
density, and Um is the free stream velocity. The fluid 
mechanical parameters, which included the friction ve­
locity, roughness height, drag coefficient, and drift velocity, 
are given in Table II. 

A component mass balance of the solute in the water 
gives the following integral equation, which had been 
simplified by assuming that the average and initial water 
concentrations were much greater than the concentration 
in equilibrium with the air phase: 

C = Co exp(-KoLt/h) (5) 

where C and Co (mol/m3) are the average concentration 
and initial concentrations of the compound in the water 
phase and h (m) is the mean depth of water. The data 
from a mass transfer run were analyzed by using linear 
regression to calculate KOL from the slope. The data ob­
tained for alcohols and ketones showed a fair amount of 
scatter. The reason may be the analytical difficulties en­
countered in which the stripping efficiency for this class 
of compounds at room temperature is low. Figure 2 shows 
the decay of concentration in benzene and I-butanol 
volatilization experiments. Values of KOL measured for 
different compounds at various windspeeds are given in 
Table III. A few runs were carried out using a mixture 
of compounds in which the individual mass transfer 
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coefficients have been measured to study if any interac­
tions among the compounds exist. It was found that the 
difference between the two values were within 10% error, 
thus interactions at such a low concentration are unlikely 
to exist. The data are given in Table IV. 

Water transfer coefficients at different speeds were es­
timated by measuring the amount of water evaporated by 
using the "chicken feeder" apparatus, the humidity of the 
air phase, and at the interface from the following ex­
pression: 

(6) 

where to V (m3) is the volume of water evaporated, Cj and 
CG (mol/ m3) are the concentration of water at the interface 
and at the gas phase, V w is the molar volume of water, A 
(m2) is the normal surface area, and M (h) is the duration 
of the experiment. The measured KG values are given in 
Table III. 

Discussion 

The drag coefficients show a definite trend of increasing 
with winds peed as is generally observed. The absolute 

Table III. Mass Transfer Coefficients from the Wind·Wave Tank Expressed in 10' m/s with Correlated Values in Parentheses 

windspeed, m/s 

compound 13.2 11.67 10.31 8.57 7.09 5.96 

benzene 94.4 (99.1) 73.3 (82.4) 62.5 (68.4) 5l.l (51.8) 36.9 (39.0) 31.6 (30.0) 
toluene 93.6 (93.4) 79.4 (77.6) 68.9 (64.4) 51.6 (48.9) 46.9 (36.7) 26.6 (28.3) 
1,2-d ichloropropane 93.9 (89.2) 63.9 (61 .6) 35.8 (35.1) 28.9 (27.0) 
chlorobenzene 89.7 (89.7) 78.0 (74 .6) 55.0 (46.9) 41.9 (35 .3) 
l ,2·dibromomethane 77.2 (83.1) 54.7 (57.4) 45.3 (43.5) 23.6 (25.2) 
carbon tetrachloride 79.4 (77.5) 63.3 (64.4) 51.1 (48.8) 39.1 (36.7) 
2'pentanone 33.1 (28.6) 29.7 (23.8) 2l.l (14.9) 13.3 (8.67) 
2·heptanone 42.7 (44.9) 31.6 (37.3) 23.0 (23.5) 16.9 (13.6) 
l 'pentanol 8.11 (8.06) 5.75 (4.22) 3.80 (2.45) 
2·methyl-1·propanol 7.30 (10.5) 5.75 (7.28) 3.81 (4.15) 
l·butanol 4.69 (7.64) 3.58 (3.99) 2.02 (2.31) 
water evaporation 71100 55200 39200 29700 22200 19400 
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Table IV. Volatilization of Mixtures: VaIues in Parentheses Are for the Substances Alone under Identical Conditions 

wind· 
speed, 

mls 

KOL , cm/h 

2·methyl-
2-butanol propanol 2·heptanone benzene 

6.0 0.S20 1.06 5.71 12.50 
(0.724) (ca 1.2) (6.07) (11.40) 

S.6 1.36 1.66 S.77 16.7 
(1.26) (ca. 1.6) (S .26) (lS.4) 

10.7 

values are higher than those that occur environmentally 
(which rarely exceed 3 x lO-3) (15). This increase in Co 
has also been observed by Hidy and Plate (16). An in­
terpretation of this effect is that the airflow is exerting a 
greater force on the water in the laboratory because at 
short fetches the velocity profile or flow characteristics 
have not settled to a stable configuration, the water being 
accelerated by the airflow rather than maintained at 
constant velocity. The surface drift velocity measurements 
showed that the water surface was accelerating but had 
reached 2.8 % of windspeed by the end of the tank. The 
roughness Reynolds numbers are in the transition and 
rough regions (Le., >2.0), and thus it is unwise to extrap­
olate from these results to lower windspeeds, at which quite 
different hydrodynamic conditions may prevail. The 
presence of a mass transfer transition from a "calm" low­
speed regime to a "rough" high-speed regime was observed 
by Cohen et al. (6). 

It can be noted that the Charnock group Zri5 I U·2 shows 
fair constancy except at the lowest winds peed, a mean 
value of 0.0093 applying above 6 m/s. This is in good 
agreement with the 0.010 suggested by Smith (17) and 
provides confirmation that the surface roughness values 
are reasonable. The low-winds peed discrepancy may be 
an indication of a regime change. 

These results suggest that it may be possible to link 
laboratory and environmental hydrodynamics and corre­
late both mass transfer rates by using friction velocity U· 
or roughness Reynolds number (Re*), the friction velocity 
being measured in the laboratory (and correlated against 
velocity) and estimated for environmental conditions by 
using, for example, the correlation of Smith (17) against 
10-m windspeed: 

CD = 10-4(6.1 + 0.63UIO) (7) 

The correlation obtained here was 

(8) 

Since U* is Uc CnO.5, U* can be easily estimated. Zo can 
be estimated if desired from the Charnock group for 
equilibrium conditions. 

Examination of the predominantly liquid-phase resistant 
mass transfer data showed that K L is well correlated with 
U* and that there is little merit in including Re* since the 
power on Re* is only -{l.03. Similar results were obtained 
when fitting the gas-phase resistant water evaporation data 
and the data for compounds in which there is resistance 
in both phases. It was found that 

KL = 1.02 X lO-4U· (benzene and toluene) (9) 

KG = 6.5 X 10-2U· (water) (10) 

This unique dependence on U· (water) is in agreement 
with the recent work of Wolff and van der Heijde (8) and 
of Cohen (26). 

The entire data set was then fitted by using these 
equations, but it then became necessary to correct KL and 
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l,2·dichloro· 
chlorobenzene propane 

11.50 11.20 
(ca. 11.0) (10.35) 

15.7 15.6 
(19.S) (ca.1S.0) 

benzene 

24.6 
(22.5) 

toluene 

24.1 
(24.S) 

KG for solute diffusivity, molecular size, or molecular 
weight. Although other molecular properties can be used 
to correct for differences between solutes, there is over­
whelming evidence that the correct quantity is Schmidt 
number (Sc), which is the dimensionless ratio of vise os i­
ty I (density x diffusivity) and is typically in the range 
0.5-2.0 for gases but 500-2000 for liquids (18). An at­
tractive feature of Sc is that it can also express temperature 
dependence, notably for liquids in which case Sc decreases 
rapidly with increasing temperature as diffusivity rises and 
viscosity falls. 

It should be noted that KG will depend also on the 
stability conditions, Le., the relative air and water tem­
peratures. This dependence is not expressed here. 

For steady-state film diffusion, the power on Sc should 
be -1.0, but since the process observed here is probably 
unsteady-state penetration mass transfer to eddies or roll 
cells of fluid, a lower dependence is indicsted, -{l.5 applying 
to penetration-type transfer. From an examination of the 
data obtained here, related studies (14) and the work of 
Tamir and Merchuk (18, 19) for KG, Tsivoglou (7) for KL, 

and Downing and Truesdale for temperature dependence 
of KL (20), and other studies in the chemical engineering 
literature (27) , it is concluded that the most likely de­
pendencies are 

KG 0: SCG -0.67 

It is noteworthy that the careful study by Tsivoglou (7), 
which gave a dependence of KL inversely on molecular 
diameter, is consistent with the above since diffusivity is 
proportional to molar volume to the power -{l.6 and molar 
volume is proportional to diameter to the power 3, and 
thus Sc-o·5 is proportional to diameter to the power -{l.9. 
The Downing and Truesdale temperature dependence of 
1.52-3.12% per degree agrees well with 2.8% per degree 
predicted by using SCL -0.5. 

Accordingly, correlation equations containing this de­
pendence were fitted to the entire data set to yield 

KL = 34.1 X lO-4U* SCL -0.5 (11) 

KG = 46.2 X lO-3U· SCG -0.67 (12) 

Combining these correlations with the CD correlations 
relating UIO and U c to U· yields separate correlations for 
the laboratory tests and environmental conditions, namely 

KL = 68.2 X lO-6U}·5 ScL-o·5(laboratory) (13) 

KL = 
34.1 x 10-6(6.1 + 0.63UIO)0.5UIO S CL -0.5 (environment) 

(14) 

KG = 92.4 X 10-5Uc 1.5 SCG-o·67 (laboratory) (15) 

KG = 
46.2 x lO-5(6.1 + 0.63UIO )0.5UIO SCG -0.67 (environment) 

(16) 
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It is believed that these equations apply to windspeeds 
above approximately 5 mls or to U* greater than 0.3 m/s. 
At lower windspeeds, the equations may be inaccurate. 

An implication of these results is that at the same 
windspeed, there will generally be larger Ka and KL values 
in small laboratory tanks, thus partly explaining the dis­
crepancy observed by Schwartzenbach et al. (12). Obvi­
ously, direct application of laboratory mass transfer 
coefficients to the environment using windspeed as the 
only determinant is inaccurate. 

Comparison of the experimental and correlated values 
for all the solutes is a test of the validity of the two-re­
sistance model since the coefficients are ·weighted" ac­
cording to the Henry's law constant. The data in Table 
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Figure 5. Present KG correlation (Schmidt number 0.6) and that of 
Wolff and van der Heljde (8). 
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Figure S. Present K L correlation and that of Wolff and van der Heljde 
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III showed that the model is supported. 
Available laboratory and environmental data from a 

number of sources were gathered, and the Ka data were 
·corrected" to a Sea of 0.6 and the KL data to a ScL of 1000 
and plotted against the correlations in Figures 3 and 4. 

The agreement is. satisfactory. Differences between 
laboratory values are expected depending on the flow re­
gime since it influences CD' 

Recently Wolff and van der Heijde (8) have proposed 
friction velocity correlations for KL and Ka in the form of 
expressions for the stagnant film thickness defined as the 
molecular diffusivity divided by the mass transfer coef­
ficient. Such a formulation is inconsistent with a fractional 
power on the Schmidt number. Figures 5 and 6 show these 
correlations and eq 11 and 12 as plots of Ka and KL vs. 
u* with laboratory and 10-m windspeeds inserted as 
separate scales. The Ka curves are similar in form, but 
the present values are consistently higher. The reason is 
not known. The Wolff-van der Heijde KL correlation gives 
lower KL values below a U* of 0.3 mis, but since it contains 
a power of 2.2 on U* as distinct from 1.0 used here, it 
greatly overpredicts KL at high windspeeds. The present 
correlation is believed to be more accurate at high wind­
speeds, but the Wolff-van der Heijde correlation is be­
lieved to be better below a U* of 0.3 m/s. The available 
environmental KL data at low windspeeds are in better 
accord with the Wolff-van der Heijde equation. Ex-
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• Lime neutralization of acidic wastewaters can prove to 
be an effective treatment process provided sufficient lime 
is added. The chemical changes that occur in the system 
are extensive and varied. Precipitation is predominant 
with complexation, oxidation, and adsorption playing 
major roles. Total chemical analyses have identified the 
chemical changes, and controlled laboratory simulations 
have identified the relative importance of the physical­
chemical processes. Exchange of oxygen and carbon di­
oxide are discussed, and optimum lime addition rates are 
predicted by thermodynamic computer simulation. 

Appropriate disposal of acid-bearing waters resulting 
from base-metal industrial works and coal mine drainage 
has and continues to be a major problem. There are many 
situations where inappropriate disposal of industrial wastes 
has resulted in severe degradation of surface water and 
groundwater quality (1~) . Previous metal mining oper­
ations have also resulted in major alterations in water 
quality (7-10); this has been documented for coal mine 
drainage (11). 

The techniques that have been developed for treatment 
of these waters includes flash distillation (12), freezing (13), 
foam fractionation (14), electrochemical oxidation (15), 
reverse osmosis (16), ion exchange (17), biological con­
centration (18), sulfide precipitation (19), and lime neu­
tralization. Because of economic considerations lime 
neutralization with subsequent precipitation is one of the 
most popular. 

The chemistry associated with the lime neutralization 
process is diverse and includes a variety of physical­
chemical reactions. The application of equilibrium ther­
modynamics to the neutralization of acidic water origi­
nating from a coal mine and laboratory simulations has 
been successful for prediction of solution pH (20) and the 
salts present in the sludge (21). The focus of this report 
is an interpretation of the chemistry that occurs when 
highly concentrated acidic waters resulting from the 
Anaconda Mining Company's Butte, MT, operation are 
lime neutralized. The reactions include acid-base, pre-

cipitation, complexation, oxidation, gas exchange, ad­
sorption, and ion exchange. 

Systems Description 

Treatment Process. The process employed by the 
Anaconda Mining Co. at its Butte, MT, operation utilizes 
lime-fortified froth flotating concentrator tailings to neu­
tralize approximately 1.1 X 107 L (3 X lOS gallons) of acidic 
solution daily. A schematic description is shown in Figure 
1. The acid solutions, which represent water pumped from 
the lower level of the underground mine system and ef­
fluent from an electrolytic copper recovery plant, are mixed 
with the concentrator slurry in a large wooden mixbox and 
are directed to a settling basin. After sedimentation the 
solution is either recycled through the concentrator system 
or discharged to the surface water through a decant tower 
system. The mixbox consists of a mixing chamber (1.8 m 
by 2.4 m by 3.7 m deep) and an exit slide that is 0.9 m 
wide, 0.9 m deep, and 62.5 m long. The slide is inclined 
at 11· and baffled to promote turbulence. The residence 
time in the mixbox is approximately 15 s; residence time 
in the settling basin is on the order of 2 days. 

Laboratory Simulation. The field process was simu­
lated by titration of the acid waste solution with fortified 
concentrator solution under controlled laboratory condi­
tions. The amount of CaO added to fortify the concen­
trator solution varied such that mixing with the acid so­
lution produced slurries that had pH values ranging from 
4 to 10. Specifically, 75 mL of fortified concentrator so­
lution was added to 40 mL of filtered effluent from the 
copper recovery plant. The solution was mixed for 1 min, 
analyzed for pH, transferred to a centrifuge bottle, and 
centrifuged at 5000 rpm for 5 min. The supernate was 
filtered through 0.45-I'm paper, analyzed for pH, chemi­
cally quenched by the addition of 2 mL of concentrated 
HCl, and stored for further anslysis. The precipitates were 
dried at 150 ·C for 5 h and dissolved in 20 mL of 4 M HCl 
for analysis. Solutions and precipitates were anslyzed, and 
the acid-neutralizing capacity of the fortified concentrator 
solution was determined by titration with 0.050 N HC!. 
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Table I. Chemical Composition (mg/L) of Acid Influents 

precipitation plant effluenta 

av 

575 ± 47 
153 ± 75 
126 ± 31 

Kelly mine water" 

range av 

Al 
Ca 
Cu 
Fe2 + 

Fe3 + 

range 

490-650 
120-375 

60-95 
900-1800 

5-25 
0.2-2.3 

525-655 

1225 ± 205 
15 ± 5 

85-150 
135-290 

23-34 
480-1500 

1-5 
14.2-25.5 

124 ± 22 
214 ± 39 

29 ± 4 
813 ± 300 

3 ± 2 
21.7 ± 4.1 K 

Mg 
Mn 
Na 
8i 
Zn 
80.'-

185-245 
14.3-31.9 
41-67 

555-790 

0.8 ± 0.6 
592 ± 45 
202 ± 35 

21.4 ± 5.0 
48 ± 7 

660 ± 66 

170-260 
65-105 
14.2-100 
18-27 

105-75 
2900-570 

227 ± 33 
88 ± 15 
72.1 ± 34.4 
22 ± 2 

155 ± 23 
4750 ± 720 6250-11425 9975 ± 1475 

flow, glmin 
flow, Lis 
pH 

4200-5400 
265-340 

1.2-3.4 

4690 ± 575 
295 ± 36 

2.3±0.7 

2700- 6200 
170-391 

2.1-3.2 

4470 ± 1050 
282 ± 66 

2.5 ± 0.3 

a Data for 16 sampling trips. 

DISCHARGE 

figure 1. Schematic 01 the Anaconda Company's Butie, Mr. waste­
water treatment process. 

Computer Simulation. The aqueous chemical equi­
librium computer program REDEJQL'EPAK (22) was modified 
to allow modeling of the mixing processes and the addition 
of chemical reagents to the aqueous systems. While a more 
detailed characterization of the computational algorithm 
used in this program has been presented elsewhere (23), 
the program in general assumes thermodynamic equilib­
rium and solves stability constant expressions with New­
ton-Raphson iteration. The input data include total 
chemical composition, flow-rate data of each influent 
stream, and estimates of lime addition rates. Electro­
neutrality was achieved by adjustment of total sulfate 
concentration. Calculated thermodynamic supersaturation 
of the influents was allowed to persist; however, for all 
mixtures produced and all simulations performed, ther­
modynamic equilibrium was assumed and precipitation 
occurred. For simulation of the treatment process, the lime 
added (weight per unit volume) was assigned a stoichiom­
etry of Ca(OH)2' The output provides an identification 
of solid phases, distribution of mass between solid and 
solution, speciation within the solution phase, and the 
solution pH. 

Experimental Section 
Sample Collection. The treatment process involves 

mixing of two acid and two concentrator solutions, each 
of which was routinely sampled. In addition, samples were 
obtained after mixing and from the settling pond. The acid 
solutions were collected by passing a rinsed, narrow­
mouthed galvanized steel scoop through the liquid as it 
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falls from the transport pipe into the mixbox and were 
transferred to polyethylene bottles for storage. In order 
to ensure sample representability, the high suspended solid 
solutions (concentrator slurry and mixbox effluent) were 
sampled by partial flow diversion with use of a 2.5-cm 
diameter steel nozzle attached to a 2.4-m section of rubber 
hose that was held in the stream. Samples were collected 
at various points along the vertical and horizontal extent 
of the transport pipe and were recombined to form a single 
composite. Four to six samples were combined to form the 
composite, which appeared to provide reasonable access 
to the suspended solids present. The samples from the 
settling pond were grab sampled at the decant tower. 
Solution flow rates were obtained from calibrated flow 
meters or by mass balance calculations (24). 

Analysis. The pH of the samples was determined in 
the field with an Orion Model 405A Ionanalyzer using a 
glass/SCE combination electrode. Upon receipt from the 
field, samples were immediately filtered through 0.45-l'm 
Nuclepore polycarbonate filters (high suspended solid 
samples were subjected to preliminary filtration through 
Whatman 42 cellulose media) and were analyzed for AI, 
Ca, Cu, Fe, K, Mg, Mn, Ni, Si, and Zn by inductively 
coupled plasma emission or atomic absorption spectros­
copy. Analysis for Cl-, F", N03-, and SOl- was by ion 
chromatography, and total suspended solids were deter­
mined gravimetrically. Ferrous iron was determined 
colorimetrically with phenanthroline (25), and ferric iron 
was calculated from total iron and iron(II). Carbonate 
content was determined from standard alkalinity titration 
(25). The hydrolyzable metal content in the concentrator 
solutions was low by comparison and introduced minimal 
uncertainty in the alkalinity. Sample analysis was com­
pleted within 2 h of sample receipt, and therefore no 
preservation was used. Filtered suspended solid samples 
were dried at 110°C for 24 h, pulverized to -200 mesh, 
digested by using the mixed acid/high-pressure decom­
position technique of Bernas (26), and analyzed as de­
scribed above. Powdered samples of these materials were 
characterized mineralogically by X-ray diffraction. Car­
bonate content of the solids was determined by evolution 
of CO2 in a closed system after acid addition; the CO2 
evolved was collected in a 0.1 M NaOH scavenger solution 
and analyzed by acid titration. 

Results and Discussion 
Chemical Description. Acid Waters. The chemical 

analysis data for the two sources of acid water are pres­
ented in Table I. The composition range for these waters 



Table II. Chemical Composition (mg/L) of Concentrator Influents 

with lime" without lime" 

range av range av 

AI 0.1-1.8 0.2. 0.3 0.1-0.3 0.1 ± 0.2 
Ca 540-1015 845. 134 203-828 517 ± 169 
Cu 0.02-0.46 0.14. 0.12 0.01-0.30 0.08 ± 0.08 
Fe 0.01-0.16 0.07 . 0.07 0.01-0.23 0.06 ± 0.04 
K 37.5-57.6 46.6. 6.3 23.0-54.4 39.1 ± 9.7 
};Ig 0.01-0.21 0.06 ± 0.06 0.02-0.30 0.12 ± 0.07 
Mn 0.01-0.05 0.02 ± 0.02 0.01-0.05 0.01 ± 0.02 
Na 30.0-50.0 41.7 • 5.0 22.8-48.8 38.1 ± 9.2 
Si 0.1-2.7 1.0. 0.9 0.1-3.9 1.7 ± 1.5 
Zn 0.01-0.29 0.13. 0.08 0.01-0.42 0.09 ± 0.12 
SO.' - 1590-2215 1760.235 1230-2565 1750.275 
flow, Lis 7620-17450 11250 ± 2945 655-20000 9940. 4620 
flow, glmin 480-1099 709 ± 185 413-1260 625 ± 290 
pH 10.4-12.6 11.6 . 0.6 10.4- 12.6 11.4 ± 0.6 

" Data for 16 sampling trips; uncertainty values are 1 standard deviation. 

Table III. Chemical Composition of Systems Effluent" 

incomplete treatment 
mix box effluent mixbox effluent, sample decant discharge 

range av 2 range av 

AI 0.1-0.7 113 0.5 0.1-3.5 1.4 
Ca 370-875 606 . 168 325 562 598-795 635 
Cu 0.01-0.06 0.03 . 0.01 163 1.1 0.01-0.20 0.02 
Fe 0.01-0.13 0.04. 0.04 565 47 .2 0.07- 3.70 0.20 
K 30.0-46.7 39.0 . 5.0 32.5 39.3 29.6-63.4 45.1 
Mg 0.07-70.0 13.0 . 23.9 285 170 2.1- 8.4 5.0 
Mn 0.01-1.1 0.19 . 0.36 97.5 52.5 0.01- 0.96 0.22 
Na 38.5-57 .5 49.3 . 6.5 52.5 450 37.3-91.6 53.7 
Si 0.8-1.0 0.9 ± 0.1 21.0 7.1 1.0-6.6 3.5 
Zn 0.01-1.26 0.07. 0.08 285 51.4 0.1-1.6 0.4 
SO.'- 1550-2330 2105 ± 325 6370 3130 1400-2520 2520 
pH 7.0-11.2 9.9 ± 1.4 4.2 6.3 7.4-11.0 9.3 

" Data for 14 sampling trips; concentration in mg/L ; uncertainty values are 1 standard deviation. 

is sizable; however, general consistency is better as evi­
denced by a standard deviations of about :1::10%. Both 
acid solutions are dominated by divalent iron and sulfate. 
In addition, they include sizable quantities of alkali, al­
kaline earth, and transition metals. The precipitation 
plant's effluent (PPE) contains roughly 1.7 times as much 
total dissolved solids as the mine water. Computer-cal­
culated chemical speciation indicates that the mono- and 
disulfate complexes of the transition and alkaline earth 
metals are important in the solution chemistry and account 
for almost 40% of the total dissolved metal load. This 
speciation causes a major decrease in the ionic strength 
from what one predicts on the basis of total composition 
analysis. 

Alkali metals are present as the free aquated ions. The 
iron(II)/iron(I1I) distribution, which is extensively dom­
inated by Fe(II), is in agreement with predictions based 
on pH and oxygen partial pressure (27). Similarly, it is 
expected that manganese should be dominated by Mn(II). 
The inorganic carbon content of these solutions is minimal 
and is controlled by the water solubility of CO2, 

Concentrator Water. The waters from the concen­
trator are dominated by calcium and sulfate (Table II). 
The solubility of aluminum and transition-metal hydrox­
ides regulate the concentration of these metals in solution. 
For Cu and Zn, the formation of hydroxide complexes in 
the pH 10-12 region increases their solubility into the 
submilligram per liter range. These waters experience 
extensive formation of CaSO.(aq) in solution, and as a 
consequence, the ionic strength is reduced. In addition, 
they are nominally supersaturated with respect to gypsum. 

The high pH of these solutions would suggest the presence 
of considerable amounts of bicarbonate, carbonate, and 
solid calcium carbonate. Alkalinity titration and analysis 
of the solids indicates an inorganic carbon alkalinity of less 
than 10 mglL as CaCOs, which is at least 2 orders of 
magnitude lower than the equilibrium predicted values. 
The inorganic carbon content in the solid phase is ap­
proximately 1 %, as CaCOs. Apparently contact time with 
the atmosphere prior to mixing is insufficient to generate 
sizable amounts ofHCOs- and C032- in solution. 

Concentrator solutions contain organic floating and 
frothing agents that are left from the concentrating process. 
These agents, zanthantes and long-chain alcohols, which 
may be present in up to 2 X 10 .... M in the concentrator 
plant, are removed with the ore-containing froth. The 
amount present in the effluent waters was not determined; 
however, it is significantly less than what was present in 
the concentrator plant and does not appear to playa major 
role in the chemistry. 

The concentrator slurries are approximately 30% by 
weight suspended solids, which are dominated by quartz 
and pyrite, but contain recognizable amounts of kaolinite, 
montmorillonite, muscovite, biotite, and lime. The lime, 
which is added at a rate of approximately 5 giL, represents 
a major fraction of the acid-neutralizing capacity of the 
waters. 

Effluent Waters. If the objectives of the lime neu­
tralization process are to be realized, the concentrations 
of the transition metals in the effluent waters will be sig­
nificantly lower than those observed in the acid waters. 
The data in Table III indicate that when the pH of the 
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effluent water is greater than 7, this is the case. Major 
reductions are observed for AI, Cu, Fe, Mg, Mn, Si, and 
Zn. If insufficient quantities of lime are added to the 
concentrator waters, incomplete treatment is observed and 
the reduction in metal content is not as pronounced. This 
was observed for one set of samples, and the data are 
summarized in columns 4 and 5 of Table III. The treat­
ment process leaves Ca, Na, and K as the major cations 
in solution and sulfate as the predominant anion. The 
concentrations of calcium and sulfate are sufficient to 
result in the formation of CaS04(aq). 

The major chemical change occurring in the settling 
basin is the absorption of atmospheric carbon dioxide, 
which results in a decrease in pH and allows the chemical 
system to move toward thermodynamic equilibrium. 

Process Mechanism. There are at least five processes 
that can be identified as contributors to the removal of 
metals from the acid solutions. These include dilution, 
precipitation, oxidation, surface adsorption, and ion ex­
change. The dilution factor encountered upon mixing of 
the acid waters and the concentrator waters will reduce 
the total metal concentrations by about 60%. This is small 
in comparison to what is observed, and since the concen­
trations of the metals are high in the acid waters, this 
process provides minimal impact. 

An increase in the pH of the metal-bearing waters pro­
vides the opportunity for the precipitation of hydrous 
oxides, carbonates, mixed silicates, and sulfates. Which 
of these is preferred is of interest since it will dictate 
treatment strategies. Laboratory observations, field 
studies, and thermodynamic calculations indicate that 
hydrous oxides of some of these metals will precipitate. 
The question then becomes which ones and to what extent. 
The formation of sulfate salts, with the exception of gyp­
sum, is unlikely since they are fairly soluble. The con­
centration of silica in the acid waters is below the solubility 
limit; however, the formation of mixed salts of the type 
AI2(SiOaMOHh is possible. 

The relative stability of the carbonate salts, as compared 
to other salts, makes them a potential sink for the tran­
sition and alkaline earth metals, but their formation will 
be limited by the transfer of inorganic carbon to the sys­
tem. As previously noted, the concentrator streams are 
undersaturated with respect to inorganic carbon and do 
not represent a significant carbonate source. Inorganic 
carbon must, therefore, be introduced into this system by 
atmospheric exchange. The reactions for the transfer of 
carbon dioxide from the atmosphere are given in eq 1 and 
2. 

H,o 
CO2(g) - CO2(aq) 

CO2(aq) + OH- - HCOa-

(1) 

(2) 

The rate constant for reaction 2 is 8.5 X loa M-I S-I (28). 
If reaction 2 represents the rate-limiting process for the 
generation of inorganic carbon in solution, one can calcu­
late the amount of inorganic carbon that enters the system 
during the 15-s reaction time interval. Using finite dif­
ference 

and with 

[C02(aq») = PCO,KH = (1O-a.5)(10-1.46) (4) 

where KH is the Henry's law constant and [OH-) = 10-4 
it follows that 

.:l[HCOa-) = (8.5 X lOa)(10-a.5)(10-1.46)(10-4)(15) = 
1.5 X 10-4 mol/L (5) 
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This is the maximum amount expected since if reaction 
1 were rate limiting, the system would become undersat­
urated with respect to CO2(aq) and correspondingly gen­
erate less HCOa-. Conversion of HCOa- to COa2- is a 
diffusion-controlled process and will be fast by comparison. 
Since the total available metal content is approximately 
0.02 M, it can be concluded that insufficient inorganic 
carbon enters the system during the reaction time interval 
and minimal metal carbonate precipitation occurs. 

Hydroxide precipitation is complicated by the fact that 
iron and manganese can exist in more than one oxidation 
state. In the acid waters Fe(l!) and Mn(II) are the stable 
ions, whereas at pH 10 Fe (III) and Mn(lV) are preferred. 
Oxidation is thus anticipated during the precipitation 
process. 

The rate expression for the oxidation of iron(II) by 
dissolved oxygen is shown in equation 6 where kF• equals 

-d[Fe(II»)/dt = kF.[Fe(ll))[02(aq))/[WF (6) 

3 X 10-12 M min-I (29). With initial concentrations of 
Fe(l!) = 2 X 10-2 M and [02(aq») = 2.9 X 10-4 M and pH 
= 10.0, the calculated oxidation rate is 1.75 X lOa Mjmin. 
With this rate, all of the iron(lI) in the mixed solution is 
predicted to oxidize to Fe(III) in less than 1 ms. This rate 
represents an exaggerated estimate for several reasons. In 
the first place, the rate calculation ignores the influence 
of sulfate. The formation of an FeS04(aq) ion pair reduces 
the activity of Fe(l!) in solution and correspondingly will 
reduce the rate of oxidation (30). Second, the system is 
not buffered in Fe(l!), and thus its concentration will 
decrease with time and correspondingly the rate will de­
crease. Of critical concern is whether sufficient oxygen will 
be available to oxidize the iron(II) during this 15-s time 
interval. 

The rate of oxygen solubilization is dependent upon the 
turbulence of the stream flow. A typical oxygen transfer 
rate of 5.3 X 10-4 mgj (m2 s) has been reported for a stream 
2-ft deep with a flow velocity of 6.1 mjs (Reynolds number 
~108) (31). These conditions approximate those of the 
mixbox, and with a residence time of 15 s, 3.35 X 10-4 mol 
of O2 could dissolve in each liter of solution. This is 
sufficient to oxidize 78 mgjL of iron(lI) and would produce 
a sluge containing approximately equal weights of Fe(l!) 
and Fe(III), which is consistent with the field observations. 

Manganese(II) oxidation is much slower than iron(II) 
oxidation (32). If the potential for transition-metal cata­
lysis of this process is considered, it becomes difficult to 
precisely define the contribution of Mn(lI) oxidation to 
the overall reaction process. It is probable that Fe(l!) will 
utilize virtually all of the available oxygen, and thus the 
major reactions involving Mn2+ are precipitation as 
Mn(OH2) and adsorption. 

The ability of hydrous metal oxides to remove trace 
metals from solution by adsorption is well documented 
(33-37), and since these waters contain sizable quantities 
of Fe(OH)a, AI(OH)a, and Si02,2H20, adsorption is of 
potential significance in the treatment process. These 
waters also contain sizable amounts of suspended material 
prior to the rapid pH increase. This provides an oppor­
tunity for adsorption, coprecipitation, and discrete pre­
cipitation. Analysis of the products confirms that these 
physical-chemical processes have occurred; however, it 
provides no indication of their relative contributions or the 
time frame during which they occur. Recent laboratory 
studies (34) indicate that adsorption and coprecipitation 
are indistinguishable for this type of system. In addition, 
the surfaces are composed of a variety of reaction sites as 
reflected by variation in adsorption free-energy changes 
as the concentration of adsorbate is varied. The laboratory 



Table IV. Chemical Composition of Precipitate Produced in Laboratory Simulation" 

simula· final 
tion pH Cu AI Mg Mn Zn Fe2+ Fe3 + Ca Si SO. 

0 3.8 NO 2.5 NO NO 0.3 4.2 39.72 NO 1.5 <0.5 
1 4.2 0.06 10.7 0.14 0.07 0.33 2.4 25.60 NO 1.1 7.4 
2 4.6 0 .20 14.8 0.02 NO 0.28 0.84 18.91 NO 1.21 9.6 
3 5.5 0.99 14.4 1.03 0.38 12.2 1.3 19.2 0.7 2.5 6.1 
4 5.1 0.77 14.5 0.34 0.12 4.0 0.71 18.91 0.1 2.2 1.2 
5 7.0 0.46 7.7 2.98 3.20 12.7 2.73 15.07 2.9 2.2 6.3 
6 10.3 0.33 5.3 7.48 3.36 8.2 1.87 10.78 6.6 1.7 3.7 

" NO = not detected, values are percent of totals. The ratio of AliSO. in the solid and AI removed from solution were 
used to calculate the amount of SO. removed from solution for Figure 4. 
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figure 2. Removal of AI3+, Fe3+, Fe2+, and Mg2+ from solution as a 
function of the pH of the treatment process (total volume 115 ml). 

simulation studies, which will be presented subsequently, 
provide an opportunity to more precisely defme what may 
be occurring. 

It has been noted that the major source of base in the 
field process is not the concentrator solution but the res­
ervoir of lime contained in the suspended solids. Leaching 
of the concentrator solid with various acids indicates that 
this material contains a small amount of labile Na and K, 
which presumably is present in the aluminosilicate ex­
change sites. Exchange of these species with hydrogen ion 
at low pH is a potential contributor to the neutralization 
process. 

The chemical processes that occur as the solution leaves 
the area of active mixing are limited to movement toward 
thermodynamic equilibrium. Specifically, precipitation 
of gypsum and the adsorption of atmospheric CO2 are 
important. The latter is reflected by a pH decrease and 
the former by a decreased sulfate content. While both 
gypsum and calcite precipitation decrease the calcium 
concentration, it is noted that the calcium content of the 
discharge solution is actually somewhat higher than that 
of the mixbox effluent. This difference reflects continued 
dissolution of residual lime present in the settling sludge. 

Laboratory Simulation. Laboratory simulation of the 
treatment process involves controlled neutralization of the 
acidic metal-bearing waters. This provided seven mixture 
solutions with final pH values ranging from 3.8 to 10.3. 
Both precipitates and supernates were chemically ana­
lyzed. The weight percents of the metals in the precipitate 
are listed in Table IV. The first precipitate was domi­
nated by Fe (III), and this reflects the composition of the 
acidic waters and the relative thermodynamic stability of 
the hydroxides. The concentrations of the metals in so­
lution and how they decrease as the pH of the reaction 
mixture increases are shown in Figures 2 and 3. As 
mentioned previously, Fe3+ precipitates first, and the 

. 
N 

30 

25 

2 20 

o 
--; 15 

: 
D 10 
E 

o 

7 

pH 
10 

Figure 3. Removal of Cu'+, Mn'+, 510" and Zn2+ from solution as 
a function of the pH of the treatment process (total volume 115 mL). 
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FIgIn 4. Stoichiometric relationship between the equivalents of anions 
added and the equivalents of metal precipitated: (e) consideration of 
OW only; (X) consideration· of OW and 501-. 

process is virtually complete by pH 3.5. Aluminum pre­
cipitation is complete by pH ~5 and copper is gone by pH 
6. Zinc and Fe2+ exhibit similar behavior with 50% loss 
occurring in the pH range 5.H. Half of the Mn2+ is gone 
by pH 6.5, and magnesium, as expected, is the last to 
precipitate. Loss of Si02·2H20 is intermediate between 
that observed for AP+ and Zn2+. On the basis of ther­
modynamic stability of the hydroxides and the initial 
metal concentrations, one predicts that 50% of the metals 
would be lost from solution by the following pH values: 
Fe3+, 3; AP+, 4; Cu2+, 6.1; Zn2+, 6.6; Fe2+, 8.3; Mn2+, 9.1; 
Mg2+,9.8. The observed results indicate that Fe3+, AP+, 
and Cu2+ are in agreement with the thermodynamic pre­
diction and Zn2+ is fairly close. Fe2+, Mn2+, and Mg2+ are 
lost from solution at pH values significantly lower than 
what is predicted on the basis of their hydroxide solubility. 
Oxidation of Fe2+ to Fe3+ and Mn2+ to Mn4+ could account 
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Table V. Chemical Composition of a Solution as a Function of Lime Addition: Computer Simulation of Total 
Concentration in Solution (mg/L)" 

Amount of Lime Added 
mg/L 0 0.8 1.6 2.4 3.2 
lb/min 0 2 4 6 8 

species 

Al 87.3 44.6 
Ca 539 542 547 556 568 
Cu 30.2 30.2 26.6 
Fe 358 358 358 261 129 
K 33.0 33.0 3.0 33.0 33.0 
Mg 114.5 113.5 113.5 113.5 11.35 
Mn 42.6 42.6 42.6 42.6 42.6 
Na 38.2 38.2 38.2 38.2 38.2 
SiO,· 2H,O 15.2 0.4 0.4 0.4 0.4 
SO.' - 3250 3010 2773 3548 2328 
Zn 111.9 111.9 111.9 88.0 74.5 
pH 3.58 4.20 6.32 7.84 8.00 

a Blank spaces denote concentrations of less than 0.1 mg/L. 

for the loss of these two species; however, the loss of Mg2+ 
indicates another process. 

A plot of hydroxide added vs. cations precipitated is 
shown in Figure 4. The solid line represents the one to 
one relationship, and there is good agreement at the ex­
tremes. A small but significant difference occurs in the 
pH 5--7 region. Other precipitated anions include SiOl­
and SOlo. The inclusion of SiOl- to interpret Figure 4 
does not help since the reference state is Si02·2H20 and 
thus negative charge in the system is conserved. This is 
not the case for SO.2-, and inclusion of precipitated sulfate 
in Figure 4 improves the agreement. Adsorption of 
trace-metal cations onto the hydrous oxide surfaces with 
nonstoichiometric release of hydrogen ion would account 
for the remaining difference, and this has been observed 
for several systems in this pH range (33, 37). The solid 
species AI(OH)SO. has also been identified in acid coal 
mine drainage (38), and several silicates are predicted to 
be stable. 

The observed removal of Fe2+, Mn2+, and particularly 
Mg2+ from solutions at pH values below what is predicted 
on the basis of their hydroxide solubility indicates that 
they are nonstoichiometrically adsorbed by the solid sur­
face and thus scavanged from solution. 

Computer Simulation. Modeling this treatment pro­
cess as a sequence of chemical reactions utilizing ther­
modynamically driven equilibrium conditions provides an 
indication of what could happen if there were no kinetic 
constraints. The general flow of the computer simulations 
involves mixing of two solutions and a minimiZation of the 
free energy of the system. This procedure identifies the 
most stable heterogeneous phases and also evaluates the 
species distribution in solution. In an attempt to provide 
a model that is comparable to that observed in the labo­
ratory simulation and also one comparable to that observed 
in the field, the rate of lime addition was varied from 0 
to 7.9 mg/L (0-7 X 10-< Ib/gal.). The bulk chemistry of 
the solution to which this lime is added, as shown in the 
first column of Table V, represents the results of mixing 
of mine, precipitation plant, and concentrator solutions 
having an average composition (in a ratio that reflects their 
average flow rates). The calculated results are shown in 
Table V. 

The calculated pH values are used as a guideline for 
comparison to the laboratory and field data. As was ob­
served in the laboratory studies, AP+, Fe3+, and Cu2+ are 
lost at low pH. These calculations did not include the 
oxidation of Fe2+ to Fe3+, and thus loss of iron is through 
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4.0 4.7 5.5 6.3 7.9 
10 12 14 16 20 

mixbox 
effluent 

0.7 1.2 15 165.1 0.7 
580 594 613 659 812 650 

0.6 
29.3 
33.0 33.0 33.0 33.0 33.0 37.5 

113.5 89.0 28.6 2.2 5.4 
42.6 4.5 1.5 0.4 0.1 
38.2 38.2 38.2 28.2 28.2 55.0 

0.4 0.4 0 .4 0.4 0.4 0.5 
2001 1801 1692 1554 1424 1750 

19.2 2.7 2.8 4.6 12.3 0.2 
8.31 9.88 10.12 11.21 11.84 10.1 

the precipitation of Fe(OH)2, which is predicted to occur 
at higher pH values than what was observed in the labo­
ratory experiments. The same conclusion applies to Mn2+. 
The predicted loss of Zn2+ and Mg2+ also occurs at pH 
values greater than what is observed. The loss of Si02• 

2H20 is in agreement with the experimental data. Calcium 
and sulfate are predominantly regulated by the precipi­
tation of gypsum. 

The predicted concentrations, at a lime loading rate of 
5.5 mg/L (4.6 X 10-4 lb/gal.) is in good agreement with 
what is observed in the mixbox solutions. The pH values 
are the same within experimental and modeling error, and 
thus if the model is a reasonable approximation, the con­
centrations of the other species should also be comparable. 
This is observed to be the case for AI, Ca, Cu, Fe, K, Na, 
Si, and sulfate. As has been identified previously, Mg, Mn, 
and Zn are lower in the experimental observations that 
what is predicted without including adsorption. 

The calculations could have included surface complex­
ation, but they did not since the uncertainty in assigning 
the concentrations of the surface sites and in the magni­
tudes of effective stability constants for the mixed system 
is too large. In a qualitative sense, however, surface com­
plexation would cause removal of Fe2+, Mn2+, and Zn2+ at 
lower pH values than what is shown in Table V. When 
the addition of lime exceeds 5.5 mg/L, sufficient hydroxide 
is being added to the system to form soluble hydroxide 
complexes, and thus the trace-metal content of the solu­
tions will increase as the pH rises from 10 to 12. 

Summary 
Laboratory and theoretical simulations have been de­

veloped for an industrial base-metal treatment process. 
The laboratory simulations, which involve controlled 
precipitation, provide excellent agreement with the field 
treatment process and, in addition, identify the sequence 
of chemical events. The major reactions involve precipi­
tation of stoichiometric hydroxides. The transfer of O2 and 
CO2 from the atmosphere does not playa major role in the 
chemistry of transferring the metals from solution to the 
solid phase during mixbox treatment. The time interval 
is too short and the gas-liquid interfacial area is too small 
to permit sufficient quantities of these two reagents to 
enter the system. Adsorption-coprecipitation is indicated 
as the process that greatly facilitates the removal of Fe2+, 
Mg2+, Mn2+, and possibly Zn2+ from solution. Thermo­
dynamic calculations predict the optimum rate of lime 
addition for the industrial treatment process. 
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• Results of aerial measurements in plumes from large 
urban areas, petroleum refmeries, automotive-painting 
operations, fossil-fuel power plants, and controlled burning 
of forest slash are presented. Field monitoring studies 
occurred during summer months between 1974 and 1980 
and emphasized collection of data on in-plume ozone 
buildup and associated precursor concentrations. Photo­
chemical ozone formation in excess of ambient background 
levels was documented in all plumes studied, with the 
exception of power-plant emissions. Examination of 
NMHC/NO. ratios indicates ozone production, or deple­
tion in the case of power-plant effluents, was consistent 
with the traditional HC-NOx-UV light model. Urban 
non-methane hydrocarbon composition was similar for the 
cities monitored, but marked variation was observed be­
tween plumes from other sources. 

Introduction 

During 1974-1980, surface and aerial measurements of 
ozone, non-methane hydrocarbons (NMHC), and nitrogen 
oxides were recorded downwind of a number of urban and 
point sources. The ambient monitoring program was 
specifically aimed at investigating the relationship between 
ozone and ozone precursors in plumes from large metro­
politan areas, petroleum refineries, automotive-painting 
facilities, fossil-fuel power plants, and controlled burning 
of forest slash. Results are presented emphasizing the 
relative magnitude of photochemical ozone formation over 
time periods of 6-8 h and associated in-plume concentra­
tions of hydrocarbon and nitrogen oxides precursors. 

Experimental Section 

Ground-level measurements were centered around a 
23-ft instrumented trailer which served as a field labora­
tory. Typically, the trailer was located near the emissions 
source being investigated. Continuous monitoring of 0 3, 

NO, N02, NO .. CH., CO, total hydrocarbon, selected 
halocarbons, and a variety of meteorological parameters 
was accomplished at this site. Non-methane hydrocarbon 
samples were collected at the surface and by an instru­
mented aircraft in Teflon bags or stainless steel canisters 
and then returned to the field laboratory. Individual hy­
drocarbon identification was accomplished by using two 
Perkin-Elmer gas chromatographs. From 1974 to 1975 
only C2-{;6 NMHC were measured, but after 1975 C2-CIO 
hydrocarbon compounds were analyzed for all samples. 

Instruments carried by the aircraft allowed for contin­
uous measurement of 0 3, NO, N02, NO .. visual range, 
condensation nuclei, temperature, and relevant flight pa­
rameters (e.g., airspeed, altitude). Beginning in 1977, a 
pulsed fluorescent S02 analyzer provided continuous data 
on ambient S02 levels. Hydrocarbon grab samples were 
also collected and returned to the field laboratory for 
analysis. A Metrodata acquisition system was employed 
in both the trailer and the aircraft, allowing for storage of 
continuous data on nine-track magnetic tape. A more 
complete description of study designs, instrument manu-

facturers, measurement techniques, and calibration pro­
cedures is available elsewhere (1-6). 

Results 
Pollutant measurements in selected urban and point­

source plumes during the first 6-8 h of transport were 
conducted by using an instrumented aircraft. Field studies 
occurred during summer months (1974-1980) and focused 
on documenting in-plume photochemical transformations. 
Research efforts emphasized collection of data on ozone 
enhancement (or depletion), concentration and composi­
tion of non-methane hydrocarbons, and levels of nitrogen 
oxides. Sources investigated included large urban areas 
(Chicago, IL; Milwaukee, WI; Houston, TX), petroleum 
refineries (Benicia, CA; Lawrenceville and Robinson, IL), 
an automotive-painting facility (Janesville, WI), fossil-fuel 
power plants (western shore of Lake Michigan), and con­
trolled burning of forest slash (rural areas in Washington 
State). 

Large Urban Centers. Airborne emissions downwind 
of Chicago, Milwaukee, and Houston were monitored in 
order to provide a comparison of ozone and ozone pre­
cursor levels. Chicago and Milwaukee are located in the 
Great Lakes region and have not been as well studied as 
some other urban centers. Houston is situated along the 
Gulf Coast and has been the subject of several air pollution 
studies. 

Measurements in the Chicago and Milwaukee plumes 
were obtained in conjunction with field studies in 1976 (7) 
and 1977 (4). Migratory high-pressure systems dominate 
summertime and fall meteorology in this region, and the 
relationship between anticyclones and air quality in the 
Midwest has been well documented (8) . Mesoscale lake 
breezes have been shown to have a significant impact on 
pollutant concentrations in areas immediately adjacent to 
Lake Michigan, especially downwind of Chicago and 
Milwaukee (~11). 

The Chicago plume was observed on several occasions 
to be transported downwind as a discernible entity for 
more than 100 miles. During periods of synoptic air flow 
from the southeast, emissions from the Chicago-Gary 
urban complex were shown to have a significant effect on 
local pollutant levels in southern Wisconsin (12). Peak 
in-plume ozone enhancement under these conditions was 
on the order of 80 ppb above background levels, while 
NMHC and NO. concentrations 60 miles from Chicago 
were approximately 75 ppbC and 15 ppb, respectively. In 
samples collected just downwind of the city, hydrocarbon 
values typically were greater than 500 ppbC and NO. levels 
were near 100 ppb. 

Highest ozone concentrations were commonly recorded 
along the Lake Michigan shoreline to the north of Chicago 
during lake breeze fumigation. In the most frequently 
observed scenario, primary emissions from the Chicago­
Gary area drifted to the northeast over Lake Michigan 
during the morning hours. Secondary pollutants were 
formed in the polluted air mass over the lake and then 
advected onshore by the afternoon lake breeze winds. 
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Table I. Summary of 0" NOx, and NMHC Data from Urban and Point· Source Plumes 

Marathon GM 
Chicago Milwaukee Houston oil reo painting power forest·slash 

parameter plume (11) plume (11) plume (13) finery (5 ) plant (16) plants (7) burn (19) 

aO,,· ppb 100-200 100-1 50 100-250 15-30 5-15 depletion 40-50 
NMHC/NOx b 5-10 5-15 7-10 10-20 10-15 < 1 5-10 
NOx,b ppb 50-100 < 50 50-100 25 20-30 100-400 50-100 
NMHC,b ppbC 550 250 750 350 250 near 700 

backgroundC 

olefins, % 11 10 8 5 6 < 5 45 
aromatics, % 22 25 11 10 35 5-15 25 
paraffins, % 67 65 80 85 58 85 25 

plume width,b 20-30 10-15 10-20 3-5 3-5 3-5 1-4 
miles 

time req'd <30 < 30 < 30 60-120 60-120 NAe <5 
for 0 , buildup,d min 

• Observed maximum ozone enhancement above background levels. b Typical value recorded in region of peak ozone 
buildup. C Less than 100 ppbC in most cases. d Approximate time from precursor release to production of photochemical 
0 , in excess of local ambient background concentrations. e Not applicable. 

Peak afternoon ozone values in the shoreline region of 
fumigation typically exceeded 200 ppb at ground level (100 
ppb above background), and concentrations as high as 300 
ppb were recorded by the instrumented aircraft. Associ­
ated hydrocarbon and NO, levels were about 300-500 
ppbC and 25-100 ppb, respectively. 

Milwaukee is a smaller, less industrialized city than 
Chicago, located approximately 50 miles north along the 
shore of Lake Michigan. As in the case of the Chicago 
plume, emissions from Milwaukee were shown to produce 
elevated levels of photochemical ozone as they drifted over 
the lake. On several occasions, fumigation of the shoreline 
by the Milwaukee plume resulted in peak ozone concen­
trations in excess of 200 ppb near Sheboygan, 50 miles 
north of the city. Precursor concentrations measured in 
the effluent from Milwaukee were routinely less than for 
Chicago, with NMHC levels between 200 and 300 ppbC 
and NO, less than 50 ppb. It is important to note that 
although excess ozone concentrations in the Milwaukee 
and Chicago plumes were similar (100-150 ppb), the 
Chicago plume was normally larger. 

Observations of pollutant levels in the Houston plume 
were obtained during an intensive monitoring study in 
1978 (6) . During the period of investigation in Aug and 
Sept, relatively low pollution concentrations were advected 
into the Houston area; however, afternoon ozone buildup 
downwind of the city was consistently recorded. Ozone 
concentrations in the urban plume typically exceeded 
ambient background levels by 100-250 ppb, with elevated 
values persisting for more than 100 miles downwind. 

Peak photochemical ozone formation was associated 
with NMHC concentrations of 700-800 ppbC and NO, 
levels of approximately 50 ppb. Highest ozone concen­
trations were noted when easterly winds caused industrial 
discharges from the ship-channel region to mix rapidly 
with Houston urban emissions. Attempts to quantify 
relative contributions of NMHC and NO, precursors from 
Houston, the ship channel, and nearby industrialized lo­
cations, such as Baytown and Texas City, have not been 
successful to date. Yet all these sources undoubtedly 
contribute to emissions which are labeled as the "Houston 
plume" (13). Data from the urban plumes discussed above 
are summarized in Table I. 

Petroleum Refineries. A 2-week study near the Tex­
aco refinery at Lawrenceville, IL, in June 1974 indicated 
that in-plume pollutant values were on the order of 1-2 
ppm NMHC, 30 ppb NO, and 3-5 ppm CO. Although 
elevated NMHC values, primarily alkanes, were recorded 
out to 30 miles from the plant, no evidence of in-plume 

ozone enhancement was observed (1). 
In Sept 1975, a 2-week investigation was conducted to 

measure in-plume pollutant concentrations in the plume 
from the Exxon refinery at Benicia, CA (2, 14). Because 
of interferences from nearby industrial sources, Exxon 
emissions could be tracked for only about 8 miles (ap­
proximately 30-min irradiation time). In-plume ozone 
values were either less than or equal to background levels 
out to that distance. Non-methane hydrocarbon concen­
trations in the plume were in the range 500-1000 ppbC and 
NO, levels varied from 50 to 150 ppb. Ozone buildup was 
consistently recorded in the delta region of the Sacramento 
river, approximately 30 miles downwind. However, it was 
not possible to define the contribution of Exxon emissions. 

During July 1977, a field monitoring program near the 
Marathon refinery at Robinson, IL (3, 5), revealed 
ground-level NMHC and NO, concentrations on the order 
of 5000 ppbC and 25 ppb, respectively. Downwind of the 
plant, NMHC values were typically 1000-2000 ppbC at less 
than 2 miles, decreasing to 300-400 ppbC at 5 miles and 
100-150 ppbC at 10 miles. In-plume NO, levels were 
commonly 10-25 ppb, with elevated NO, and NMHC re­
corded out to 20 miles from the refinery. Excess ozone 
formation was observed in conjunction with the Marathon 
plume during some afternoon flights. Peak ozone .levels 
were typically between 15 and 30 ppb above background 
concentrations and were most frequently observed in the 
region 5-15 miles downwind of the plant. The data per­
tinent to ozone formation in petroleum-refinery plumes 
are given in Table I. 

Automotive-Painting Plant. Photochemical ozone 
generation near the General Motors Assembly Division 
plant at Janesville, WI, was examined in 1977 and 1978 
(4,15,16). The majority of organic volatiles measured in 
the GM plume consisted of hydrocarbons in the C7-C IO 
molecular weight range, with toluene, Cs alkanes, ethyl· 
benzene, and the three isomeric xylenes predominating. 
Ground-level measurements near the plant revealed 
NMHC concentrations of 3000 ppbC, while downwind 
levels were approximately 200-300 ppbC at 5-10 miles. 
Aerial measurements showed NO, values varying from 20 
to 30 ppb within plume boundaries. Isolated instances of 
elevated ozone concentrations attributable to GM emis­
sions were recorded in both 1977 and 1978. Excess ozone 
formation was consistently between 5 and 15 ppb above 
background. Information from the GM study is given in 
Table I. 

Fossil-Fuel Power Plants. Ozone production in 
power-plant plumes along the western shore of Lake 
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Michigan was examined in 1976 (7). Ozone concentrations 
in the definable portion of the plume were commonly 
depleted compared to background levels due to scavenging 
by nitric oxide. Non-methane hydrocarbon values within 
plume boundaries were on the same order as existing 
background concentrations. Elevated in-plume NO. levels 
were always observed. Although no instances of photo­
chemical ozone production due solely to power-plant 
emissions were noted, other investigators have reported 
ozone buildup in power-plant effluents (17, 18). Mea­
surements of 0 3, NO., and NMHC concentrations in fos­
sil-fuel power-plant plumes are given in Table I. 

Controlled Burning of Forest Slash. Measurements 
in slash-burn plumes from predominantly rural regions of 
Washington State revealed consistent ozone buildup of 
40-50 ppb (19). Ozone production appeared to occur very 
rapidly in the plume, with excess 0 3 frequently recorded 
directly over the forest burn. Hydrocarbon analysis 
showed that many photochemically reactive olefins were 
present in airborne emissions and favorable NMHC/NO. 
and NOdNO ratios were often observed. Nitrogen oxides 
concentrations between 50 and 100 ppb were commonly 
associated with the plume, while NMHC values as high 
as 600-700 ppbC were recorded. The olefinic compounds 
propene, I-butene, 2-methylpropene, cis-2-butene, and 
trans-2-butene typically constituted about 20% of the total 
NMHC. Data from forest-slash burning are summarized 
in Table I. 

Discussion 
Factors such as UV radiation, temperature, irradiation 

time, absolute NMHC concentrations, N02/NO ratio, and 
especially the NMHC/NO. ratio have been shown to be 
important determinants of photochemical ozone genera­
tion. Due to the difficulties of aerial monitoring in narrow 
plumes, determining the effects of these variables on ozone 
buildup in real atmospheres is not straightforward. The 
situation is further complicated by the fact that precursor 
concentrations vary both spatially and temporally due to 
changing meteorological parameters and fluctuating 
emission rates. The data in Table I show maximum ozone 
enhancement recorded within various plumes and con­
centrations of NMHC and NO. measured in conjunction 
with these peak values. In all instances where ozone 
buildup due to urban or point-source emissions was doc­
umented, NMHC/NO. ratios were in the region between 
5 and 20. This is the range (typically between 8 and 15) 
where maximum ozone production is expected to occur 
(20). Results are surprisingly consistent given the complex 
nature of photochemical processes and limitations of 
available monitoring devices. The fact that no in-plume 
ozone enhancement was attributable to fossil-fuel power­
plant emissions was probably due to low NMHC/NO. 
ratios and 0 3 scavenging by nitric oxide. 

The composition of NMHC in urban plumes was rela­
tively consistent, particularly for Chicago and Milwaukee. 
The lower proportion of aromatics and higher percentage 
of paraffins recorded in the Houston plume are not 
unexpected since petrochemical industrial emissions ac­
count for a significant fraction of that city's emission in­
ventory. As shown in Table I, NMHC levels in the 
Houston effluent are similar in makeup to those recorded 
downwind of the Marathon petroleum refmery. In contrast 
to the similarities in NMHC composition between urban 
areas, the hydrocarbon mix in plumes from oil refineries, 
painting plants, and slash burns shows marked variation. 
Petroleum-refmery emissions are composed principally of 
paraffmic compounds with few olefms. Painting discharges 
contain few olefins, but over a third of the total is aro-

228 Environ. Sci. Technol., Vol. 17, No.4, 1983 

matics. Forest-burn emissions are almost half olefins, with 
the remaining fraction divided evenly between aromatics 
and paraffins. 

Because of differences in hydrocarbon reactivities, the 
variations observed in hydrocarbon composition are po­
tentially important in influencing maximum ozone pro­
duction. Olefins have been shown to be the most reactive 
class of hydrocarbon compounds and will be the fastest 
promoters of ozone buildup. Aromatics are the next most 
reactive category followed by paraffins. While the pa­
raffinic species are the slowest reacting group, they can 
contribute to ozone formation over longer time periods and 
may be important photochemical ozone precursors in cases 
of long-range multiday transport. The rapid generation 
of ozone recorded in slash-burn plumes is partially a result 
of the high olefin content in burn emissions. Conversely, 
ozone buildup in petroleum-refmery plumes was only noted 
after 1-2 h of transport. Since the vast majority of refinery 
emissions are slow-reacting paraffins, more irradiation time 
was required before in-plume ozone concentrations ex­
ceeded background levels. 

Photochemical ozone formation in urban plumes is a 
somewhat different situation than that for point sources. 
In petroleum refineries, for instance, hydrocarbon emis­
sions occur primarily at ground level due to evaporation 
and have little thermal buoyancy. Nitrogen oxides emis­
sions result from processing operations and commonly are 
vented to the atmosphere from a stack. Only after these 
primary pollutants have mixed together downwind of the 
plant will NMHC/NO. ratios favor ozone formation. 
Similarly, nitrogen oxides and other pollutants are released 
from fossil-fuel power plants through tall stacks and are 
not expected to exhibit excess ozone formation unless 
entrainment of background NMHC is sufficient to cause 
favorable NMHC/NO. ratios. 

Urban emissions, on the other hand, occur over a wide 
area with NMHC and NO. often emitted near ground level 
and in close proximity (e.g., automotive emissions). These 
pollutants mix with discharges from industrial sources and 
together make up the urban plume. Maximum ozone 
concentrations associated with urban emissions are ob­
served typically 1-2 h downwind. However, the bulk of 
in-plume ozone was consistently recorded over or directly 
downwind of urban centers. The rapid production of ozone 
was probably due to the high olefmic content of automotive 
emissions, the close proximity of NMHC and NO. sources 
at or near ground level, and the disperse nature of these 
sources, which allowed for rapid mixing across a wide area. 

Conclusions 
Observations in urban and point-source plumes under 

a variety of meteorological conditions indicate that pho­
tochemical ozone formation is qualitatively consistent in 
all cases with the traditional HC-NO.-UV light model. 
In-plume ozone buildup occurred when NMHC/NO. ratios 
were in the range 5--20, and longer irradiation periods were 
required for emissions containing mainly slower reacting 
hydrocarbons. Although non-methane hydrocarbon com­
position was found to vary between plumes from petroleum 
refineries, painting operations, power plants, and forest 
burning, urban NMHC emissions were similar for the cities 
studied. 

Registry No. 0 3, 10028-15-6; NO., 11104-93-1. 
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Partition Equilibria of Nonlonic Organic Compounds between Soil Organic 
Matter and Watert 
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• Equilibrium isotherms for the simultaneous uptake of 
binary nonionic organic compounds from water on soil 
indicated no competitive effect between the two solutes. 
This observation supports the hypothesis that partition 
to the soil organic phase is the primary process for sorption 
of nonionic organic compounds from water on soil. The 
partition process between soil organic matter and water 
was analyzed by using the conventional solution concept 
for solutes in water and the Flory-Huggins treatment for 
solutes in the polymeric humic phase. Sorption deter­
mined for 12 aromatic compounds on a Woodburn soil 
shows that the extent of solute insolubility in water (8) 
is the primary factor affecting the soil organic matter­
water partition coefficient (Kom) and that the effect of 
solute incompatibility with soil organic matter is significant 
but secondary. This explains the commonly observed 
correlations of log Kom vs. log 8 and log Kom vs. log Kow 
(octanol-water). 

Introduction 

Earlier publications (J, 2) provided evidence that sorp­
tion of nonionic organic compounds from water on soil 
consists primarily of partition into the soil organic phase; 
adsorption by the soil mineral fraction is relatively unim­
portant in wet soils presumably because of the strong 
dipole interaction between soil minerals and water, which 
excludes neutral organic solutes from this portion of the 
soil. We here report further support for the partition 
hypothesis in soil-water systems and present a novel 
analysis of partition equilibria between soil organic phase 

t Oregon State Agricultural Experiment Station Technical Paper 
No. 6480. 

and water, taking into account the solute solubility in 
polymeric humic substances. 

Partitioning of organic solutes between the soil organic 
phase and water may be treated in a manner similar to that 
between an organic solvent phase and water (3, 4). To 
analyze the relative effects on partition coefficient of solute 
solubility in water, compatibility with soil organic phase, 
and alteration of water solubility by soil organic compo­
nents dissolved in water, a reference "ideal line" (3) relating 
sorption coefficient with water solubility is needed. We 
assume that the effect of soil-water mutual saturation on 
the solute's water solubility is insignificant with topsoil 
since the fraction of water-soluble organic components 
(which may have a potential effect on solute solubility) is 
usually negligible. We consider the major components of 
soil humus to be amorphous polymeric (macromolecular) 
substances and therefore adapt the Flory-Huggins theory 
(5, 6) to account for the solute activity in an amorphous 
polymer. The partition process with soil organic matter 
is conceived to be analogous to that involved with synthetic 
resins used in ion-exclusion, salting-out, and solubilization 
chromatography for separating nonionic species (7-10). 

The relation between partition coefficient and water 
solubility for slightly water-soluble organic solutes in an 
organic solvent-water mixture, in which the solvent has 
small solubility in water, is given by (3) 

log K = -log 8 -log '10* -log 'Yo* + log ('Yw* hw) (1) 

where K is the solute partition coefficient, 8 is the molar 
water solubility of the liquid or supercooled liquid solute, 
Vo* is the molar volume of water-saturated organic phase, 
'Yo* is the solute activity coefficient (Raoult's law con­
vention) in water-saturated solvent phase, 'Yw * is the solute 
activity coefficient in solvent-saturated water, and 'Yw is 
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the solute activity coefficient in water. The ideal line for 
the solutes partitioned between an organic solvent (such 
as octanol) and water is thus 

log KO = -log S - log Vo* (2) 

where KO represents the partition coefficient when solutes 
form ideal solutions in the (water-saturated) solvent phase 
and when the solute solubility in water is not affected by 
the solvent dissolved in water. 

When the organic phase is polymer, as are soil humic 
substances, 'Yo* in eq 1 (defined on a mole-fraction basis) 
must be modified to account for the large disparity in 
molecular volumes of solute and polymer, an effect that 
introduces large negative deviations from Raoult's law 
without associated heat effects (5, 6). The Flory-Huggins 
theory (5, 6, 11, 12) treats the activity of solutes at dilute 
concentrations in an amorphous polymer as 

In a = In <I> + <1>.(1 - V IV.) + x<I>/ (3) 

where a is the activity of solute, <I> is the volume fraction 
of solute, <1>. is the volum_e fraction of polymer, V is the 
molar volume of solute, V. is the average molar volume 
of polymeric substances, and X is the Flory-Huggins in­
teraction parameter, a sum of excess enthalpic (X H) and 
excess entropic (Xs) contributions of the solute-polymer 
interaction (13, 14). When water is sorbed to the polymer 
phase, as for water-saturated soil organic matter, the 
properties of a, <1>, <1>., V E and X are those corrected for the 
effect of water sorbed. Thus, for instance, <1>. is the volume 
fraction of soil_organic matter and sorbed water (i.e., <1>. 
= 1 - <1» and V. is the average_ mola! volume of water­
saturated soil organic matter (V. = Vp*)' 

To obtain the solute activity coefficient ho*) at given 
mole fraction in water-saturated soil organic phase, In a 
in eq 3 may be set equal to In x'Yo*, where x is the mole 
fraction of solute in water-saturated soil organic phase. At 
dilute concentrations of solute in this phase, x and <I> can 
be approximated as 

x = nl(n + n.) "'" nln. (4) 

and 

where n is the moles of solute and n. is the moles of soil 
humus and sorbed water. Substituting eq 4 and 5 into eq 
3 gives 

In 'Yo* = In V -In V.* + <1>.(1- VIV.*) + x<I>.2 (6) 

The solute partition coefficient between soil organic phase 
and bulk water can then be derived by substituting eq 6 
into eq 1 with V. * = Vo * and ~p =' 1 along with the as­
sumption of 'Yw * hw "'" 1 and V /V. * « 1, giving 

log Korn = -log SV -log p - (1 + x)/2.303 (7) 

where Korn is the solute partition coefficient between soil 
organic phase and water and p is the density of the organic 
matter introduced to express Korn in a more usual weight 
basis. 

According to Hildebrand et al. (13) and Scott (14), if the 
contribution to the incompatibility of a solute in a polymer, 
other than that of size difference, is given by the regular 
solution theory, the component XH of X can be reasonably 
correlated by the solubility parameters of solute and 
polymer. In this case 

(8) 

where Xs is approximately the reciprocal of the coordina-
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tion number of the polymer subunits, (, is the solubility 
parameter of solute, and 0. is the apparent (total) solubility 
parameter of water-saturated polymer. The value of Xs 
depends presumably on the characteristics of the polymer 
network (crosslinking and chain length). Scott (14) treated 
Xs as an empirical constant, assumed to be about 0.25 for 
high polymers. The ideal line for compounds with neg­
ligible heats of interaction (X = Xs) in the polymer phase 
would thus be 

log Korn ° = -log SV - log p - (1 + xs) 12.303 (9) 

where Korn ° is the partition coefficient when X = Xs and 
p is assumed for soil organic matter to be 1.2 by comparison 
with values for similar polymeric materials (15). With use 
of eq 9 as the ideal line and the experimental data of log 
Korn, the incompatibility of a compound with (water-sat­
urated) soil organic matter is (X - xs) / 2.303 = log 
(Korn ° / Korn)· If (X - xs) /2.303 is small compared to log SV 
for a group of solutes partitioned to the organic matter 
phase of a soil, the relation between log Korn and log SV 
should be linear. 

This study investigates the sorption of some aromatic 
compounds (benzene derivatives and PCBs) from both 
single-solute and binary-solute aqueous solutions on a 
Woodburn soil and discusses the relation of log Korn vs. log 
SV, log Korn vs. log S, and log Korn vs. log Kow (octanol­
water) for the selected compounds. 

Experimental Section 

All sorption experiments were conducted with a Wood­
burn silt loam soil, which has the following compositions: 
1.9% organic matter, 68% silt, 21 % clay, and 9% sand, 
with a cation-exchange capacity of 14 mequiv /100 g of soil. 
Test compounds were reagent grades or analytical stand­
ards from Analabs, Aldrich, and Mallinckrodt and used 
as received except for some chlorinated biphenyls (PCBs) 
that were recrystallized in methanol to remove impurities. 

Stock aqueous solutions were prepared by saturating 
each chemical with water at approximately 50°C and then 
allowing the suspensions to stand at 20 °C. Excess chem­
icals in suspension were removed by centrifugation and 
saturated aqueous phases separated. A series of more 
dilute solutions were prepared for equilibration with ap­
propriate amounts of soil. Soil-solution mixtures were 
equilibrated at 20°C in 30-mL screw-capped centrifuge 
tubes (equipped with Teflon-lined lids) for 24 h on a 
mechanical shaker. Samples were centrifuged at 20°C for 
1 h in a controlled-temperature centrifuge to spin down 
soil particulates. To avoid vapor losses in transferring 
aqueous solutions to the sample tubes, a series of tubes 
with weighed amounts of soils were prepared and solutions 
quickly introduced to the tubes and capped. Reweighing 
established the volume of the solution in each tube. 

With benzene, ethyl benzene, and chlorobenzene, vapor 
loss from the equilibrated aqueous phases was avoided by 
sampling through the septum in the caps using a gas-tight 
syringe. Aqueous samples of benzene and ethylbenzene 
were injected directly into a gas chromatograph while 
chlorobenzene solutions were extracted with suitable 
amounts of hexane prior to analysis with the gas chro­
matograph. In each case, small corrections were made for 
the amounts of chemicals in the air space of the original 
sample tubes, based on the known Henry's law constants 
and the air volumes. Other chemicals were sampled with 
pipets and the solutions extracted with hexane for sub­
sequent analyses. 

In the study of the simultaneous sorption of 1,3-di­
chlorobenzene and 1,2,4-trichlorobenzene by soil, the 



Table I. Water Solubilities (S), Molar Volumes (V), Octanol-Water Partition Coefficients (Kow ), and Soil Organic 
Matter-Water Distribution Coefficients (Korn) of Selected Organic Solutes 

log S,a V, b 

10gSV 

-2.69 

compound mol/L L/mol log Korn 

1.26 
1.30 
1.68 
1.98 
2.27 
2.23 
2.20 
2.70 
3.23 
3.68 
3.89 
4.38 

benzene 
anisole 
chlorobenzene 
ethylbenzene 
1,2-dichlorobenzene 
1,3-dichlorobenzene 
1,4-dichlorobenzene 
1,2,4-trichlorobenzene 
2-PCB 
2,2'-PCB 
2,4'-PCB 
2,4,4'-PCB 

- 1.64 
- 1.85 
- 2.36 
-2.84 
-2.98 
-3.04 

(-3.03) 
-3.57 
(-4.57) 
(-5.08) 
(-5.28) 
(-5.98) 

0.0894 
0.109 
0.102 
0.123 
0.113 
0.114 
0.118 
0.125 
0.174 
0.189 
0 .189 
0 .204 

-2.82 
-3.35 
-3.75 
-3.98 
-3.98 
-3.96 
-4.47 
-5.33 
-5.57 
-5.97 
-6.67 

2.13 
2.11 
2.84 
3.15 
3.38 
3.38 
3.39 
4.02 
4.51 
4.80 
5.10 
5.62 

a The listed solubilities are the 20-25 'c values cited in ref 3 except for anisole from ref 20 and PCBs (at 20 ' C) from 
this work. The numbers in parentheses are the supercooled liquid solute solubilities estimated according to the method 
described in ref 3. For 2-, 2,2' -, 2,4' -, and 2,4,4' -PCB, the calculations were based on their solid solubilities of 3760, 717, 
637 , and 115Ilg/L at 20 ' c, respectively, and an assumption of 13.5 cal/(mol K) for their entropies of fusion. b The 
molar volumes of PCBs are estimated by using the densities of liquid Aroclor mixtures that have approximately the same 
chlorine atoms as the individual PCBs. C The K ow values of PCBs (except for 2-PCB) are the experimental data from this 
work , and the values for the remaining compounds are from ref 3 and 21. 

. ~ 

'00 800 

240 Single Solute Isotherm': 
o Benzene (Upper ond Rit;1hl Scoles) 
o 1,3-0ichlorobenzene 
61.2,4-Trithlorobenzene 

8iMI' Solute bolhe,",s: 

• l,3-0ichlolobenzene 
... 1.2.4 -T'ichlo'o~nltne 

1200 

o 0 

Equilibrium Concentration, Ce (mg/L) 

1600 

Figure 1. Typical soil-water equilibrium Isotherms for benzene, 1,3-
dichlorobenzene, and 1,2.4-trlchlorobenzene 8S single solutes and 8S 
binary solutes on a Woodbum slit loam soil at 20°C. 

concentrations of the two compounds were selected such 
that they would provide comparable sorption when ob­
served independently. 

The benzene and ethyl benzene solutions were analyzed 
by a Tracor 550 gas chromatograph with a Chromosorb 105 
column and hydrogen flame detector. Anisole solutions 
were analyzed by UV absorption using a Cary 11 spec­
trophotometer. The remaining compounds were analyzed 
with the Tracor 550 gas chromatograph with a Carbowax 
20 M column and EC detector. The amount sorbed was 
based on the difference in aqueous concentrations before 
and after equilibration. The amount of chemicals retained 
by the glass wall was found insignificant compared to the 
amount sorbed by soil, and hence no correction was made. 

Results and Discussion 

Typical isotherms from water at 20°C for benzene, 
1,3-dichlorobenzene, and 1,2,4-trichlorobenzene as single 
components and for the last two in combination on a 
Woodburn silt loam soil are shown in Figure 1. No in­
dication of isotherm curvature at equilibrium concentra­
tions extending to 60-90"10 of saturation was found. This 
characteristic complies with the criteria for solute partition 
in the soil organic matter phase (1,2,4). The idea that 

I 
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Oichlorobenzene I 

Elhylbenzene I 
Chlorobenlene 

Anisol/ / 
Benzene 
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Log (SV) 

Fig ... 2. Plot of experimental log K om values vs. log SV values for 
the selected organic compounds In comparison with the Ideal line for 
the soil organic maller-water system. 

sorption from water is mainly a partition process was 
further tested by comparing the single-solute and bina­
ry-solute isotherms of 1,3-dichlorobenzene and 1,2,4-tri­
chlorobenzene. Competition would indicate adsorption 
(16-19); independent sorption indicates partitioning. 
Figure 1 shows no apparent competitive effect. 

Table I summarizes sorption data for 12 aromatic com­
pounds on the same soil along with related physical 
properties. The Kom values are obtained from the slopes 
of the isotherms divided by the organic matter content of 
the soil. While these data are for a single soil, many in­
vestigators (I, 4, 22-29) have shown that the sorptive 
characteristics of the organic components of soils of widely 
differing types and sources are comparable. The results 
in Table I can therefore be considered reasonably repre­
sentative of many soils. Figure 2 is a plot of log Kom vs. 
log SV along with the ideal line from eq 9. The regression 
equation of data from the 12 organic compounds is 

log Kom = -{).8l3 log (SV) - 0.993 (10) 

with a correlation coefficient r = 0.995, where S is in moles 
per liter and V in liters per mole. Similar to the partition 
of organic solutes in octanol-water systems (in which log 

Environ. ScI. Techno! .. Vol. 17, No. 4, 1983 2211 



Kow = -{).862 log S + 0.710) (3, 4), the experimental log 
Kom values show a systematic deviation from the ideal line, 
making the slope of the experimental line significantly 
different from -1. However, while the effect of log SV is 
more important than the effect of solute incompatability 
with soil organic phase, i.e., (X - Xs)/2.303, the latter is 
greater than the corresponding effect (log 'Yo*, eq 1) for the 
same compounds with the octanol phase (3, 4). The 
finding that soil organic matter is inferior to octanol as 
partition phase for relatively nonpolar organic compounds 
is quite reasonable as the soil organic matter is generally 
more polar than octanol. This difference in polarity is 
illustrated by the observation that soil humus can sorb a 
significant amount of water (30), whereas octanol holds 
only about 5% water by weight (31). 

Using eq 8 to account for the deviations from the ideal 
line (log Kom 0 

- log Kom) for the compounds for which 
solubility parameters are available (32) (benzene 0 = 9.2; 
chIorobenzene, 9.5; ethylbenzene, 8.8; 1,2-dichlorobenzene, 
10.0), op is calculated to be 12.7, 13.2, 12.3, and 13.6 for the 
(water-saturated) humic substances of the studied soil. 
The average value (0 = 13.0) appears to fall into a rea­
sonable range for soif humus that contains certain polar 
groups and water in its network, indicating that its polarity 
is between acetal resin (op = 11.1) and polyacrylonitrile (op 
= 15.4) and perhaps close to nylon 66 (op = 13.6) (33). The 
calculated op value for the organic matter of the studied 
soil is appreciably higher than 0 = 10.3 for octanol, al­
though the 0 value for the octanol phase of the octanol­
water mixture would be somewhat greater because of water 
saturation. The calculated op could be inaccurate as eq 
3, 6, and 8 are derived with certain assumptions and ap­
proximations. 

Since variability of V is small compared to that of S, the 
correlation between log Kom and log S should be essentially 
linear, as reported previously (1, 4, 22-28). Omitting the 
molar volume term, the present study leads to 

log Kom = -{).729 log S + 0.001 (11) 

with r2 = 0.996, where S is in moles per liter. In eq 10 and 
11, the S values for solid solutes are the estimated solu­
bilities of the corresponding supercooled liquids. The 
reason for this adjustment is discussed later. 

Because water insolubility is the major factor affecting 
the values of Kom and the values of Kow (octanol-water) 
for slightly water-soluble organic solutes (3), a practically 
linear relationship should also exist between log Kom and 
log Kow' as observed for various compounds in different 
soils (22-29). In this study, the regression gives 

log Kom = 0.904 log Kow - 0.779 (12) 

with n = 12 and r2 = 0.989. The coefficient of log Kow for 
a selected group of compounds should approximate the 
ratio of the change of log Kom with log S to that of log Kow 
with log S. The ratio of -{).729 in eq 11 to -{).799 in log 
Kow vs. log S for the 12 compounds in Table I yields 0.912, 
in good agreement with eq 12. 

Since the effect of melting point contributes to part of 
the solute insolubility without affecting the partition 
coefficient (3, 34), we have converted the water solubilities 
of the solid solutes to the estimated solubilities of the 
corresponding supercooled liquids by standard thermo­
dynamic methods (3, 13). This procedure normalizes all 
solute solubilities in terms of their liquid forms. Consistent 
with the partition criteria, 1,4-dichlorobenzene as a su­
percooled liquid and 1,2- and 1,3-dichlorobenzenes as li­
quids, now having about equal solubilities, give about the 
same values in Kow (21) and in Kom. Similarly, anthracene 
and phenanthrene as supercooled liquids have about the 
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same water solubilities (3) and Kow (21) and Kom (22) 
values, despite a large difference in their solubilities as 
solids (3). In general, the Flory-Huggins treatment for 
solute solubility in a polymer phase and the melting-point 
correction for solid solubilities lead to an improved un­
derstanding of the correlations of log Kom vs. log SV, log 
Kom vs. log S, and log Kom vs. log Kow. From the partition 
standpoint, one can expect the Kom values and hence the 
correlation equations with log Kom for given compounds 
in different soils to be affected by the composition of the 
soil organic matter. A characterization of structural var­
iations of humic substances in soils (sediments) is an im­
portant step toward defining the range of variability of Kom 
values. 

Finally, the partition concept for soil-water systems 
appears to parallel the theory for reversed-phase high­
pressure liquid chromatography (HPLC). Both processes 
involve partition of the solute into the polymeric (organic) 
phase. The mineral fraction of soil and the column support 
interact preferentially with the polar solvent (water) and 
are thus relatively inert to nonionic organic compounds. 
Just as the composition of the stationary phase in re­
verse-phase HPLC affects the retention, Kom is affected 
by the network and polarity of soil humus as it varies with 
oxidation and ambient conditions. Thus, although the 
water solubility of an organic solute appears to be the 
primary factor determining K om' it would be of interest to 
investigate how humic components vary in different soils 
and how their capacity to remove solutes from water de­
pends on these chemical and physical differences, including 
the effect of water sorbed to humic components. 

Registry No. H20, 7732-18-5; 2-PCB, 2051-60-7; 2,2'-PCB, 
13029-08-8; 2,4'-PCB, 34883-43-7; 2,4,4'-PCB, 7012-37-5; benzene, 
71-43-2; anisole, 100-66-3; chlorobenzene, 108-90-7; ethylbenzene, 
100-41-4; 1,2-dichlorobenzene, 95-50-1; 1,3-dichlorobenzene, 
541-73-1; 1,4-dichlorobenzene, 106-46-7; 1,2,4-trichlorobenzene, 
120-82-1; I-octanol, 111-87-5. 
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Partitioning of Strontium-90 among Aqueous and Mineral Species in a 
Contaminated Aquifer 

Richard E. Jackson" and Karen J. Inch 

River Road laboratories, National Hydrology Research Institute, Inland Waters Directorate, 
Environment Canada, Ottawa, K1A OE7, Canada 

• The ~eochemical partitioning of a toxic metal contam· 
inant, Sr, during its migration through a shallow sand 
aquifer is discussed. Adsorption of 90Sr from the contam­
inated ground waters (pH ~6, I ~O.OOl) causes it to have 
a migration velocity of only 3% of that of transporting 
groundwater. Five microscopically identified adsorbents 
were isolated in the aquifer sediments and showed the 
following affmity sequence for 9OSr: vermiculite> feldspar 
> biotite> muscovite> quartz. While ~80% of the 
adsorbed 90Sr is exchangeable with 0.1 M SrCI2, the re­
sidual adsorbed 90Sr is strongly correlated with extractable 
Fe, AI, and Mn, suggesting specific adsorption by these 
metal oxides. An equilibrium adsorption model was used 
to determine the partitioning of 90Sr between adsorbents 
and between solid and solution phases. Over 90% of all 
90Sr in the aquifer is adsorbed. Approximately 90% of all 
adsorbed 90Sr is equally divided between vermiculite and 
feldspar minerals. 

Introduction 

The radionuclide 90Sr was disposed of in shallow 
trenches in the recharge area of an aquifer at the Chalk 
River Nuclear Laboratories (200 km northwest of Ottawa, 
Ontario, Canada) during the mid-1950s in experiments to 
determine the consequences of the escape of radionuclides 
from waste-management facilities. Since that time the 90Sr 
has migrated through the sand aquifer (Figures 1 and 2) 
at a velocity approximately 3% of that of the transporting 
groundwater (1, 2). This phenomena can be used to il­
lustrate how a metal contaminant is geochemically par­
titioned during its migration through a sand aquifer. 

All reports of 90Sr migration in aquifers, whether porous 
or fractured, indicate that 90Sr is strongly retarded relative 
to the mean groundwater velocity (1-9). Adsorption 
and/or precipitation processes are undoubtedly respon­
sible. 

In the simplest case retardation may be due to electro­
static adsorption involving clay minerals and cation ex-

change. In such systems Sr(II) adsorbs ideally in that 
mass-action equilibria equations adequately describe the 
reactions (10-13). However, natural aquifer materials that 
are effective adsorbents include not only clay minerals but 
also hydrous metal oxides, primary aluminosilicates and 
organic matter. In aquifer sediments, two or more of these 
phases may be present in a single grain, and each phase 
may be of variable composition. Furthermore Sr(II) ad­
sorption by any particular adsorbent may be due to a 
composite of electrostatic, covalent, and perhaps other 
forces (14). 

Of the other adsorbents only hydrous metal oxides have 
received significant attention as Sr(II) sinks (15-25). 
Experiments show that Sr(II) is specifically adsorbed by 
AI(III) and Fe(III) oxide gels (22, 23) and perhaps Mn02 
(24). Hence it is probable that 90Sr is retained by these 
oxides in aquatic sediments. Our own work (1,2) supports 
this thesis, as does that of Cerling and Turner (25), who 
have noted that Fe/Mn oxide coatings on streambed 
sediments near the Oak Ridge National Laboratory, TN, 
contain 90Sr in a nonexchangeable form. 

In addition to adsorption mechanisms Sr(II) may be 
retarded during groundwater transport by precipitation 
processes, either as SrCOa (26) or by coprecipitation with 
CaCOa (27). 

The purpose of this study was to determine how 90Sr is 
partitioned within a shallow, sand aquifer typical of those 
used for municipal and industrial water supply and waste 
disposal. This was accomplished by (1) characterizing the 
hydrogeological and mineralogical properties of the con­
taminated aquifer sediments, (2) determining the extent 
of 90Sr migration within the aquifer and the distribution 
of 90Sr between solid and aqueous phases, (3) defining the 
aqueous geochemistry of 90Sr in the contaminated zone, 
(4) identifying the portion of adsorbed 90Sr associated with 
various grain-size fractions and mineral adsorbents, (5) 
conducting desorption experiments on contaminated 
aquifer sediments to estimate the relative amounts of 
electrostatically and specifically adsorbed 9OSr , and (6) 
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figure 1. Plan view ol"'Sr migration paths showi1g dates 01 advance. 
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Figure 2. Cross-sectional view 01 "'Sr migration paths. The ouUlne 
01 the plumes Is defined by radioactivities 01 1000 dpm/g. locations 
01 cores (LA. MA) and grooodwaler S8J11lI88 (MA 10. 5. 1) are 1denIIIIed. 

incorporating the above results into a partitioning model 
to obtain an approximation of the distribution of the 
contaminant among micf08COpica1ly identified adsorbents. 

Experimental Section 
Groundwaters were pumped from radioactively con­

taminated parts of the aquifer by using a portable peris­
taltic pump and multilevel sampling devices composed of 
polypropylene tubes (0.3-cm diameter) contained inside 
a PVC pipe, each tube protruding through the wall of the 
pipe at a different depth, at which elevation it serves as 
a point water sampler (9). Mter measuring groundwater 
temperature and specific electrical conductance (ySI SCT 
meter), pH and EH were measured in the field by using 
air-exclusion flow cells and combination glass and platinum 
electrodes connected to a voltmeter (Orion 407A). Dis­
solved oxygen was measured with a ppb oxygen analyzer 
(Orbisphere). Groundwater samples for chemical analysis 
were collected in a Millipore Plexiglass sampler and then 
forced under N2 pressure through a 0.45-"m prerinsed, 
in-line Swinnex filter (Millipore HA) into an acid-rinsed, 
Nrfilled polyethylene bottle. A portion of the filtrate was 
acidified for cation analysis, the remainder being kept for 
anion analysis. Metala were determined by atomic ab-
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figure 3. Flow chart 01 procec1ns 01 analysis 01 conIarTlhltsd aqUler 
sediments. 

sorption (K, Mg, Fe, Mo) and flame emission (Ca, Na, Sr) 
spectrophotometry, alkalinity by potentiometric titration, 
sulfate by colorimetric t itration, and chloride by specif­
ic-ion potentiometry. Total inorganic carbon was mea­
sured with an Oceanography International total carbon 
analyzer with an IR detector (1,28). 

Undisturbed samples of contaminated aquifer sediments 
were recovered from shallow depths (1-12 m) by using a 
cohesionless sediment sampler to which was attached a 
5-cm Ld. thin-walled aluminum tube of 1.5-m length. Part 
of the core was used for the extraction of the interstitial 
waters by immiscible-fluid displacement (29) to determine 
the state of CaCOs and srCos saturation. In the rest of 
the core interstitial waters were separated from aquifer 
sediments by centrifugation, and subsequently chemical 
and mineralogical analyses were conducted on the con­
taminated waters and sediments (2). Grain-size and 
mineralogical analyses of the contaminated aquifer sedi­
ments were conducted by using dry sieving and either 
optical or X-ray diffraction (XRD) techniques, respec­
tively. Cation-exchange capacities were measured by using 
a modification of the USGS method (30) employing 6OCO 
and an automatic 'Y counter (2). These procedures are 
summarized in Figure 3. 

Desorption experiments were undertaken on 9OSr-con-
taminated aquifer sediments in order to determine the 
amounts of adsorbed radioactivity that were (1) ex­
changeable with 0.1 M SrCl2, (2) associated with oxides 
of AI, Fe, and Mo, and (3) still fIXed following these steps. 
A procedure based on that of Suarez and Langmuir (31) 
was developed in which 30 g of contaminated sediment was 
first counted for total fJ emissions and then placed in an 
Erlenmeyer flask to which was added 100 mL of 0.1 M 
SrCI2• The flask was gently agitated, avoiding grain ab­
rasion, on a shaker for 3 days, after which time the sedi­
ments were retained on a filter, washed with distilled 
water, and measured for residual adsorbed radioactivity. 
A 1-g portion of sediment that had been extracted with 
SrCl2 was dried and placed in a scintillation vial with 15 
mL of an acidified reducing agent, 0.1 M hydroxylamine 
hydrochloride in 0.1 M potassium tetroxalate (pH ",,1.5). 
The vial was agitated for 3 days, following which either 
the sediment was decanted, washed, and counted for fixed 
radioactivity or the aqueous extract was recovered and 
counted for desorbed radioactivity. In the latter case the 
aqueous extract was also analyzed for AI, Fe, and Mo by 
atomic abeorption spectrophotometry in order to estimate 
the amount of the respective hydrous metal oxides dis­
solved by the acidified reducing agent that were presum­
ably acting as radiostront ium adsorbents. 

The radiochemical separation of OOSr from other ra­
dionuc1ides was achieved by carbonate precipitation of 
Sr(1I) in groundwater or sediment extract followed by 



fuming HN03 separation employing 25 mL of water and 
1 g of sediment (2 N HN03 extraction) (32). The distri­
bution coefficient was calculated by 

K s, _ dpm/g 
o - dpm/mL 

(1) 

where dpm/g and dpm/mL are the radioactivities ex­
pressed in disintegrations per minute per gram of sediment 
and per milliliter of interstitial water, respectively. The 
radioactivity of (1) grain-size and mineral separates and 
(2) aqueous extracts and sediments from the desorption 
experiments and the distribution coefficient measurements 
were counted in a low-background (3 counter after 15 days 
to permit the growth of the ooy daughter (detection limit 
~27 dpm). 

Contaminated Aquifer 

Hydrogeology and Mineralogy. The aquifer system 
in the vicinity of the A disposal area at the Chalk River 
Nuclear Laboratories is composed of a sequence of fluvial 
and aeolian sands that are typically fine grained 
(0.25-{).125 mm) with less than 5% silt and clay. The 
aquifer system contains several discontinuous silt and clay 
units up to 1 m thick (1). 

Approximately 80% of all sand-sized grains are either 
quartz or feldspar with minor amounts of biotite (partially 
altered to vermiculite), hornblende, muscovite, chlorite, 
sericite, and magnetite. Trace amounts of calcite «0.01 % 
by weight), iron sulfide, organic matter (~0.01 % by 
weight), and hydrous oxides of aluminum (~0.1 % by 
weight extractable metal), iron (~0.1 %), and manganese 
(~0.OO1 %) have also been detected in the aquifer sedi­
ments (1, 28). 

The hydraulic conductivity of the aquifer sands is in the 
range 2 X 10-3 to 2 X 10-2 cm/s (9), the mean porosity is 
0.38 (33), and the bulk density is about 1.7 g/cm3 (9) . 
Groundwater recharge to the aquifer occurs in the upland 
region around the A disposal area. In general, flow is 
horizontal in the sand aquifer and groundwater discharges 
into Perch Lake. On the basis of borehole-dilution tests 
the mean groundwater flow velocity at the leading edge 
of the ooSr plumes is about 5-25 cm/ day (34). The resi­
dence time for groundwater in the shallow flow system is 
approximately 10-20 years, computed on the basis of 
tritium dating and velocity measurements (1). 

OOSr Migration and Distribution Coefficients. Three 
disposals of ooSr were conducted at A disposal area in the 
19509. The first, in 1952, contained 1000 Ci of ooSr in 5000 
m3 of water disposed into a trench system. In 1954, 7 m3 

of liquid radioactive waste containing 60 Ci of ooSr plus 
other mixed fission products in solution with 700 kg of 
HN03 and 2000 kg of NH4N03 was disposed into a pit 3 
m deep containing lime and limestone. In 1955, a solution 
containing 300 Ci of OOSr plus other mixed fission products 
dissolved in 500 m3 of 2.5 N HN03 was disposed into a pit 
without neutralization (35). In the period immediately 
following 1955, ooSr migrated rapidly through the aquifer 
due to the low pH and high ionic strength conditions. 
Figures 1 and 2 show the approximate positions of the OOSr 
front at different dates as defined by the total count rate 
of all (3 emitters «(3T) of 1000 dpm/ g (1, 36). Since 1960 
the OOSr has migrated at approximately 3 % of the velocity 
of the groundwater. 

From eq 1 the mean value of the distribution coefficient 
of OOSr for ten samples from the LA and MA sampling sites 
was Kos, = 9.6 mL/g with a standard deviation u = 4.9 
mL/g. Batch Kos, values determined by Patterson and 
Spoel (37) using sediments from the same aquifer yielded 

Table 1. Chemical Analysis of Groundwaters Pumped 
from Multilevel Samplers (MAlO, 5, 1) and Extracted 
from Cores of Aquifer Sediments (MA5/3, LA1/2) and 
Numerically Computed Speciation Data 

parameter MAlO MA5 MAl MA5/3 LA1/2 

Chemical Analysesa 
pH 6.0 6.1 6.7 6.3 6.2 
EH , V 0.55 0.37 0.41 0.1 0.4 
alkalinity, 0.2 0.4 0.7 

mequiv/L 
0, 5.0 <0.4 "2 
TIC 2.5 4.7 9. 1 15.2 8.4 
Ca2+ 4.2 12.0 24.4 15 12 
MgH 1.3 4.8 13.8 
8rH <0.01 0.06 0.11 0.06 0.05 
Na+ 2.0 17.2 44.0 
K+ 1.6 2.4 3.5 
Fe1+ <0.1 3.6 0.2 
Mn1+ 0.01 0.56 0.18 
SO.' - 7.5 11.5 18.0 
CI- 4.8 62 108 

Computed Speciationb 

SI SrCO, <0 -5.3 -4.0 -3.4 -4.0 
SI CaCO, -4.3 - 3.4 -2.0 - 2.4 -2.9 
SI SrSO, <0 -3.0 -2.6 
pSr'+ 6.2 5.9 
p8rHCO,+ 8.9 8.2 
p8rOW 13.4 12.6 
p8rSO: 7.8 7.4 

5.1 
7.2 

12.2 

5.2 
7.7 

12.4 

a Data in mg/L except where noted. TIC = total inor-
ganic carbon. b 81 = log lAP - log Kso. 8rCO,: pKso = 
9.00, T = 25 °C,I = O. CaCO,: pKso = 8.30. Sr80,: 
pKso = 7.30. p8r l+ etc. indicates negative logarithm of 
concentration of aqueous species. 8rHCO,+: log ~ = 11 .5 
(38). 8rOW: log ~ - 13 .29 (39). 8r80,' : log ~ = 2.5 
(38). 

a meal! estimate of 4.5 mL/g, whereas analysis of break­
through curves for an in situ 85Sr tracer test, conducted 
100 m in front of the ooSr plume, yielded Kos, values 
ranging from 2.6 to 4.5 mL/g (9). A discussion of the 
causes for these relatively minor differences is given by 
Pickens et al. (9). 

Results and Discussion 

Aqueous Speciation of Sr(II). In order to establish 
whether the retardation of ooSr is due to solubility or ad­
sorption processes, large-volume (~2 L) samples of 
groundwater were pumped from a multilevel sampling 
device installed in the aquifer at site MA (see Figures 1 
and 2). Chemical data for three multilevel samplers are 
reported in Table I, as are saturation index (CaC03, SrC03, 

SrS04) and speciation (Sr2+(aq), SrHC03+, SrS040) values 
calculated by the computer code MlNEQL (40). In all cases 
the groundwaters are unsaturated with respect to the Sr(II) 
compounds, and the aquo ion comprises about 98% of the 
total aqueous Sr(II). Furthermore the ground waters ex­
tracted by immiscible fluid displacement from the cores 
of aquifer sediments taken at the MA and LA sites also 
display undersaturation of the metal carbonates. Conse­
quently the retardation of ooSr must be due to the ad­
sorption of Sr(II), most probably as the aquo ion. 

Identification of Mineral Adsorbents. Cores of 
contaminated aquifer sediments were taken at two sites 
in the ooSr plume, LA and MA (see Figure 1) and were 
processed according to the methods in Figure 3 in order 
to identify the mineral adsorbents. Analysis by X-ray 
diffractometry confirmed the presence of the clay mineral 
vermiculite as well as the common minerals quartz, 
feldspar, and hornblende (9, 28). The vermiculite is con­
centrated in the coarse fraction of the aquifer sediment 
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Table II. Radioactivity (~T) Associated with Various 
Grain·Size Fractions of Core MA and Their Corresponding 
Mineral Abundances 

mineral abundance, 

radio· % 

activity feld· 
grain size, mm wt% dpm/g quartz spar mica(l 

> 0.42 3 7100 29 28 42 
0.25-0.42 28 3400 45 34 18 
0.18-0.25 34 1400 47 35 15 
0.15-0.18 13 1600 50 30 10 
0.12-0.15 10 2300 53 29 10 
0.10-0.12 7 2700 42 31 13 
0. 09~0.10 2 3600 40 23 10 
0.07-0.09 1 7300 40 21 9 

• Includes biotite, muscovite, and vermiculite. 

and is probably the result of in situ chemical weathering 
of biotite (28), which may be written schematically as in 
eq 2. Thus the weathering of biotite produces an ad-

Fe(II)-cation-AI-silicate(s) + O2 + H2COa + H20 -
(biotite) . 

Fe(III)-Al-silicate(s) + Fe(III)-AI-oxide(s) + 
(vermiculite) 

HCOa- + H.SiO. + cations + electrons (2) 

sorbent clay mineral, which on the basis of electron mi­
croprobe data has a surface enriched in Fe(III) and Al(III) 
oxides (28). Recent work by Lyon (41) has demonstrated 
that many quartz and feldspar grains in this aquifer also 
contain Fe(III) oxides. The cation-exchange capacities of 
these two sediments are 1.2 % 0.1 mequiv /100 g for LA and 
1.1 % 0.6 mequiv/l00 g for MA. 

Grain-size analysis of LA and MA, shown in Table II, 
revealed that the OOSr is preferentially adsorbed by the 
coarsest (>0.4 mm) and fmest «0.09 mm) fractions on a 
basis of equal weight (i.e., dpm/g). It is important to note 
that these two fractions comprise only about 4% of the 
total sediment weight and that the bulk of adsorbed ra­
diostrontium is associated with the medium-grain-size 
fraction (i.e., fine and very fine sands). However, the 
bimodal distribution of maximum adsorbed radioactivity 
indicates that an adsorption process not wholly dependent 
on specific surface must account for the association of OOSr 
with the coarsest grain-size fraction. An inspection of the 
mineral abundances in the coarsest fraction of MA (see 
Table II) shows that abundant mica is present, including 
vermiculite. 

Two-hundred medium- and coarse-sized grains of each 
of quartz, feldspar, vermiculite, biotite, and muscovite from 
core LA were separated under an optical microscope and 
were counted for total {J activity. The relative affinity of 
these minerals for OOSr is given by the following sequence 
in which the numerical values in parentheses have the 
units of dpm/200 grains: vermiculite (3000) > feldspar 
(1900) > biotite (1600) > muscovite (-500) > quartz (-
200). Therefore, vermiculite is indeed responsible for the 
enhanced adsorption of 90Sr by the coarse-sized fraction 
and is the most adsorbent aquifer material on a grain­
for-grain basis. This conclusion has also been reached by 
Lyon (41) in another study of mineral adsorbents elsewhere 
in the same aquifer. 

Desorption Experiments. In order to indicate the 
mechanisms by which OOSr is adsorbed to the aquifer ma­
terials, selective chemical extractants were used to desorb 
OOSr from the LA and MA core samples. 

The effect of the desorption treatments on the LA 
sample is shown in Figure 4. Approximately 80% of the 
OOSr is exchangeable with SrCI2 and is therefore assumed 
adsorbed by simple electrostatic bonds. Most of the re-
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sidual OOSr is released by treatment with the acidified re­
ducing agent. To confirm that it is the hydrous oxides of 
AI, Fe, and Mn that are actually retaining the 9OSr, the 
extracting solutions were analyzed for AI, Fe, and Mn 88 



Table III. Partition Model" for "Sr Adsorption in a Contaminated Sand Aquifer 

fractional 
abundance, b 10'KAO,c {ST},d adsorption 

adsorbent % Llg giL KAO{ST} (KAO {ST} Il:) 

quartz 45 0.4 1900 0.8 0.05 
feldspar" 38 4.7 1600 7. 5 0.45 
biotite 4 3.7 200 0.7 0.04 
vermiculite 4 37 200 7.4 0.44 
muscovite 3 2.6 100 0.3 0.02 

94 l: = 16.7 1.00 
[SrSsTl/[SrsTl = l:/(1 + l:)= 0.94 

" See eq 5-7. b Weighted averages from Table II. C Reference 37. d Assumes bulk density = 1. 7 glcm' and porosity = 
0.4. "Includes sericite. 

well as for 9OSr. Results of these analyses for both LA and 
MA desorptions are shown in Figures 5 and 6, respectively, 
indicating that a very strong correlation exists between 90Sr 
and extractable AI, Fe, and Mn. 

Therefore, the majority (~80%) of adsorbed 90Sr is 
exchangeably adsorbed; most of the remainder is appar­
ently specifically adsorbed by hydrous metal oxides and 
is nonexchangeable. 

Partition Model. Oakley et al. (42) have developed an 
equilibrium adsorption model to describe the partitioning 
of trace-metal ions between different adsorbents in aquatic 
sediments. They consider the adsorption of a dissolved 
metal ion, Me, by a solid S 

M~ + ~ = MeS (3) 

which yields the conditional equilibrium constant (L/g) 

KAD = [MeSl/([M~](~1) (4) 

where [MeSl is the concentration of adsorbed metal in 
moles per liter, [M~l is the total concentration of dissolved 
metal ion in moles per liter, and {~l is the total concen­
tration of the adsorbent in grams per liter. Equation 4 is 
equivalent to the special case of the Langmuir adsorption 
isotherm in which KAD[MeTl « I, resulting in a linear 
isotherm. For such a case KAD is identical with the dis­
tribution coefficient KoMe and may be determined from 
the slope of a straight-line plot of [MeSl/{~l vs. [MeTl. 

Using eq 9-13 of Oakley et al. (42), it is possible to 
develop an expression (eq 5-7) to describe the partitioning 

k 

[MeSSTl EMeS(k) 
(5) 

[MeSTl k 

[M~l + EMeS(k) 
k 

EKAD(k){~(k)l[MeTl 
(6) 

k 

[M~l + EKAO(k){ST(k)}[MeTl 
k 
EKAD(k){ST(k)l 

(7) 
k 

1 + EKAD(k){ST(k)l 

between the total metal adsorbed to the various adsor­
bents, [MeSST1, and the total metal (dissolved + adsorbed) 
in the system, [MeST1, where [MeS(k)l is the concentration 
of the metal adsorbed to adsorbent k, KAD(k) and ~(k) 
are the conditional equilibrium constant and the concen­
tration of the kth adsorbent, respectively, and [MeSTl = 
[M~l + [MeSST1· 

Two assumptions are required in order to employ this 
partition model: (1) the adsorption of 90Sr by the aquifer 
materials under consideration is described by a linear 
adsorption isotherm; (2) local chemical equilibrium is at­
tained between adsorbate and adsorbent. 
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Fig .... 8. Amounts of ooSr, Fe, AI, and Mn extracted with acidified 
hydroxylamine hydrochloride from various grain-size fractions of core 
MA following extraction of the same samples with 0.1 M SrCl •. 

Oakley et al. (42) point out that a linear adsorption 
isotherm is obtained if MSTl » [MeSl, where X is the 
number of moles of surface sites per unit mass of adsor­
bent. X is equivalent to the cation-exchange capacity. For 
the aquifer sediments under consideration X ~ 0.5 X 1(16 
mol of Me(II)/g, {~l ~ 4000 giL, and [MeSl ~ 2 X 1(16 
mol of Sr(II)/L. Therefore X{STl ~103[MeSl, and the 
isotherm may be considered linear, consequently KoSr = 
K AD· 

It is assumed that after 25 years of contact with these 
aquifer materials the observed concentrations of 90Sr in 
the aquifer approach local chemical equilibrium values. 

The results of using the partitioning model developed 
in eq 3-7 together with the KoSr values of Patterson and 
Spoel (37) and the weighted averages of the five principal 
mineral adsorbents of core MA are presented in Table m. 
AB shown, the model accounts for 94% of all grains in MA 
and suggests that, from eq 7, 94% ofOOSr in the aquifer 
is adsorbed to the aquifer grains, i.e., only ~6% is in 
solution at anyone time; this implies KoSr ~ 4 mL/g. Of 
the amount adsorbed approximately 90% (0.45 + 0.44 in 
the right-hand column of Table m) is 8SSOCiated with just 
two phases, feldspar and vermiculite. 

Environ. ScI. Technol., Vol. 17, No. 4, 1983 235 



The results presented in Table III are of special interest 
to hydrogeologists and groundwater geochemists and 
suggest that, in the migration of contaminants in 
groundwater flow systems, toxic metal adsorption may take 
place predominantly on the grains of minerals (1) that are 
abundant in the aquifer but have relatively small KAD (or 
KoSr) values, e.g., feldspar, and (2) those that are relatively 
scarce but have high KAD (or KoS,) values, e.g., vermiculite. 
This underlines the necessity for the careful examination 
of the mineralogy of the aquifer sediments and is a direct 
consequence of the linearity of the partition model. 
Knowledge of the relative mineral abundances allows one 
to estimate an approximate Kos, value, which demon­
strates the practicality of the partition model. 

The adsorbents listed in Table III were identified on the 
basis of X-ray diffraction and optical microscopy. They 
are not pure solid phases. X-ray fluorescence and elec­
tron-microprobe analyses reveal the presence of significant 
quantities of Fe (III) and AI(III) oxides on their surfaces. 
These oxides are apparently the cause of the retention of 
90Sr by the aquifer materials. Therefore, the adsorbents 
listed in Table III might better be referred to as 
"microscopically identified ads or bents". As such 
"vermiculite" should be considered as a structured mixture 
of Fe(III), SHIV), and Al (III) oxides and exchangeable 
interlayer Mg(lI) and K(I) ions with a nominal unit cell 
spacing of 1.43 nm and a surface randomly enriched in 
adsorbent Fe(III) and AI(III) oxides. Furthermore, as the 
90Sr plume migrates down the flow system (see Figure 2) , 
it encounters increasingly lower dissolved O2 conditions 
such that Fe(Ill) oxides become unstable (28) and may no 
longer playas significant a role as adsorbents. 

Conclusions 

Cores of contaminated aquifer sediments and samples 
of contaminated groundwater were taken from within a 
plume of 90Sr that is advancing through a sand aquifer at 
approximately 3% of the groundwater velocity. From 
results of their analysis it is concluded that: 

(1) The retardation of 90Sr relative to that of the mean 
groundwater velocity is due to adsorption rather than 
precipitation. The vast majority of 90Sr ions (98 %) are 
present as the aquo Sr(Il) ion and are presumably ad­
sorbed as such. 

(2) The propensity of 90Sr to be adsorbed by anyone of 
five optically identified adsorbents present in the aquifer 
sediments is given by the following sequence: vermiculite 
> feldspar> biotite> muscovite> quartz. 

(3) Approximately 80% of adsorbed 90Sr is exchangeable 
with 0.1 M SrCI2• A strong correlation exists between the 
release of the residual 90Sr and extractable Fe, AI, and Mn, 
suggesting that -20% of the adsorbed 90Sr is specifically 
adsorbed to oxides of these metals. 

(4) An equilibrium adsorption model was used to analyze 
the partitioning of 90Sr between the five microscopically 
identified adsorbents. The model estimated that >90% 
of all 90Sr in the aquifer is adsorbed at anyone time. 
Furthermore -90% of all adsorbed 90Sr is associated 
equally with feldspar and vermiculite adsorbents; the rest 
of the adsorbed 90Sr is divided equally between quartz, 
biotite, and muscovite. The equal importance of the less 
abundant vermiculite (-4% of all aquifer grains) with 
feldspar (-38%) as a 90Sr adsorbent is due to its pro­
portionately higher adsorption constant (KAD or KoS,) . 
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Effect of Natural Organic Coatings on the Coagulation of Particles 

Ronald J. Glbbl 

Center for Colloidal Science, College of Marine Studies, University of Delaware, Newark, Delaware 19711 

• Coagulation experiments with four natural samples and 
the same samples with the organic coatings removed were 
conducted in Couette- and blade-type reactors. These 
experiments showed that the natural coated samples co­
agulated significantly slower than the samples with the 
coatings removed. Dissolved organic material did not have 
a significant effect relative to the particle organic coatings. 

Introduction 
Fine-grained particles make up the majority of the 

sediments entering the marine environment. These par­
ticles carry the majority of toxic metals and organic sub­
stances carried by rivers and discharged into estuaries and 
the ocean. These muds are responsible for filling estuaries 
and marshes and for depositing deltas and submarine fans 
over geological time spans. Therefore, it is critical that 
we understand the coagulation processes related to fine 
particles in estuaries and deltas. 

The major complicating factor in our present under­
standing of these processes is that when fine particles first 
encounter a small amount of seawater, they are attracted 
to each other to form aggregates or floes. The presence 
of aggregates in the environment has been discussed by 
Berthois (1), Biddle and Miles (2), Gibbs et aI. (3), Kranck 
(4,5), Krone (6), Schubel and Kana (7), Sheldon (8), and 
Zabawa (9). 

Coagulation of clay minerals in the laboratory was 
studied extensively by Whitehouse et aI. (10) and later by 
Krone (6,11,12), Shiozawa (13), Hahn and Stumm (14), 
Edzwald (15), Edzwald et aI. (16), Eppler et aI. (17), Hunt 
(18), and Gibbs (19). 

The surface electrical properties of particles undergo a 
change as they pass from a river environment into the 
ocean mainly because of the polyvalent ions present in 
seawater. This change has been discussed by Pravdic (20), 
Martin et aI. (21), and Hunter and Liss (22). Natural 
organic surfactants have an effect on the properties of 
surfaces of natural particles in seawater through the for­
mation of films, as proposed by Neihof and Loeb (23-25) 
and Hunter and Liss (22). These previous studies all 
measured an electrical property of the particles (electro­
phoresis, electroosmosis, or streaming potential or current). 

Specifically, they studied the effect of absorbed surface­
active dissolved substances on the electrical properties of 
the particles. 

The present study was designed to measure directly the 
effect that natural organic coatings have on the coagulation 
process of natural particles. To provide the best control 
on isolating this effect, a laboratory study was utilized. 

Procedures 

The coagulation experiments were conducted in a 
Coutte-type double cylinder reactor (26) similar to that 
used by Hunt (I8) and in a blade-type reactor (I9, 27) 
similar to that used by Edzwald (IS). These two reactors 
are the devices most widely used in coagulation studies in 
a variety of disciplines. Shear was determined by meas­
uring torque for the blade-type reactor and was calculated 
for the Coutte-type reactor. The mixing rate in the 
blade-type reactor was maintained at a shear of 60g and 
the rate in the Couette-type reactor was maintained at a 
shear of 17g. 

To eliminate background counts, the water used was 
filtered through 0.45-lLm diameter Millipore filters. Ex­
periments using the Couette-type reactor were conducted 
at 150 mg/L particle concentration (typical of many tur­
bidity maxima in estuaries) and at the critical coagulation 
salinity (the salinity at which coagulation increases rapidly) 
by using dilutions of filtered seawater (34 roo) with pH 
maintained at 7 by adding small amounts of HC!. Ex­
periments using the blade-type reactor were conducted 
with 100-160 mg/L particle concentrations at 1.1, 4.4, and 
17.5 %0 by using dilutions of artificial seawater (28), with 
pH maintained at 8.1 = 0.3 by adding small amounts of 
HC!. The artifical seawater was free of dissolved organic 
substances because of either high-temperature (500 ·C) 
treatment of the salts or ultraviolet treatment of the water 
and some salt solutions. 

The natural samples used in the experiments using the 
Couette-type reactor were Amazon River material having 
a composition of 27% montmorillonite, 24% illite, and 
38% kaolinite, Yukon River material having a composition 
of 20% montmorillonite, 29% illite, and 45% chlorite, and 
material from the continental shelf off Guiana, South 
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figure 1. Relationship of particle number and time for the Amazon 
River sample wRh and without coating using 2 %0 salinity In the 
Couatte-type reactor. 

America, having a composition of 45% montmorillonite, 
18% illite, and 30% kaolinite. The samples were taken 
from the reactors by using a glass tube having a 2-mm 
diameter. Each was carefully placed in a 400 I'm deep well 
on a microscope slide. Typically, more than 200 particles 
were counted, producing the high accuracy reported. 
Possible error is less than the size of the symbols on the 
graphs; when it is larger, it is given as an error bar on the 
graph. In order to determine the effect of organic coating 
on the coagulation rates, the experiments were conducted 
with the particles in their natural condition and after the 
organic coatings were removed by oxidizing with sodium 
hypochlorite (29). 

Before coagulation can occur, the particles must be 
destabilized by compression of the double layer around 
each particle and/or sorption by increasing the ionic 
strength (especially the divalent cations) with seawater as 
it mixed with the river water. Once the particles are 
completely destabilized, a collision between two particles 
will produce an aggregate of two, and the process can 
continue until an equilibrium is attained, with the aggre­
gate consisting of hundreds of the original particles. 

There are three processes causing coagulation of de­
stabilized particles in nature: (1) thermal agitation; (2) 
velocity gradient (turbulence); (3) differential settling. 

In thermal agitation the collision frequency (l B) on 
suspended particles is defined by Smoluchowski (30) as 

IB = 471"DRno 

where D = diffusion coefficient, R = collision radius 
(particle diameter), and no = number of particles per cubic 
centimeter. Thermal agitation in the environment occurs, 
for the most part, with particles less than 1 I'm in diameter. 
In the turbulent environment of natural waters, thermal 
agitation would be overwhelmed by the velocity gradient 
mechanism for all but the <1/ 2-l'm material. 

In the studies undertaken, all of the material was 
>1/2-l'm in diameter. Therefore, thermal agitation is not 
considered as an important process. 

The major mechanism causing coagulation in the en­
vironment and in these studies is velocity gradient (tur­
bulence). The equation that described coagulation under 
turbulent conditions was originally developed by Smolu­
chowski (30) and has been improved by a number of re­
searchers (31, 32). A simple form of this rate equation is 

dnjdt = -(4j ... )a<l>nG 

where a is the collision efficiency factor, <I> is the volume 
of solid material per unit volume of solution, n is the 
number concentration of particles, and G is the mean 
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FIgure 2. Relationship of particle number and tine for the Yukon River 
sample with and without coating using 0.6 %. salinity In the Couette­
type reactor. 
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FIgure 3. Relationship of particle no.mber and time for a ocean sample 
wRh and without coating using 0.9 %0 salinity in the Couatte-type 
reactor. 

velocity gradient. In our experiments we measured dn/dt 
(the change in particle number with time), n, and <1>; 
therefore, a can be calculated. The same procedure has 
been utilized by other researchers in numerous coagulation 
studies on a wide variety of materials. The work of 
Edzwald (15) and Hahn and Stumm (14) discussed coag­
ulation of clay minerals in these terms. The collision ef­
ficiency factor, a, is a measure of the particles likelihood 
to coagulate. 

Results 

The experiments with the Couette-type reactor on the 
Amazon River sample material at 2 %0 salinity (Figure 1) 
show that the natural sample (coated) coagulated slower 
(lower slope, a of 0.69) than the sample from which the 
coating had been removed with a of 0.82. After about 30 
min, the coagulation rate of the natural sample material 
slowed down. The experiments with the Yukon River 
sample material at 0.6 %0 using the Couette-type reactor 
exhibited a striking difference between the slope of the 
lines (Figure 2). The sample with the coating removed 
had a coagulation rate 4 times the rate of the natural 
sample. The natural sample took about 55 min for the 
particle number to decrease to half the starting number, 
called half-time (T1 /J, whereas the uncoated sample took 
only about 11 min. The natural sample had an a of 0.23 
compared to 0.77 for the sample without the coating. The 
experiment using the ocean sample in the Couette-type 
reactor at 0.9 %0 salinity again showed that the natural 
(coated) sample coagulated more slowly than did the un­
coated sample (Figure 3). The natural sample had a a 
of 0.19 and a TI /2 of 46 min, whereas the treated sample 
without the coating had an a of 0.26 and a TI /2 of 33 min. 
It can be seen that all the experiments conducted in the 
Couette-type reactor showed that the natural samples with 
coatings coagulated slower than did the samples with 
coatings removed. 
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Flgwe 4. Relationship of particle number and time for Delaware Bay 
sample with and without coatings using 1.1 %0 (48) and 17.5 %0 (4b) 
In the blade-type reactor. 

The experiments in the blade-type reactor (27) using the 
2-4-l'm diameter fraction of the Delaware Bay sediments 
at 1.1 %0 salinity showed a significant difference in the 
coagulation rate between the natural (coated) sample and 
the uncoated sample (Figure 4a). The natural sample had 
an a of 0.077 and a Tl/2 of 32 min, whereas the sample with 
the coating removed had an a of 0.145 and a Tl/2 of 19 min. 
Similar experiments at a salinity of 4.4 %0 indicate that 
coagulation rates for coated and uncoated material are 
closer than at 1.1 %0 salinity. The natural coated sample 
had an a of 0.207 and a Tl /2 of 14 min, and the uncoated 
sample had an a of 0.177 and a Tl /2 of 12 min. The ex­
periments at 17.5 %0 salinity (Figure 4b) indicated that 
coagulation rates for the natural (coated) sample are nearly 
the same as those for the uncoated sample. The natural 
coated sample had an a of 0.207 and a Tl/2 of 12.5 min, 
and the uncoated sample had an a of 0.216 and a Tl/2 of 
11 min. 

All of the experiments conducted with the blade-type 
reactor used organic-substance-free artificial seawater. In 
order to evaluate whether the natural dissolved organic 
substances had an effect on the coagulation processes, the 
blade-type reactor experiments were repeated with filtered 
natural seawater (retaining its natural dissolved organic 
substances). The results were not significantly different 
from the experiments using organic-free artificial sea water. 
From this, we can conclude that the effect of the dissolved 
organic substance is insignificant relative to removal of 
natural organic coatings and/or that the natural level of 
150 mg/L of particles overwhelms the small amount of 
dissolved organic substances. 

The effect of salinity can be studied in the blade-type 
reactor experiments. Figure 5 is a plot of the collision 
efficiency factor, a, and the salinity. It shows the large 
difference between coated and uncoated samples at low 
salinities and how the difference decreases at higher sa­
linity. A simpler method of portraying the coagulation rate 
is plotting the particle half-time, T1/ 2• In Figure 6 the long 
times and large differences between coated and uncoated 
material at low salinities is shown, whereas at high salin­
ities the time is shorter and the difference between the 
coated and uncoated material is smaller. In the environ-
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Figure 5. Relationship of coIsIon efficiency factor (a) and salinity for 
Delaware Bay sample In the blade-type reactor. 
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Figure 8. Relationship of particle half-time and salinity for Delaware 
Bay sample In the blade-type reactor. 

ment, this would imply that the region in which this dif­
ference in coagulation properties would be most significant 
is the brackish low-salinity portions and that in any region 
with salinity higher than about 15 %0 this difference would 
be very small. 

Conclusion 
The effect of the organic coatings on particles has a 

significant impact on the coagulation rate of natural 
particles. This effect is largest at low salinities and de­
creases with increasing salinity. 
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Reductive Destruction of Hydrazines as an Approach to Hazard Control 

George Lunn and Eric B. Sansone 

Environmental Control and Research Program, NCI-Frederick Cancer Research Facility, Frederick, Maryland 21701 

Larry K. Keeler· 

Analytical Chemistry Section, Division of Cancer Cause and Prevention, National Cancer Institute, Bethesda, Maryland 20205 

• Hydrazine and 14 of its mono- and disubstituted alkyl, 
aryl, and acyl derivatives were quantitatively destroyed 
by using either of two nickel-based catalytic reductive 
procedures. Small volumes of solutions containing hy­
drazines were made alkaline and treated with aluminum­
nickel powder; large volumes were treated with preformed 
Raney nickel with or without an exogenous hydrogen 
source. No interference was discovered except from ace­
tone. The only products detected were ammonia and the 
amines corresponding to the hydrazine reduced. No 
benzidine could be detected when 1,2-diphenylhydrazine 
was reduced. These procedures appear to provide a reli­
able, efficient, one-step approach to conversion of poten­
tially carcinogenic hydrazines to innocuous products in 
laboratory wastes or in the environment. 

Hydrazine and its derivatives can enter the environment 
by a number of routes. Hydrazine has been used for 
boiler-water treatment, in the manufacture of blowing 
agents, agricultural chemicals, and medicinal agents, and 
(principally) as a propellant (1-3). Hydrazine may also 
be a product of nitrogen fixation by certain bacteria (4). 
Substituted hydrazines have been used as drugs, herbi­
cides, and propellants (4-9); two hydrazine derivatives, 
agaritine and N-methyl-N-formylhydrazine, have been 
isolated from edible mushrooms (4). 

Hydrazine and several of its derivatives are carcinogenic 
(1 ,8-11). Attempts have been made to destroy residues 
of these compounds to prevent or reverse environmental 
contamination by them. Much of the emphasis in these 
chemical destruction studies has been on oxidative path­
ways, using reagents such as ozone (12) or hypochlorite (2). 
Unless carefully controlled, however, these pathways can 
lead to products that may be more hazardous than the 
starting material. For example, 1,I-dimethylhydrazine 

(UDMH), used as a propellant in a variety of military and 
space applications (2, 6-8), can be oxidized to N-nitroso­
dimethylamine (7, 13). 

After noting that Seebach and Wykypiel (14) used Ra­
ney nickel and hydrogen to convert hydrazines and ni­
trosamines to amines, we studied the applicability of 
catalytic reductions to the decontamination of wastes 
containing hydrazines. In this paper we report that hy­
drogenolytic cleavage of hydrazine and its derivatives can 
be conveniently, inexpensively, and quantitatively achieved 
under a wide variety of conditions, according to eq 1. The 

Ni catalyst 
H2 + R1R2NNHR3 RlR2NH + R3NH2 (1) 

results indicate that nickel-based reductive methods hold 
considerable promise as an approach to preventing envi­
ronmental contamination by hydrazines. 

Experimental Section 
Materials, With three exceptions, the hydrazine and 

amine standards used were purchased from Aldrich 
Chemical Co., Milwaukee, WI. 1,I-Diethylhydrazine, 
1,I-diisopropylhydrazine, and 1,I·di-n-butylhydrazine were 
prepared by reducing the corresponding nitrosamine with 
lithium aluminum hydride (15). The products were dis­
tilled before use. The boiling points of the products were 
90-94 ·C (1,I·diethylhydrazine), 89-90 ·C (180 mmHg) 
(1,I-diisopropylhydrazine), and 135·C (200 mmHg) (1,1-
di-n-butylhydrazine). The reported boiling points of these 
compounds are 96-99 ·C, 41 ·C (16 mmHg), and 87-90 ·C 
(21 mmHg), respectively (15). Satisfactory purity was 
indicated in each case by the boiling point and gas chro­
matographic homogeneity. Aluminum-nickel alloy powder 
(50:50, w:w) was also obtained from Aldrich. 

Reduction Procedures with in Situ Generation of 
Hydrogen and Nickel Catalyst. In a typical reaction, 
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Table I. Reduction of Hydrazine. (R'R'NNHR')to the Corresponding Amines with Nickel-Aluminum Alloy in Potassium 
Hydroxide Solution 

residual retention time, min yield of amine, hydrazine, column 
R' R' R' % %a amine hydrazine columnb temp, · C 

H H H c <O.Old c c 
Me Me H 97 < 1 0.7 1.6 A 80 
Et Et H 100 < 0.1 0.6 1.7 A 80 
j·Pr j·Pr H 104 < 0.1 0.5 2.7 A 80 
n·Bu n·Bu H 93 < 0.1 2.1 7.8 A 90 

-(CH,),- H 89 < 0.1 1.1 4.5 A 100 
-(CH,). - H 101 < 0.25 2.2 8.8 A 80 

-(CH, ),O(CH,), - H 104 < 0.1 1.7 4.5 A 130 
-(CH, ),N(NH, )- H 73 (piperazine) < 1 1.0 11.3 B 100 

(CH,),-
Me H Me 94 < 0.1 0.5 2.6 C 100 
Ph Me H 96 < 0.5 1.4 2.7 D 110 
Ph H Ph 101e < 0.5 1.4 3.4 D 100 (amine) 

Ph 
150 (hydrazine) 

H C(O)NHNHPh 96 (aniline) c 1.7 c B 130 
Ph H H 98 < 0.2 1.7 8.7 B 130 
p-CH,C,H, H H 78 < 2 2.3 11.5 B 130 

a No hydrazine was detected in any reaction mixture after 24 h. Values given are the detection limits, expressed as 
percentages of the initial hydrazine concentration. b See Experimental Section for identities of coded column packings. 
C This compound could not be detected with the chromatographic conditions used . d A colorimetric analytical procedure 
was used; see Experimental Section. e Benzidine was absent (detection limit = 1% of the initial hydrazobenzene concentra­
tion). The retention time was 3.4 min at 200·C on 3% OV-1 on 80/100 Supelcoport. 

5 mg of the hydrazine to be reduced was dissolved either 
in 1 mL of 0.5 M potassium hydroxide solution or, if the 
hydrazine was incompletely soluble in the aqueous me­
dium, in a mixture of 0.5 mL of methanol and 0.5 mL of 
1 M potassium hydroxide. The resulting solution was 
magnetically stirred in a small vial after adding 100 mg 
of aluminum-nickel alloy powder. The reaction mixture 
was monitored by injecting 2-I'L aliquots without further 
workup onto 1.8 m X 2 mm silanized glass columns in a 
Hewlett-Packard 5830A gas chromatograph equipped with 
a flame ionization detector. Four column packings were 
used: (A) 10% Carbowax 20 M + 2% KOH on 80/100 
Chromosorb WA W; (B) 2% Carbowax 20 M + 1 % KOH 
on SO/l00 Supelcoport; (C) 28% Pennwalt 223 + 4% KOH 
on SO/l00 Gas Chrom R; (D) 3% SP-2401 DB on 100/120 
Supelcoport. Injector temperature was 200 ·C, detector 
temperature was 300 ·C, and the carrier gas was nitrogen 
flowing at about 30 mL/min. The quantity of amine 
present was determined by comparing its peak area with 
that of an alcohol or polyether added to the initial reaction 
mixture as an internal standard. In all cases but one (see 
Table I), the starting hydrazine also gave a peak under the 
conditions used for the amine. Less than 5% of the 
starting material was detectable 1 h after adding the alu­
minum-nickel powder; after 24 h the hydrazine was com­
pletely destroyed, within the limit of detection. 

Hydrazine itself was reduced under these conditions. 
The reaction mixture was analyzed colorimetrically ac­
cording to the method of Watt and Chrisp (16). Less than 
0.01 % of the hydrazine remained after 17 h. 

In contrast, when aluminum foil (22 mg) was used in 
place of the aluminum-nickel alloy, 92% of the initial 
quantity of l,l-dimethylhydrazine remained after 5 h. 
Similarly, 22 mg of aluminum amalgam in 1 mL of water 
caused no change in the concentration of l,l-dimethyl­
hydrazine. Copper(1) chloride (50 mg) in 1 mL of 6 M 
hydrochloric acid reduced the concentration of l,l-di­
methylhydrazine by 48% after 6 h; however, the yield of 
dimethylamine was only 4 %, and a number of unidentified 
products were detected. 

Reduction Procedures with Raney Nickel. The 
nickel catalysts employed were either prepared before use 

from aluminum-nickel alloy (17, 18) or purchased from 
Aldrich. The Raney nickel used, whether purchased or 
freshly prepared, contained sufficient adsorbed hydrogen 
to reduce more than 1 mmol of acetone to isopropanol per 
gram of catalyst within 3 h. 

l,l-Dimethylhydrazine (0.2 mL) was dissolved in 50 mL 
of water, and 2.3 g of Raney nickel catalyst (Aldrich) was 
added. The reaction mixture was periodically analyzed 
by using gas chromatography (column packing A, see 
above). After 1 h no hydrazine remained «1 %). When 
larger amounts of 1,1-dimethylhydrazine were present, 
some, but not all, of the hydrazine was destroyed after 
being stirred with the Raney nickel; with freshly prepared 
Raney nickel, but not with the commercial catalyst, the 
hydrazine remaining after 1 h could be completely de­
graded by continuing the stirring under an atmosphere of 
hydrogen gas. 

Disposal. When reduction was complete, the reaction 
slurry was filtered with suction through a pad of Celite (14) 
on a Buchner funnel and washed thoroughly with water 
and/or methanol. The filter cake was not allowed to dry 
in the funnel because of its potential for ignition. Instead, 
it was placed while still wet onto a metal tray and kept 
away from any flammable materials for 24 h. It was then 
discarded with the nonflammable waste. Additional pro­
tection against fire was achieved by adding 1 mL of acetone 
per gram of alloy after the hydrazine reduction was com­
plete but 24 h before filtration. Alternatively, the spent 
nickel could be dissolved cautiously in dilute mineral acid 
(19). 

Analysis for Residual Metal Ions in Solution. The 
concentrations of nickel and aluminum ions remaining in 
solution after reduction were determined by using a Per­
kin-Elmer 403 flame atomic absorption spectrometer. 
Warning: Many hydrazines are carcinogenic and should 
be handled, stored, and discarded with due respect for their 
toxic potential. In the destruction reactions described in 
this paper, hydrogen is either added or produced in situ, 
so all reactions should be carried out in a properly func­
tioning chemical fume hood. The in situ hydrogen gen­
eration reactions evolve both heat and large quantities of 
gas; therefore, when large-scale reactions are conducted, 
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reaction vessels should be cooled with ice and the alloy 
should be added slowly in portions to the continuously 
stirred reaction mixture to prevent it from frothing over. 
The hazard potential arising from the pyrophoricity of 
finely divided nickel has been described above, together 
with control procedures. 

Results 
The results of treating hydrazine and several of its 

substituted derivatives with Raney nickel and hydrogen 
in water or with aluminum-nickel alloy powder in alkaline 
solution are summarized in Table I. In no case could 
residual hydrazine be detected after 24 h of exposure to 
excess reductant. 

Amines corresponding to the hydrazine reduced were the 
only products detected by gas chromatography. Yields 
ranged from 73% to 104%; the detection limit was about 
1 % of the theoretical yield. When hydrazine itself was 
reduced, the filtered reaction mixture was distilled into 
a receiver containing excess hydrochloric acid. Evaporation 
of the receiver's contents left a residue whose weight 
corresponded to 53% of the theoretical yield of ammonium 
chloride. 

Special efforts were made to detect reaction products 
that might themselves be hazardous. For example, no 
benzidine was found (detection limit = 1 % of the theo­
retical yield, or 50 ppm in the reaction mixture) when 
1,2-diphenylhydrazine was reduced. In another case, we 
stirred 10 g of aluminum-nickel alloy with 200 mL of 1 M 
sodium hydroxide for 24 h and analyzed the filtrate by 
atomic absorption spectrometry; no nickel was found at 
a detection limit of 0.5 ppm; the concentration of alumi­
num was 15 ppm. 

Other reducing systems such as aluminum in potassium 
hydroxide solution, aluminum amalgam, or cuprous chlo­
ride did not efficiently destroy dialkylhydrazines. 

Discussion 
Hydrogenolysis of hydrazine and its derivatives at a 

catalytic nickel surface appears to furnish an attractive 
means of protecting the environment from contamination 
by these compounds. There are several potential advan­
tages in this approach. 

There are many catalytic nickel reducing systems (17). 
Among them they offer a variety of characteristics a 
chemist might use in developing specific procedures for 
solving both routine and exotic decontamination problems. 
We have successfully used two systems in this study. One 
employed preformed Raney nickel, with or without an 
exogenous source of hydrogen. The other involved in situ 
generation of hydrogen and spongy nickel by addition of 
aluminum-nickel alloy powder to an alkaline solution of 
the hydrazine to be destroyed. The two systems gave 
similar results. 

Reductive destruction of hydrazines with nickel catalysts 
is efficient. None of the hydrazines could be found, within 
the limits of detection (0.01-2% of the initial hydrazine 
concentration), in any reaction mixture (Table I) after 24 
h of exposure to reducing conditions. We conclude that 
nickel hydrogenolysis has the potential for reliable quan­
titative destruction of hydrazines. In contrast, aluminum 
foil in potassium hydroxide solution, aluminum amalgam 
in water, and copper (I) chloride in 6 M hydrochloric acid 
were not effective for destruction of hydrazines. 

Another advantage, not shared by all decontamination 
procedures, is that the products detected thus far are all 
considered to be relatively nontoxic. As mentioned above, 
oxidative degradation of UDMH can lead to formation of 
the potent carcinogen N-nitrosodimethylamine, a signif-
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icant deficiency for a decontamination method even if 
destruction of hydrazine is complete. The only products 
detected in the reactions summarized in Table I were am­
monia and/or the amine corresponding to the hydrazine 
reduced, compounds ordinarily suspected of having sub­
stantial toxicity only if the amine generated contains 
certain types of aromatic substituents (such as 2-naphthyl 
(20)). A special case to which we devoted careful analytical 
attention was the cleavage of 1,2-diphenylhydrazine, a 
compound known to readily rearrange (21) under acidic 
reduction conditions to benzidine, another powerful car­
cinogen (22). When 1,2-diphenylhydrazine was destroyed 
by using aluminum-nickel alloy in alkaline solution, no 
trace of benzidine could be found at a detection limit of 
50 ppm (1 % of the theoretical yield of benzidine). In 
assessing the toxic potential of products generated in these 
reactions, it was also necessary to consider the fate of the 
metals added to initiate the hydrogenolysis. After treating 
aluminum-nickel alloy with base, no nickel could be found 
in solution by atomic absorption at a detection limit of 0.5 
ppm; aluminum was present in the filtrate to the extent 
of only 15 ppm. There are no ambient water quality 
criteria for aluminum; however, for nickel the most re­
strictive criterion requires that the 24-h average concen­
tration of nickel not exceed 7.1 IJ.g/L (23). Since the 
volume of the reaction mixture is not large, it should not 
be difficult to ensure that the nickel ion concentration 
meets the water quality criteria. 

It would be premature to conclude, however, that all 
products of all reactions in Table I are innocuous, because 
a significant amount (up to 27%) of the starting hydrazine 
remained unaccounted for after some of the reactions. We 
recommend that a complete material balance be estab­
lished, with special emphasis on detecting any potentially 
toxic products, before any reaction is considered for use 
in environmental protection applications. 

An important feature of these reactions is their relative 
lack of sensitivity to potential interferences. The data of 
Table I demonstrate that reduction of hydrazines proceeds 
quantitatively in either neutral or alkaline solution, with 
either endogenously or exogenously supplied catalyst-hy­
drogen mixtures, and in the presence or absence of added 
methanol Hydrazines were also destroyed in other solvent 
systems such as mineral oil-pentane-water (1:1:2, v:v, a 
two-phase mixture), rapidly stirred olive oil-water emul­
sions, dichloromethane-methanol-water (1:3:1), and 
aqueous solutions containing dimethyl sulfoxide. In ad­
dition, previous studies (24, 25), in which reduction of 
nitrosamines using the in situ generation procedure fre­
quently led to substantial but transient amounts of hy­
drazines produced as intermediates, offer indirect but 
persuasive evidence that hydrazine reduction proceeds 
readily and quantitatively in a wide variety of solvent 
systems, including methanol-water (9:1, v:v), dichloro­
methane-methanol-water (1:3:1), mineral oil-hexane­
water (1:1:2, a two-phase mixture), rapidly stirred olive 
oil-water emulsions, and aqueous solutions containing 
dimethyl sulfoxide or dissolved gelatin. The only inter­
ferences discovered in a recent multilaboratory collabo­
rative study of the nitrosamine destruction method (26) 
were those from acetone, which is preferentially reduced, 
and some (but not all) batches of dichloromethane (27). 

Many other potentially hazardous compound classes 
containing N-N and N-O bonds are also reduced to pre­
sumably nontoxic products such as ammonia, amines, 
water, and alcohols under these conditions. Besides the 
nitrosamines and hydrazines mentioned above, studies still 
in progress suggest that compounds such as nitrosamides, 



1Z0xy compounds, nitramines, azo derivatives, triazenes, 
md N-hydroxy compounds are also cleaved quantitatively 
;0 completely reduced products at the catalytic nickel 
IUrface. This feature would be especially advantageous 
n disposing of waste from a carcinogenesis research lab­
>ratory (our own area of primary concern), in which si­
nultaneous work with many such compounds may result 
n accumulation of mixed waste, which demands a 
lroad-spectrum decontamination procedure. 

Other significant advantages of nickel-catalyzed reduc­
;jve destruction of hydrazines include its relative lack of 
'xpense (the only specialized prerequisite for most of the 
'eactions studied was aluminum-nickel alloy, purchased 
'or approximately 5 cents/g) and its experimental sim­
llicity. The latter feature should be an especially im­
lortant benefit. The availability of a reliable, one-step 
vaste-treatment procedure requiring no equipment more 
:omplicated than a magnetic stirrer should be most wel­
:ome. Of course, good laboratory practice strongly suggests 
:hat the efficacy of a decontamination procedure be ana­
ytically verified periodically; for this purpose, specialized 
lquipment and considerable expertise in analytical chem­
stry will normally be required. 

As to the relative advantages of the preformed Raney 
lickel procedure vs. addition of aluminum-nickel alloy 
lowder to aqueous base, we consider the latter to be 
lreferable in most cases because it avoids the use of cat­
tiytic preparations and hydrogen, which are flammable, 
IS starting materials. Generation of the reducing system 
n situ, however, does require that the medium be strongly 
tlkaline (0.5-1 M in hydroxide) to achieve useful reaction 
'ates. While this requirement should not lead to any major 
lroblems in decontaminating small batches of hydra­
:me-containing wastes (e.g., those from the typical research 
aboratory), it would become economically and environ­
nentally disadvantageous in large-scale operations such 
IS those involved in industrial or environmental cleanup 
lpplications. In these cases, the well-established Raney 
lickel reduction should provide an attractive alternative. 
iVhen the concentration of the hydrazines and other re­
lucible contaminants is relatively small, it may be possible 
o destroy them with Raney nickel alone, using no gaseous 
lydrogen; the Raney nickel samples we studied contained 
nore than 1 mmol of hydrogen per gram of catalyst, as 
neasured by their ability to convert acetone to isopropanol. 
)f course, when Raney nickel alone cannot quantitatively 
'educe the contaminant, an atmosphere of hydrogen can 
>e added; doing so completed the destruction of the hy­
Irazine when freshly prepared catalyst was used. 
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Impact of Fossil Fuel Combustion on Sediments of Lake Michigan: A Reprise 

John J. Griffin and Edward D, Goldberg· 

Scripps Institution of Oceanography, La Jolla, California 92093 

• The size distribution of charcoals in sediments of Lake 
Michigan reflects the onset of the industrial revolution and 
the increased intensities of fossil fuel combustion during 
the twentieth century. Prior to 1900 the less than I-I'm 
fraction was dominant, and its source was primarily 
biomass burning. In the subsequent years coal and oil 
burning became evident with larger particles, especially 
greater than 32 I'm, making larger contributions to the 
total charcoal concentrations. The input of the larger 
particles is a consequence of near fallout of particles from 
energy-producing plants near the lake. 

Previously, we have proposed that the amounts of 
charcoal found in the sedimentary record reflect the in­
tensity of combustion processes at the earth's surface, both 
natural and anthropogenic (1). For the case of Lake 
Michigan, the fluxes of charcoal from wood, coal, and oil 
burning changed over the past century and reflected the 
onset of industrial activity (Table I). The first strong 
evidence of coal utilization appeared about 1900. In ad­
dition, our results indicated that there was a decrease in 
charcoal concentrations in the deposits from about 1960 
to the present, which we attributed to improved controls 
of emissions from the stscks of power plants and industrial 
facilities. We had analyzed the greater than 38-I'm size 
class of the charcoals inasmuch as these particles possessed 
in their morphologies characteristics of the source 
material-oil, coal, or wood (2). 

Further, the twentieth-century urbanization of the lower 
Lake Michigan region, with its increasing production of 
energy needed for the production of goods and services to 
support an ever increasing population, impinged upon the 
lake environment. The places of commerce were sited 
along or near the lake, so as to take advantage of its natural 
resources, i.e., water and transportation. One manifesta­
tion of this impingement is the associated increase in the 
concentration of anthropogenic carbon in the lake sedi­
ments. Prior to 1900 the primary source of charcoal in the 
sediments was from burning of biomass. 

Two size classes of carbon particles are generated in 
burning coal, oil, and wood. The coarse fraction, generally 
greater than a few microns in diameter, is produced from 
incomplete combustion or pyrolysis of fuel particles. This 
carbon has been called charcoal, char, and coke. The 
second type includes the submicron particles produced 
from the vapor-phase condensation of carbon. This has 
been called soot and is composed of submicron spheres 
agglomerated into random chain-like structures (Figure 
1). In this presentation we use the term charcoal to in­
clude both types of carbon. 

If we assume the fallout ratio of the two types is a 
function of particle size for a particular site, then a particle 
size gradient with the larger size particles near the source 
should be observed (3). Thus, we have determined the size 
distribution of charcoals in Lake Michigan Box Core LM-
780914, collected from a water depth of 64 m at 43°00' N 
and 86°22' W. This is the same sediment utilized in our 
previous studies in which the chronology of the strata, 
metal and charcoal concentrations, and mineral levels were 
determined (1). 

We recognize that a single core cannot be used to study 

Table 1. Total Charcoal Concentrations in the 
lake Michigan Deposit 

charcoal charcoal 
period of (dry weight), period of (dry weight), 
deposition % deposition % 

1976-1978 0.60 1920-1923 0.29 
1973-1976 0.62 1918-1920 0.25 
1970-1973 0.59 1916-1918 0.21 
1968-1970 0.57 1913-1916 0.13 
1968-1970 0.57 1910-1913 0.12 
1963-1968 0.64 1908-1910 0.13 
1960-1963 0.61 1906-1908 0.1 5 
1958-1960 0.63 1898-1903 0.11 
1956-1958 0.74 1893-1898 0.11 
1953-1956 0.71 1883-1893 0.10 
1948-1953 0.66 1873-1883 0.12 
1943-1948 0.73 1863-1873 0.11 
1938-1943 0.51 1853-1863 0.Q7 
1933-1938 0.58 1843-1857 0.17 
1928-1933 0.40 1837-1843 0.10 
1923-1928 0.32 1827-1837 0.11 

the integrated fluxes and the mass balances for sedimen­
tary components in a water body the size of Lake Mich­
igan. Still, a single core can reveal relative changes in 
fluxes, where the sedimentary strata can be dated, as was 
demonstrated in our previous work (1) . Our aim is to 
ascertain if there has been a change in size distribution 
over the past century and a half, during which period there 
was a change in fluxes of charcoal from a variety of sources 
as a consequence of the industrial revolution. 

The charcoal is isolated from the sediment in the fol­
lowing way. Oven-dried (110°C) sediment samples were 
leached in hot 6 N HCl from 2 to 4 h and subsequently 
carefully washed with H20 . The residue was digested for 
about 2 weeks in a mixture of 300 mL of 10 N HF and 50 
mL of concentrated HCl at room temperature. The su­
pernate is removed by careful centrifugation, and the 
residue is leached with hot 6 N HC!. The residue is then 
washed with H20 in preparation for oxidation, which is 
accomplished by dispersing the residue in 100 mL of 6 N 
KOH and by the careful addition in small increments of 
800 mL of 30% H20 2• After oxidation the residue is 
leached with hot 6 N HCl and washed with H20 in prep­
aration for particle size analysis. Stokes settling techniques 
were used to separate the particles into the different size 
classes. The carbon particles were assumed to have a 
density of 2 g/cm3 and the settling medium was H20 . 
Each size fraction was collected, oven-dried, and weighed 
and the charcoal concentration determined by infrared 
assay (4). Samples that were too small for infrared assay 
had their charcoal contents determined by loss on ignition 
at 600 °C. Duplicate runs on the same sample showed both 
techniques give results within ±10% of each other. 

Particle size distributions as a function of age of the 
strata are shown in Figure 2. The greater than 3S-I'm and 
the less than I -I'm fractions show trends over a time in­
terval that was dated by the 210Pb geochronology (1) . As 
previously noted (2), the greater than 38-I'm particle 
concentration showed an increase beginning about 1900. 
Furthermore, these charcoals had morphologies indicative 
of coal sources and to a lesser extent those of oil, whereas 
the contribution from wood charcoal decreased from 1900 
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FIgIn 1. Morphology of the very flne.galned charcoal. SmaH spheres 
have aggregated Into Irregular chains. 
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Figure 2. Percent of total carbon In size fractions as a function of 
depth and aga of strata. The geochronology was obtained by 2loPb 
deting (1). 

to the present. The use of morphologies to identify the 
origin of charcoal particles previously has been described 
by us (2) . 

This increase in large particles over the past 80 years 
indicates a short-range transport from the source areas and 
therefore nearby sources of fallout. The most probable 

sources of this fallout would be the energy-producing 
plants sited along the shore of the lower Lake Michigan 
basin. As the region's economic activities and population 
matured and stabilized over the past decades, these sta­
tionary energy-producing sources proved to be a stable 
source of particles whose variations are affected by the 
economy and/or improvements in combustion and pollu­
tion-control technology. 

The fine fraction (less than 1 I'm) has a rather constant 
concentration (20-30%) during the past 40 years, whereas 
the older strata show a concentration increase that is 
variable with no distinct trends. The low values during 
the past 40 years are the result of dilution by the large 
particles with a fossil fuel origin. The increase in the fine 
fraction in older sediment is correlated with the very low 
concentration of large particles. These large particles have 
morphologies indicating a wood origin and probably have 
their origins in burning of biomass by man and through 
natural phenomena. This biomass burning would not be 
limited to a few fixed geographic areas but would range 
over the entire lower Lake Michigan basin. The same 
volume of biomass would not be regularly combusted but 
would vary depending upon available fuel and upon fa­
vorable conditions for burning. The fine-grained nature 
indicates a more distant source and represents long-dis­
tance transport and fallout. This would be in keeping with 
the early development of the region as it transformed from 
a prairie to an agricultural area and then to its present 
industrial economy. 

Thus we have identified a number of parameters asso­
ciated with charcoals that may be useful in reconstructing 
burning histories from the sedimentary record: charcoal 
concentrations, morphologies, and size distributions. 
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Electrolytic Preparation of [ 38CI]Chlorlne Dioxide from H36CI 

Hosseln A. Ghanbarl,' Willis B. Wheeler, and James R. Kirk 

Department of Food Science and Human Nutrition, Institute of Food and Agricultural SCiences, University of Florida, 
Gainesville, Florida 32611 

• Electrolysis of KOH-neutralized H36Cl resulted in 
greater than 90% conversion of K36Cl to K36Cl03. Re­
duction of K36Cl03 with oxalic acid in a closed gas-gen­
eration system yielded 36Cl02 gas. The generated gas was 
passed through a Na2C03 column, which effectively ab­
sorbed the contaminants Cl2 and CO2, and the purified 
36Cl02 was then dissolved in water. This procedure is an 
effective laboratory preparation of 36Cl02 and is charac­
terized by high yield, purity, and specific activity. 

Wide use of Cl02 as a disinfectant has led to studies 
involving the metabolism of Cl02 (1, 2), the mode of 

00l3-936X/83/0917-0245$Ol .50/0 © 1983 American Chemical Society 

bacterial or viral inactivation (3-9), and the fate of chlorinE 
(10). These studies and others such as Cl02 toxicity an( 
the mechanism of bactericidal action would be greatlJ 
facilitated if 36Cl02 were either commercially available 01 

could be synthesized easily in the laboratory. In order t< 
study the reactivity of Cl02 with biological molecules 
radioactive chlorine dioxide was used. Radioactive chlorinE 
dioxide is not commercially available as a stock item, an( 
chlorine-36 is marketed primarily as H36CI. This papel 
describes an electrolytic method for the preparation 0 

high-purity, high specific activity 36Cl02 in good yield froll 
commercially available H36Cl. 
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Insulator sheet; (H) heater-stirrer with thermostat; (I) power supply; 
(J) magnetic stirring bar; (K) Teflon spacer; (L) rubber stopper. 

A 

to vacuum 
pump 

figure 2, Apparatus for CI, and 00, gas generation: (A) separatory 
fu'1neI, 10 rnL, 14/20 neck (Bantam-Ware, Kentes K299000-0010); (8) 
two-necI< boing 1Iask, 25 ITt. 14/20 neck (Kentes K294990-0(25); (C) 
flow control adapter, 14/20 neck (Kontes 275200); (0) glass tubing, 
15 cm long (4 mm I.d.), used for column packing when requi'ed; (E) 
Inlet tube (Kontes K-275501); (F) rubber adapter (Kontes K-773900); 
(G) two-neck boiling flask (25 mL, Kontes K299000-0010; 50 mL, 
Kontes 294990-0050; 100 mL, K605020-0224); (H) Tygon tubing; (I) 
Stirring bar. 

Experimental Section 

A practical way to generate CI02 from HCl is to prepare 
chlorate from HCl and then reduce the chlorate to CI02 
(1 , 10-13). Chlorate was prepared electrolytically as fol­
lows: 

H36Cl (New England Nuclear) was adjusted to pH 
7.5-8.0 with 1 N KOH and diluted with deionized water 
to make a final concentration of O.S M K36Cl. The elec­
trolysis cell was a piece of stainless steel tube (10 em long, 
2.S cm in diameter), and one end was plugged by using a 
rubber stopper. Brine (10 mL, O.S M K36Cl, pH 7.5-8.0) 
was placed in the cell, which served as the container and 
the cathode. A O.63-cm diameter graphite welding rod with 
the copper-clad covering removed was used as the anode 
(Figure 1; Arcair, Lancaster, OH 43130). An E-C Appa­
ratus power supply (E-C Apparatus Corp., Philadelphia, 
PAl supplied power at current settings of 100-500 rnA with 
an anode surface area of about 400 mm2• During elec­
trolysis, the temperature was maintained at 65-70 °C, and 
the solution was gently stirred by using a small Teflon­
coated bar. 

Potassium chlorate was formed by the reaction of 
chlorine produced at the anode and hydroxide ion pro­
duced at the cathode (reactions 1-3). The equation for 

2Cl- --+ Cl2 + 2e- (1) 
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Flgur. 3. Relationship of duration of electrolysis and current to yield 
of KCIO.. Electrolysis was carried out In a stainless steel-carbon ceN 
containing 10 ITt. of 0.5 M KCI, pH 7.5-8.0, with temperatlM'8 main­
tained at 85-70oC. The yield of KCI03 was calculated by using the 
formula In the text. 

3Cl2 + 60H- --+ SCl- + ClO-a + 3H20 

the overall process is shown in reaction 4. 

Cl- + 3H20 --+ CIO-a + 3H2 

(2) 

(3) 

(4) 

Following electrolysis, the liquid in the cell was cen­
trifuged in a clinical centrifuge for S min at high speed to 
remove carbon particles arising from the anode. The su­
pernatant was incubated at 65-70 °C in a 25-mL Erlen­
meyer flask and taken to dryness to yield sodium chlorate 
and sodium chloride crystals. 

Chlorine dioxide was then generated from the chlorate 
salts in a gas-generation apparatus (Figure 2). Dried 
crystals of chlorates prepared by reactions 1-3 were dis­
solved in 10 mL of H20. A 1-mL aliquot of chlorate so­
lution was placed in flask B containing 2S mg of oxalic acid 
crystals. Flask G contained 10 mL of organic-free deion­
ized water. With the system under vacuum, 18 M HzSO. 
was added dropwise to flask B (the reaction is violent), and 
chlorine dioxide was liberated according to the reaction 

2KCIOa + (COOH)2 + 2H2SO. --+ 

2Cl02 + 2C02 + 2H20 + 2KHSO. (5) 

Chlorine dioxide, a light orange gas, was readily dissolved 
in the water in flask G (Figure I) , which was held at 0-4 
°C. The exothermic reaction in flask B drives the reaction 
and expels Cl02 from the reaction flask. As the reaction 
nears completion, gentle heating of flask B with a hair 
dryer increased the yield appreciably. 

Chlorine dioxide was determined by an iodometric ti­
tration (14, 15). Radioactivity was determined by scin· 
tillation counting in Aquasol (New England Nuclear) using 
a Searle Analytic 92 liquid scintillation system, with win­
dows set at So-800. The number of disintegrations per 
minute (dpm) was calculated from a quench curve con· 
structed by relating external standard ratios to percentage 
counting efficiencies. 

Results and Discussion 

Chemical procedures for the preparation of (36Cl]­
chlorate result in very low yields. As an alternative ap­
proach, the electrolytic process for preparing chlorates 
using a carbon~tainless steel electrode electrolysis cell (10, 
12) was selected. Reaction conditions such as KCl con-



Table I. Fate of "CI during the Process of Electrolysis and CIO, Generation" 

radioactivity after 
electrolysis, % radioactivity after CIO, generation, % 

column and wt of carbon K"'CIO, reaction "'CIO, voidc 
contents pelletb soln flask column trap space 

none 4 96 6 0 78 16 
Na,CO, (1 g) 4 96 6 23 43 14 

" Details of the procedures are given in the text. Radioactivity present initially in 1 mL of K36CI solution is given in a rela­
tive value of 100 (actual amount 1.2 x.10' to 3.2 X 10' dpm), and subsequent amounts are expressed relative to this value. 
b Pellet obtained by centrifugation of the brine after electrolysis. C This value was calculated. Void volume was about 10 
times larger than the trap volume. 

Table II. Purity and Specific Activity of "'CI in ClO, 
Solutions. Chlorine Equivalent Concentration Was 
Determined by the Iodotitrometric Method 

CI 
equivalent 

at pH 7 
CI to that CIO" % 

equivalent at pH 2, of CI CIO,-CI 
at pH 7, ratio of equivalent equivalent, 

column dpm/cpm ppm at pH 7 dpm/ppm 

none 99.5 1 :3.7 67.5 67.2 
Na,CO, 70.6 1:4.9 97.5 68.8 

centration, pH, temperature, and distance between the 
electrodes were selected on the basis of reaction require­
ments and practical considerations. 

Yield of product was calculated according to the fol­
lowing formula: 

DW,- DWo DWo 
percent yield of KCI03 = MW + MW 100 

3 0 KCl 

(6) 

where DWo is the dry weight of KCI before electrolysis, 
DW, is the dry weight of the salts after electrolysis for t 
min, MWo is the formula weight of oxygen, and MWKCl 
is the formula weight of KCI. 

This formula is based on the assumptions that each mole 
of KCI produces 1 mol of KCI03 and that the increase in 
weight is due to the addition of 3 mol equiv of oxygen. 
Although the increase in pH (up to 2 units) observed 
during the course of electrolysis suggests such possibilities 
as loss of chlorine as C12, experiments using K36CI showed 
no detectable loss of C12. 

Experimental results presented in Figure 3 showing yield 
vs. time at selected amperages led to the recommendation 
of a 400-mA current (7-9 V) and a duration of 4 h for 
electrolysis. 

In the event some of the KCI was left unreacted, it was 
possible to separate KCI03 from KCI by their solubility 
characteristics (11, 12). Pure crystals of KCI03 were 
formed by dissolving the solids after electrolysis in a small 
volume of hot water and then cooling the solution. In our 
laboratory-scale system this step was not helpful, but in 
the commercial preparation of large amounts of KCI03 it 
may be economically feasible to salvage unreacted K36CI 
by using this technique. It should be noted that NaCI03 
is much more soluble than KCI03 (11). 

The reduction of chlorate can be carried out by oxidative 
acidification in the presence of sodium chloride, sulfurous 
anhydride, or oxalic acid (15). In this method of CI02 
synthesis, sodium chloride was not used because Ct would 
be oxidized to CI2 and would contaminate the product. 
The use of S02 gas was not practical because of the closed 
vacuum system. Thus, oxalic acid was the reducing agent 
of choice. Good product yields routinely resulted in so-

lutions of 500 ppm CI02 (2500 ppm chloride equivalent) 
being routinely prepared. 

Contamination of CI02 should be minimized during 
generation, and contaminants such as Clz must be removed 
before dissolving CI02 in water. Either side reactions or 
acidification of hypochlorites still present in the chlorate 
solution may form C12. Of the reducing agents that can 
be used to generate chlorates, oxalic acid produced the 
least C12; however, the CI02 still required purification. 
During passage of the generated gas mixture through a 
column of NaCI02, a common practice in the general pu­
rification of CI02 (14-16), it was found that 36CI02 ex­
changed with the NaCI02 of the column with resultant loss 
of most of the radioactivity from the gas phase. Substi­
tution of a Na2C03 column eliminated the poor recovery 
and yielded pure CI02 of high specific activity. The sodium 
carbonate acts as a caustic scrubber, immobilizes CI2 as 
hypochlorite, absorbs CO2, and has great capacity to absorb 
impurities. The fate of 36CI during the process of elec­
trolysis, CI02 generation, and purification of NaCI02 is 
summarized in Table I. These data indicate that more 
than 90 % of 36CI was evolved from the reaction flask as 
CI02 gas. The solution remaining in the reaction flask (1.9 
mL) contained some 36CI02 as dissolved gas as evidenced 
by the pale yellow color. Since KCI did not produce CI02 
when treated identically, formation of KCI03 by electro­
lysis was more than 90% complete and confirms the data 
for nonlabeled KCI03 shown in Figure 3. 

The purity and specific activity of a radioactive com­
pound are the final criteria for the effectiveness of a pro­
cedure. A test for purity of CI02 in solution is the io­
dometric titration of chlorine equivalents at pH 7.0 (0.1 
N phosphate buffer) and at pH ::52.0 (glacial acetic acid). 
In a pure aqueous solution of CI02, the following rela­
tionship exists: 

Five chlorine equivalents at pH 7 = one chlorine 
equivalent at pH 2. 

If CI02 is contaminated with C12, HOCI, and/or OCI-, 
the percentage CI02 chlorine equivalent, calculated from 
the following formula, will be low: 

% CI02 chlorine equivalent = 
ppm at pH 2 - ppm at pH 7 

4 100 (7) 

Purified chlorine dioxide was 97.5% pure, and its spe­
cific activity (expressed as dpm/ppm CI02 chlorine 
equivalent) was as high as the CIOz prepared without 
column purification (Table 11). 
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Application of ,),-,),-Directlonal Correlation Measurements for Speciation Studies In 
Environmental Research 

Marcel de Bruin· and Peter Bode 

Interuniversity Reactor Institute, Meke/weg 15. 2629 JB Delft, The Netherlands 

• Photons and/or particles emitted consecutively in the 
decay of a radionuclide exhibit a specific directional cor­
relation pattern. This pattern is subject to perturbations 
due to interactions between the decaying nuclei and their 
chemical and physical environment. For molecules in 
solution, the degree of perturbation depends on the size 
of the molecule in which the nucleus is incorporated, while 
the presence of a time dependency of the perturbation is 
an indication for the occurrence of chemical or physical 
reactions. The experimental characteristics of perturbed 
directional correlation (PDC) experiments make the 
technique very suitable for studies of trace-element be­
havior in very dilute systems, e.g., that present in biological 
and environmental systems. This is illustrated with results 
from a PDC experiment involving trace-element uptake 
by roots of a tomato plant seedling. 

Introduction 

Most characteristics of nuclear transformations of ra­
dionuclides are virtually independent of the chemical and 
physical status of the decaying atom. AI!. an exception, an 
influence of the chemical form on the decay constant has 
been observed for decay through internal conversion or 
electron capture since in this case the orbital electrons are 
involved. However, these differences are small and hard 
to measure. Stronger effects of chemical binding on nu­
clear decay characteristics can be observed in the direc­
tional correlation pattern existing between particles and/ or 
photons emitted in consecutive decay processes. For 
certain elements (see Table I) the delay time tj between 
these emissions is such that an appreciable disorientation 
of the nuclear spin may occur (1), resulting in a pertur­
bation of the directional correlation expressed as the 
perturbation factor G. The perturbation depends on the 
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Figure 1. Dependence of G on molecular weight and associated 
rotational correlation time (6). 

chemical and physical status of the decaying atoms such 
as, e.g., structure and composition of the surrounding of 
atoms incorporated in solids or size of the molecule the 
atoms are bound to and viscosity for atoms present in 
solution (Figures 1 and 2). Changes in the chemical status 
of a radioactive species will be reflected in the effective 
directional correlation (2-5). 

For practical applications of perturbed directional cor­
relation (PDC) measurements, the use of ")'-ray-emitting 
nuclides is most suitable; the directions of charged particles 
({J, a) are strongly altered by interactions between these 
particles and sample or container material. ")'- ")'-Direc­
tional correlation functions can be measured with the use 
of two detectors (Figure 3). The viewing angle 0 between 
the two detectors can be varied, and the number of events 
detected in coincidence in both detectors is recorded as 
function of O. The directional correlation often depends 
on the time elapsed between the two correlated "),-ray 
emissions. It can be measured as a function of the delay 
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Table I. Characteristic Properties of Some Radionuclides Suitable for Trace-Element Studies Using PDC Measurements 

cascade max spec 
decay r-y cascade, abund- method of act., min 

nuclide half-life mode keY-keY ance,a % thb ns production )lCi/)lg concn, ppb 
S7CO 270 days EC 122-14 85 98 accelerator <1 
6?Ga 78 h EC 209-184 27 1.0 accelerator <1 
,sSe 118.5 days EC 121-279 16 0.3 reactor 70 2 
IlImCd 49min IT 151-245 33 85 reactor 1 100 
'''Cd 53 h ~- 35-492 0.4 6 reactor 3 3000 
133Ba 10.7 years EC 356-81 62 6 reactor 0.2 200 181Hf 42 days ~ - 133-482 40 11 reactor 20 3 
IS8Re 17 h ~ - 486-155 1 0.7 reactor 350 10 
199mHg 43 min IT 374-158 12 2.4 reactor 0.2 1000 
""mph 67 min IT 911-374 97 270 accelerator <1 
131U 6.7 days ~- 208-59 23 68 reactor 40 3 

a Reference 8. b Ii = lifetime of intermediate state between the consecutive emission. 
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Figure 2_ Time-Integrated anisotropy of the "'Cd 'Y-'Y-{jlrectional 
correlation as a function of the viscosity of the '''In source (7). 
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Figure 3. Schematic setup of coincidence spectrometer for 'Y-'Y­
directional correlation measurements. 

time between the two 'Y-ray emissions (time differentiated) 
or as the integral for all correlated 'Y-ray emissions, inde­
pendent of delay time (time integrated). Some of the 
elements suitable for PDC measurements and their rele­
vant nuclear properties are listed in Table I. 

When compared to other techniques for observing the 
chemical status of atoms, PDC measurements show some 
advantages inherent to the measurement of 'Y radiation 
emitted by radionuclides: 

'Y-'Y-Directional correlations can be measured from 
outside the system under study, without any direct contact 
and/or chemical or physical disturbance. Moreover, be­
cause of the penetrating power of 'Y radiation, little de­
mands are made on the system containment. These con­
ditions allow for dynamic experiments with easily dis­
turbed systems such as dilute solutions, mixtures in state 
of equilibrium, and even living organisms. 

The mass of an element in a sample can be small, as long 
as its radioactivity allows for sufficiently precise mea­
surement of the directional correlation. The mass mini­
mally required for an experiment mainly depends on the 
specific activity of the radionuclide. For accelerator-pro­
duced nuclides the specific activity can be very high and 
is mostly limited by purposely added inactive material. 
Table I includes the specific activities of radionuclides 
produced by reactor activation, assuming a thermal neu­
tron flux of 1014 ns-I cm-2 and irradiation times of 1 half-life 
with a maximum of 10 days. The table also lists, for a 
sample volume of 10 cm3, the element concentrations 
minimally required for a PDC measurement. 

Application of PDC Experiments in Environmental 
Trace Element Research 

The experimental characteristics discussed in the pre­
vious section and the applicability to potentially toxic 
elements such as Se, Cd, and Hg make PDC measurements 
especially suitable for studies of trace-element behavior 
as part of environmental research. This includes the 
speciation of trace elements in various matrices such as 
natural water and wastewater or soils and studies of ad­
sorption and desorption phenomena in water-soil mixtures. 
Because of its noninvasive character, the PDC technique 
can be used in dynamic measurements of uptake and 
metabolism of trace elements by living organisms like small 
animals and plants. 

The latter application can be illustrated with the first 
results recently obtained with the IRI PDC spectrometer 
designed for this purpose in a study of the uptake of 181 Hf 
in roots of plants. Figure 4A shows the time-differentiated 
directional correlation for 181Hf in a solution containing 
1 ppm Hf as HfOCI2• Figure 4B represents the pattern 
for the same 181 Hf after uptake in the roots of a tomato 
plant seedling grown for 1 day in the Hf solution. It was 
observed that the Hf appeared to be immobilized in the 
root and that it is not transported into the stem. A clear 
difference can be noticed between the two patterns, in­
dicating a difference in chemical status of the Hf before 
and after uptake in the roots. The periodic pattern ob­
served in the latter case suggests the presence of (part of) 
the Hf on or in a solid phase; probably the cell membranes. 
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FIgIn 4. TJme.dfferentiated anisotropy R(I), calculated from a mrnber 
of coincidences N observed for 0 = 90 and 180· according to R(I) 
= (N .. -N'80)/N .. for (a) '8'Hf In aqueous solution and (b) '8'Hf after 
uptake In roots of a tomato plant seedling. 

This assumption is in agreement with the observation that 
depositions of immobile elements are located in the cell 
walls (9, 10). 
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Concluding Remarks 

There is an extensive atnount of theoretical and ex­
perimental evidence that measurements of perturbed di­
rectional correlations may yield information on the chem­
ical status of the decaying atom. Measurement technique 
and sensitivity make PDC measurements particularly 
suitable for studies of trace elements. The nature of the 
usable elements points to the potential importance of the 
technique in environmental, geochemical, biological, and 
medical research. It can be expected that in those fields 
PDC measurements can answer some of the questions on 
trace-element behavior where commonly used techniques 
fail because of experimental limitations. Moreover, special 
attention should be paid to the possibility of dynamic 
observation of the status of elements inside sensitive 
systems such as living organisms, which are easily dis­
turbed when applying other experimental techniques. 

Registry No. Hf, 7440-58-6. 
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Fingertip Convenience ... 
Microprocessor Performance 

The new Mark )0.f Water Quality 
Microprocessor combines the 
sophistication of digital measure­
ment with the simplicity of 
rugged field instruments_ 
Designed for direct in situ 
measurement of seven para­
meters-temperature, salinity or 
temperature-corrected conductiv­
ity, depth, dissolved oxygen, 
pH, and specific ions-the Mark 
XI/' s microprocessor-controlled 
functions make it the ideal 
vehicle for operation in remote 
field environments or in the 
laboratory_ 

Housed in a water-tight case, the 
system's control and readout 

module features keyboard data 
entry and low-power alpha­
numerical display_ Digital 
calibration and temperature 
compensation require minimum 
operator experience and auto­
ranging of conductivity simplifies 
shifting from freshwater to salt­
water solutions_ The Martek­
designed sensors yield laboratory­
accurate data_ 

The Mark )0.f power pack is 
external to the readout module 
and has its own vinyl carrying 
case with shoulder strap_ While 
the standard configuration is a 
digital one, an option for onboard 
cassette data logging or hard-

copy output to the Model AFP 
Alphanumeric Field Printer is 
available_ The Mark)0.f is also 
compatible with computer 
peripheral equipment 

The combination of easy-to-read 
digital data, simple operation, 
and accurate measurement 
make the Mark )0.f the micro­
processor of choice in water 
quality monitoring_ If you are 
involved in water quality analysis, 
whether in lab or field, fresh 
water or sea water, you owe it to 
yourself to find out more about 
the new system from Martek. 

MARTEK INSTRUMENTS, INC. 
17302 DaimlerSl. P.O. Box 16487. Irvine. CA92713. (714) 540-4435 • Telex 692-317 
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