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For timely information to help you solve corporate environ­
mental problems, ask for the newsletter from the nation's
largest full-service environmental consulting firm. Write to
A. F. Miller, Environmental Research & Technology, Inc.,
696 Virginia Road, Concord, Mass. 01742. For immediate
action on any environmental problem, call (617) 861-7700,
Ext. 136. Our staff of over 700 is ready to serve your needs.
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A .ast, econolTlical systelTl 'or pesticide analysis.

Vineland, N.J. 08360

ance, fluorescence or transmission,
and measures density of migrated
spots against a reference value. It
uses a rugged, highly reliable optic
scanner to create outputs compatible
with existing chart recorders, digital
readout devices and other EDP hard­
ware, including our new base line
corrector and calculating integrator.
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concentration to analysis quickly and
at low cost. For full information on the
system or any of its components,
contact your Kontes man or write
direct.
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HEW, Rev. January 1968 232.2·29 • Analytical Meth­
ods for Pesticides and Plant Growth Regulators.
Volume VI; Zweig, G., and Sherma, J.; Academic
Press. N.Y. 1972-193
ttPalent #3,562,539
·Palenl #3,496,068
··Patent pending.
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meter) $550.
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blocks allows better than ±0.5°C
control over a range of 30°C to 160°C.
Its movable base plate permits tubes
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$210.43.
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key to quantitative analysis. Spotter
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Kontes Densitometertt . For quan­
titative spot analysis, this unique
Kontes development automatically
scans TLC plates by diffuse reflect-

Here is all the apparatus you need for
non-destructive pesticide analysis, at
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and hexane. Heavier fractions reflux
until the final concentrate is collected
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this patented apparatus for rapid
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from hours to minutes. The Kontes
co-distiller is equally effective for
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throughout the world. Can be used
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chlorinated pesticides as well as
organic fumigants, herbicides, and
@Retistered trademark of Kontes Glass Company
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GUEST EDITORIAL

Progress in water quality
Legislative achievements over the past decade

have established the framework for the preservation
of aquatic environments and the protection of human
health. In the broadest terms our goal is now the
maintenance of life-what Russell Train has referred
to recently as the "bottom line" of our efforts in pol­
lution control. We have seen an evolution of under­
standing in water quality over the past fifty years,
from ~arly concern with the major aquatic cycles of
oxygen, carbon, and nitrogen in rivers, and with the
control of waterborne diseases, to awareness of eu­
trophication of water by excessive discharge of nu­
trients such as phosphorus, and, during recent decades,
to growing recognition of potential hazards for hu­
mans and ecosystems brought about by uncontrolled
release of synthetic compounds and toxic metals.

Very recently, we have come to recognize that
transformations in the environment, as in the example
of mercury, and unanticipated side reactions in our
treatment technologies, as in the chlorination of water
supplies and wastewater effluents, can have very
dangerous consequences. Thus, even with accom­
plishments of improved water quality in the "macro­
scopic" sphere of total suspended solids, organic car­
bon (BOD), nutrients, and the traditional pathogens,
we now face very significant uncertainties in the
"microscopic" sphere-a variety of carcinogens from
many sources, chronic toxicants of several kinds,
and possible contamination by viruses.

The challenge presented to scientists and engineers
in the water-quality field is to sustain past accom­
plishments and to progress to a deeper understanding
of the behavior of threats in the "microscopic" sphere.
The problems in this sphere require far more scientific
attention than they have received so far. From a sci­
entific perspective, we need to continue to "get small",
"get specific" and "get particular." In the field of air
quality it has become more and more useful to define

sources, transport, transformations, and exposure of
receptors in terms of molecular forms and size distri­
butions of particles. Developments along parallel lines
are underway in aquatic chemistry. These need to be
expanded.

Environmental lead contamination of the ocean
illustrates sharply the need to "get small" in mea­
suring levels of nanograms and less to define con­
tamination levels. Arsenic, copper, trihalomethanes,
mercury, and a variety of synthetic organics illustrate
the importance of getting "specific" with respect to
molecular forms in water. The fate of adsorbed trace
metals and particulate organic pollutants is strongly
influenced by coagulation and sedimentation processes
in water. It matters a great deal where these sub­
stances are found with respect to particle sizes, both
in the natural environment and in treatment pro­
cesses.

It is sometimes said that our concern over pollutants
at low levels has been brought about merely by ana­
lytical developments, but has little to do with real ef­
fects in the biosphere and with human hazards. Far
from it. It seems more likely that for many potentially
harmful species and particulate forms we have not yet
attained the levels needed. The way to the criteria we
need is through a deeper understanding of molecules
and particles.

Dr. James J. Morgan is currently professor
of Enviromental Engineering Science'and
executive officer for the graduate program
in Environmental Engineering Science al
the California Institute of Technology.
Pasadena. Calif

Volume 12, Number 7, July 1978 743



Aerosols & sulfate particles
The article "What are aerosols

made ofT' (£5& T. April 1978, p 374)
covered progress in studies of aerosol
composition reported at the mid-winter
meeting of the American Meteoro­
logical Society. Related to that article,
a March 20-22, 1978 Conference on
Carbonaceous Aerosols at Lawrence
Berkeley Laboratory in Berkeley pre­
sented a great deal of progress in this
special area of aerosol research.

A major focal point of the latter
conference was the possible impor­
tance of carbon soot particles in the
conversion of S02 to sulfates and sul­
furic acid. Gas-phase reactions of OH,
H02 and similar photochemically
produced radicals seem capable of
accounting for the typical 1-2%/h

LETTERS

conversion rate on warm, sunny days.
Yet another mechanism must surely be
important during Fall and Winter cp­
isodes, which are often accompanied
by low temperature, haze and little
sunlight. The "dirty water" mecha­
nism, involving S02 oxidation by dis­
solved O2in droplets, catalyzed by Fe,
Mn or V ions, has long been suggested,
but as yet not quantitatively estab­
lished as being important.

In 1973, Novakov et al. at Berkeley
reported that S02 could be catalyti­
cally oxidized in the laboratory on
carbon soot particles. The importance
of this mechanism in the field, how­
ever, was not established.

Recently, at the 4th Conference on
Environmental Sensing (New Orleans,
November 1977) and at the Berkeley

conference, ovakov et al. reported
several observations that strengthen
the case for the importance of the soot
mechanism:

(I) Raman lines of soot are found
in most ambient samples.

(2) Soot causes most of the black­
ness of filter deposits.

(3) Blackening correlates strongly
with total carbon and the slope of the
curve suggests that about half of the
carbon under most conditions (photo­
chemical and otherwise) is on primary
soot particles.

(4) Soot suspended in sulfite solu­
tion catalyzes its oxidation.

(5) Sulfate/S02 ratios in Berkeley
in Winter are comparable with those
in Los Angeles in Summer, suggesting
that high photochemical activity in the
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WLKS
Foxboro Analytical

In those manufacturing oper­
ations using phosgene or phos­
gene producing compounds,
the Foxboro/Wilks MIRAN~II

Multi-Point Ambient Air Monitor
can play an ·important role in
helping you comply with the strict
OSHA air quality standards.

The MIRAN-II Multi-Point
Ambient Air Monitor:

• continually monitors up to
eleven locations as far as400
feet away.

• is available with alarms to warn
of phosgene concentrations
exceeding the 0.1 ppm OSHA
standard.

• has rapid response-one
minute per location.

• provides reliable, unattended
operation.

• requires no carrier or span gases.

For detailed information, write or
phone today. Foxboro/Wilks, Inc.,
P.O. Box 449, South Norwalk, CT
06856. Phone (203) 853-1616.

latter case does not increase the oxi­
dation rate.

Despite these advances, many con­
troversies and uncertainties remain
regarding the importance of the
mechanism. For example, Daniel
Grosjean (UC, Riverside) finds that
the major fraction of carbon in Los
Angeles area samples is soluble in or­
ganic solvents. This suggests that most
of the carbon is condensed organic
material (i.e., secondary) rather than
primary soot, although even some
primary diesel exhaust material is
soluble.

There are also questions about the
relative humidity (RH) at which the
soot mechanism becomes active. Bruce
Appel (Calif. Dept. of Public Health,
Berkeley) found little sulfate to be
produced on soot formed in combus­
tion of acetylene at RH 90%. Novak­
ov's group finds enhanced yields with
increasing RH, but some yield at low
RH. It's probably necessary that water
be condensed on the particle, bu t this
wasn't controlled in early experi­
ments.

There are also many questions about
the quantitative significance of the soot
mechanism. How much soot is released
by various sources? What is the ca­
pacity of soot, i.e., the maximum sul­
fate/carbon ratio? Is this enough to
explain a substantial fraction of the
sulfate formation in the field?

Thus, although many questions re­
main to be answered about this and
other mechanisms for sulfate conver­
sion, the information presented at the
meeting represents a big step forward
in this field. The field has at least
progressed to the point that one knows
the right questions to attack by further
work. Proceedings of the conference
will be available this Fall through
NTIS.
Glen E. Gordon
University of Maryland
College Park, Md. 20742

Asbestosis

Dear Sir: Tens of thousands of
pcople already have it; hundreds of
thousands more may become afnicted.
Lung diseases caused by asbestos dust
are becoming one of the greatest
health problems of all time. ABC
News Closeup, Asbestos: The Time
Bomb Explodes (Friday, July 14,
10:00-11 :00 p.m.), examines the his­
tory of the disease; the steps that were,
or were not, taken to protect asbestos
workers, and the current enforcement
of standards in industry and the United
States Navy.
Phil Lewis
ABC News
New York, N.Y. 10023
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ACSAUDIO
COURSES

keep up with
successful chemists

The best way to keep pace with chemistry's
rapid progress is to learn from the chemists
who help make it happen.

More than 35 ACS Audio Courses are
available-all prepared and recorded by
leading chemists teaching their own spe­
cialties. All courses include audiotape cas­
settes and comprehensive manuals with
information, diagrams and other visual
material, many with exercises so you can
combine the ease of listening with the chal­
lenge of doing as you learn.

The courses cover all levels and inter­
ests; introductory and reftesher topics;
specialized subjects and techniques; non­
technical courses to aid your personal
development.

Best of all, all ACS Audio Courses are
offered on a money-back guarantee basis
... so you can't lose.

Send coupon below for more information.
r-------------------------,

Department of Educational Act'vltles :
American Chemical Society I
1155 Sixteenth Street, N. W. I

Washington, D. C. 20036 :

Please send information on ACS Audio Courses. :

I
I
I
I
I
I
I
I
I

State Zip :

--------------------------~
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INTER ATIONAL
In a coordinated effort to clean up
the Great Lakes, the U.S. and Can­
ada have reached an agreement,
not yet final, that revises the 1972
Great Lakes Water Quality Agree­
ment. This new agreement, which
has no force of domestic law,
strengthens pollution control guide­
lines for phosphorus and toxic sub­
stances, and brings the entire Great
Lakes Basin under surveillance.
Under the agreement, a toxic sub­
stance is defined as any substance
having a half-life of eight or more
years that causes disease or death
to an organism. The new phospho­
rus guideline calls for a reduction
in phosphorus discharges to the
lakes from 20 000 to II 000 metric
tons in 1978. Municipal sewage
treatment plants must comply with
the terms of the agreement by Dec.
31,1982; industries must establish
pollution prevention programs by
Dec. 31,1983.

WASHINGTON
The EPA issued final regulations on
procedures by which it may feto is­
suance of state NPDES permits,
and incorporate new effluent limi­
tations, new source performance
standards and pretreatment stan­
dards for 65 toxics from the 21 in­
dustrial source categories. These
regulations incorporate the require­
ments of the consent decree in
NRDC v. Train. The final regula­
tions (40 CFR 124.46) clarify the.
criteria EPA will use in exercising
its veto power under state-issued
National Pollutant Discharge
Elimination System permits.
NPDES permits will now include
"reopener clauses" to reflect new
effluent limits on toxic pollutants.

Pending before the Justice Dept.
are 10-12 criminal cases under the
Clean Water Act and 5-6 criminal
cases under the Clean Air Act. Ac­
cording to Angus MacBeth, chief
of the Justice Dept.'s Pollution

CURRENTS

Control Section, the department is
considering around 100 criminal
cases referred by the Army Corps
of Engineers on water pollution
cases. MacBeth says that "The
Government means business on the
criminal side," but it will not adopt
"a frivolous attitude toward the
criminal law, nor one that strains to
press the laws to the outer limits."

Justice's MacBeth

In the near future the focus of fed­
eral pollution control activities is
expected to be on the disposal of
toxic and hazardous materials, and
on falsification of data and reports
submitted to the government.

The EPA is conducting a 400-coun­
ty, rural drinking water suney that
will include interviews with individ­
uals in these areas and analysis of
household water samples. The sur­
vey is required under the Safe
Drinking Water Act. On another
matter concerning rural America,
the EPA and the Dept. of Agricul­
ture have reached an agreement on
how to set up a new Rural Clean
Water Program, which is autho­
rized by the 1977 Clean Water
Act. The program will provide fed­
eral cost-sharing assistance to
farmers to help solve water pollu­
tion problems caused by agricultur­
al activities. Under the Clean
Water Act, Congress authorized
$200 million in fiscal 1979 and
$400 million in fiscal 1980 to en­
able the Agriculture secretary to
enter into long-term contracts with
rurallandownersjoperators for the
purpose of installing and maintain­
ing best management practices to
control nonpoint source pollution.

DOE's report, "Voluntary Business
Energy Consenation Progress Re­
port 6," cites a 9.2% improvement
in energy savings by 48 industrial
and business groups for the first
half of 1977 compared to 1972.
Participating in the DOE program
are over 3000 business firms, which
represent more than SO% of the
total U.s. industrial energy use.
The report cites significant effi­
ciency gains, despite the severe
1977 winter, in the chemicals and
petroleum industries. Total im­
proved efficiencies were equivalent
to 667000 bbljday of oil. Donald
A. Beattie, acting assistant secre­
tary for Conservation & Solar Ap­
plications, said that he was im­
pressed by the "disciplined ap­
proaches being used to achieve con­
servation goals." On another mat­
ter, DOE has established an Office
of Nuclear Waste Management in
the Office of the Assistant Secre­
tary for Energy Technology.

The NBS has more than 50 Stan­
dard Reference Materials (SRM)
and methods useful in air pollution
measurements. EPA, whenever pos­
sible, requires that calibration
methods used in air pollution refer­
ence methods be traceable to the
National Bureau of Standards
SRM's. SRM's have been devel­
oped for ambient air monitoring,
stationary source monitoring, the
automobile industry and for special
measurement problems. In this lat­
ter area, the NBS has been work­
ing on SRM's and standard meth­
ods for monitoring chlorofluorocar­
bons and vinyl chloride. NBS de­
veloped a measurement standard in
the form of an UV photometric in­
strument for monitoring ozone at
ground level. The bureau is now de­
veloping SRM's for physical and
chemical characteristics of atmo­
spheric particulates I /Lm in size or
smaller.

OSHA has directed its field staffs
to continue to conduct workplace
inspections using the ~ethod of
scheduling in force prior to the
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May 23 Supreme Court decision,
but to seek a warrant whenever an
employer refuses, inspector's entry.
Assistant secretary of labor for oc­
cupational safety and health, Eula
Bingham, said that "compliance
safety and health officers have
been instructed t-o deal with such
refusals in a courteous and respon­
sible manner, leave the premises
promptly, contact Labor Depart­
ment attorneys; and obtain a war­
rant as quickly as possible." A re­
cent GAO report stated that
OSHA's and the States' workplace
inspection programs are weak in
detecting and correcting serious
hazards.

STATES

Michigan now has a law that bans
the disposal and storage of radioac­
tive wastes. The bill became effec­
tive immediately after Governor
William G. Milliken signed it. The
bill was the state's response to the
Dept. of Energy's search for a nu­
clear waste disposal site in Michi-

Mich. governor Milliken

gan. The state was concerned that
a large groundwater aquifer was lo­
cated near DOE's exploratory drill­
ing,site. Under the new law, excep­
tions to the radioactive- ban include
educational institutions, temporary
storage, material stored at nuclear
power plants, material used for
medical purposes and material
stored safely before January I,
1970. A second companion law
blocks federal designation of a
Michigan disposal site.

Virginia has abandoned plans to
burn Kepone wastes in Hopewell,
Va., because of strong public pro­
test. The fate of the wastes is still
undecided. An Allied Chemical
Corp. plan to ship the wastes to
Wales for incineration has been
postponed because of objections
from the British government. The
EPA and the Army Corps of Engi­
neers are studying Japanese dredg-
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ing techniques to determine if they
are suitable for Kepone removal
from the James River.

Arizona reports a "dramatic" re­
duction in auto emissions which it
attributes to its vehicle emissions
inspection and maintenance (11M)
program. Tailpipe emissions in
1977, as compared to 1976, showed
a 41% reduction in hydrocarbons,
and a 25% reduction in carbon
monoxide, both measured at idle.
The average cost of repairs on a ve­
hicle failing the initial test was
$23.02; more than I million vehi­
cles were tested last year. The re­
port released by the Dept. of
Health Services' Bureau of Vehicu­
lar Emissions Inspection estimates
that gasoline consumption can be
reduced by 30-35 million gallonsly
as a result of improved vehicle
maintenance. Because of this 11M
program, the state expects to be in
compliance with carbon monoxide
standards in 1982, and by 1985 for
other vehicular emissions pollu­
tants.

Spending federal funds for secon­
dary treatment projects in the St.
Louis, Mo., area would "only mini­
mally improve the quality of water
in the Mississippi River," a recent
GAO report declares. Planned ex­
penditures for construction of two
municipal secondary treatment fa­
cilities are pegged at $163 million.
Secondary treatment of discharges
to fresh water is required under the
Clean Water Act; municipalities
are required to fund secondary
treatment projects before they may
finance alternative pollution con­
trol projects, which may have
greater potential for improving
water quality and use of streams.
The General Accounting Office,
therefore, recommended that Con­
gress amend the law to eliminate
the mandatory requirement for sec­
ondary treatment.

The Metropolitan Denver Sewage
Disposal District's project to turn
sewage sludge into a marketable
fertilizer will be funded 75% by
federal funds, but it still must be
approved by the Adams County
Board of Commissioners, which is
reluctant to approve it. The project,
which involves transporting sludge
by pipeline to a site 20 miles east of
the Rocky Mountain Arsenal
where it will be dried and prepared
for sale, is estimated to cost $22
million.

MONITORING

What are ways of extracting toxi­
cants from suspect wastes for anal­
ysis? EPA and the American Soci­
ety for Testing and Materials
(ASTM) D 19.12 subcommittee
are helping to answer that question
with a Toxicant Extraction Proce­
dure now in draft stage. Instruc­
tions for processing and pH adjust­
ments are very detailed. Analyses
would be for toxicity and other
hazards, mutagenicity, bioaccumu­
lation, and whatever additional
items are called for. Also, there
would be degradation tests. An an­
alytic option is now being devel­
oped, and the future will bring a
bioassay option, and field simula­
tion tests.

TECHNOLOGY

Irrigation of poplar, and other trees
with oxidation pond effluent was
tried at certain Michigan sites by
the U.S. Forest Service. Generally,
poplars, ash, and red oak did best.
However, much of what tree mor­
tality occurred was not so much
from wastewater irrigation, as from
a number of disease and pest infes­
tations, and drought.

An engine using no fossil fuels is the
subject of U.S. Patent No.
3,977,191, granted to Powerlines
Corp. (Wilmington, Del.). It uses
lasers in the lOIS-lOIS-Hz frequen­
cy range in pressure chambers con­
taining all atmospheric gases ex­
cept oxygen. The company calls the
process the Atomic Expansion Re­
nux Optics Power Source.

A total solar electric village will be
established for the Papago Indian
Tribe at Schuchuli, Ariz., by the
U.S. Health Service and NASA,
with Dept. of Energy (DOE) fund­
ing. Power from the photovoltaic (3
kW peak) system should start now­
ing to Schuchuli's 96 residents by
September.

Total waterlair pollution control
for industrial process exhausts was
announced by Environeering, Inc.,
a subsidiary of the Riley Co. (Park
Ridge, 111.), A particulate scrubber
captures particles in a water spray.
Scrub liquor is then clarified and
nocculated in such a manner that
discharge to a sewer is unnecessary.
Environeering says that particulate
removal efficiency for difficult
wastes needing disposal, such as



How do you get cyanide out of waste water
without creating other toxic chemicals?

from your waste water, and it doesn't create other
toxic materials in the process.

Furthermore, the concentrated cyanide complexes
can be converted to Prussian blue, which is easy to
dispose of, or sell, helping to recover some of your
treatment costs.

If you've been using alkaline chlorination, or a
similar process, you know about the serious
drawbacks. They can't destroy the stable metal
complexes such as ferrocyanide and ferricyanide
and they often create other toxic chemicals, such as
chlorinated phenols and hydrocarbons. When a
process is non-selective it's inherently inefficient.

Rohm and Haas Amberlite® IRA-958 can clear up
your problem - efficiently. It's an acrylic, strongly
basic ion exchange resin, and it's fully selective. It
gets rid of those hard-to-remove cyanide complexes

For more information on re­
moving cyanide from your
waste water, please circle
our reader service number.

RDHMa
~HAAS~
PHILADELPHIA. PA 19105

A World Leader in Water Treatment
CIRCLE 14 ON READER SERVICE CARD
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Particulate scrubber system

sugar cane waste (bagasse), taco­
nite waste, liquid waste, and many
others, reaches 98%. Gas volumes
of 1000-600 000 acfm can be ac­
commodated, and water clarifica­
tion tanks of 1000, 1500, 2500, or
4000 gal (more on special order)
are available.

Electroplating with a 90% reduction
in chemical waste, and a 97% cut in
gaseous exhaust, has been an­
nounced by Bell Telephone Labo­
ratories (Murray Hill, N.J.). Bell
Labs also says that gold use is
halved, and production output is in­
creased by as much as 600%. The
key is to carry out all plating jobs
in small, totally enclosed cells,
rather than in conventional open
vats. Cells are in a straight line,
and are coupled to a "mother tank"
containing necessary chemicals and
control devices. Most water is recy­
cled. Cells can handle a number of
jobs independently. Bell's Western
Electric is using this technique at
Dallas, Tex., and plans it for Kan­
sas City.

The electric car may be a step clos­
er, if the cost of lithium-metal sul­
fide batteries can be brought down.
The aim is to have a 5.6-MW load­
leveling battery module by 1984.
Argonne National Laboratory
(Ill.) let a $1.1 million contract to
Eagle-Picher Industries (Joplin,
Mo.) to build such an advanced
battery. And as for conventional
cars, a flywheel added to a 1976
Ford Pinto gave 50% better "gas"
mileage in city driving, according
to two University of Wisconsin
(Madison) engineers. The flywheel
stores energy normally wasted dur­
ing braking, idling, and other oper­
ations of the car engine at low
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power, and can deliver 250 hp for
acceleration purposes, after being
easily primed to 9000 rpm.

One way that paper mills could get
away from using mercury, which
poses serious pollution problems,
was with Du Pont's "Nafion" per­
fluorosulfonic acid membranes.
These are used in electrochemical
cells, such as those which produce
chlorine at paper mills. The mem­
branes separate the anolyte and
catholyte, and provide selective
passage to various chemical ions.
This technique removes the need
for mercury.

INDUSTRY

Among laws that could hamper the
effort to bring about use of coal in a
timely fashion, and at reasonable
prices, are the new clean air and
surface mining laws, Robert Que­
non, president of Peabody Coal
Co., told the National Energy
Forum VI held at Washington,
D.C. He said that the Administra­
tion, which supports these laws,
while simultaneously advocating
increased reliance on coal, must re­
solve this dichotomy, if coal is to
play any meaningful part in the
U.S. energy matrix. The Forum at

Peabody Coal's Quenon

which Quenon spoke was sponsored
by the U.S. National Committee of
the World Energy Conference
(ES&T. December 1974, p 1069).

The world's largest application of
the DavyjWellman-Lord S02 re­
moval process was completed at the
San Juan Power Plant of Public
Service of New Mexico. The scrub­
bers, growing out of a $120 million
pollution control project, will use
sodium sulfite as the principal
scrubbing medium. Treating 1.8
million scfm, they will produce ele­
mental sulfur, sulfuric acid, and
salt cake by-products from which
PNM and Tucson Gas & Electric
hope to realize $2.01 millionjy in

earnings by 1981. Moreover, scrub­
ber sludge disposal costs would be
eliminated. The system was devel­
oped by Davy Powergas (Lakeland,
Fla.), and it will remove 90% of the
S02·

Total wastewater treatment (wwt)
equipment shipments should be
about $1.5 billion by 1983-1985,
according to William T. Lorenz &
Co., management consultants of
Boston, Mass. These shipments
totaled $750 million in 1977. How­
ever, the firm foresees a sluggish
period near-term, partly because of
a "best available" (BAT) delay to
1984, and softened BAT require­
ments, except for toxics. However,
shipments would pick up substan­
tially during 1981-1984 as BAT
deadlines come closer, and toxic
pollutant standards must be met,
according to Lorenz. The firm also
sees more municipal spending on
wwt equipment, as funding logjams
break, say, by late 1979.

The present Administration is con­
tributing to the nuclear industry's
stagnation, Joseph Dietrich, chief
scientist for Nuclear Power Sys­
tems, C-E Power Systems, told the
National Energy Forum VI. C-E
Power is a part of Combustion En­
gineering, Inc. Dietrich called for
passage of a "good nuclear licens­
ing reform bill," to reduce licensing
times, and regain some of the ca­
pacity growth lost through cancel­
lations and deferments of nuclear
plants. He called for government
policies to encourage the industry,
and said that a "vigorously grow­
ing" nuclear power capability "is
essential to the welfare of the na­
tion."

No combination of conservation and
alternative energy sources can sup­
ply New Jersey's energy needs
through the year 2000, Robert
Smith, chairman of Public Service
Electric and Gas Co. (Newark,
N.J.) warned. He said that coal
and nuclear should meet part of the
demand, and that nuclear was envi­
ronmentally and economically
more advantageous than coal.
However, he also advocated pursuit
of solar, but expressed little opti­
mism for any important solar con­
tribution in the immediate future.
Smith also noted that his utility is
active in power production from
solid waste, and is looking into en­
ergy from landfill gas, and from co­
generation.
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Introducing Air Monitor
System 7000.

Nowthat the EPA has established
guidelines for most air quality moni­
tors, you can buy individual instru­
ments with confidence. But what
happens when you combine them
in a sampling, calibra­
tion, and recording
system?

If you put enough
different instruments
together, you can
measure almost any­
thing-and your results
can mean almost
nothing.

But now there's Air
Monitor System 7000.
A system of carefully
matched analyzers,
calibration channels,
recording and telemetry
equipment. Assembled

in a fully plumbed, wired, and venti­
lated cabinet-tested, calibrated,
and ready for your shelter. Ready
to supply guaranteed-valid data.

If you have a consulting firm that
interprets your data, we'll work with

them. If you are a con­
sultant, ask about our
OEM arrangements
and yearly purchase
plans.

Air Monitor System
7000 is the next logical
step in the search for
more valid air quality
data. For more infor­
mation about taking
that step, circle our
reader service number,
or contact us direct.

~
MONITOR LABS, INC.
4202 Sorrento Valley Blvd.
San Diego, CA 92121

I I' .' (714) 453-6260
, TWX 910-337-1278
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Waste: a hot item these days!
At a photographic equipment company,

a paper mill, and a wastewater treatment facility,
heat from waste is reducing fuel bills

Gasas to
a~here

This technically advanced unit is
called upon to handle a·whole variety
of wastes. For example, there are
combustible liquid wastes consisting of
various solvents, oils, and aqueous
materials. Then, there are solid wastes
comprising sludges, solvent-soaked
filter media, and material from the

a total heat-release rate of 90 million
Btu/h. That heat-release rate trans­
lates into about 9 million gal/y of liq­
uid waste, and 6 million Ib/y of solid
waste, Bastian said. Under full
waste load, the facility operates with
a venturi pressure drop of 65 in. of
water, across the gas scrubber.

~ Eri8rgy·s8vlng~ waste'I'nelneration with process
>,waste~,. at a photographic company ...

/.' ._<T . '

-, c' 'liquid.w~es
~ ....

Drums Load. luggers Solid
. Pipeline wastes

•

Industries of all types, and munici­
palities as well, are under heavy pres­
sure to conserve energy. Apparently,
they have been responding, for gener­
ally, industrial energy use today is less
than what it was in early 1973. Indeed,
one business publication quoted a 32%
reduction. But even if that percentage
m~y be somewhat exaggerated, con­
servation continually improves, and
one method of bringing about such
improvement is solid, liquid, and gas­
eous waste incineration.

The use of waste to save energy has
developed into a significant technolo­
gy. On the occasion of the Sth Biennial
National Waste Processing Confer­
ence and Exhibit, sponsored by the
American Society of Mechanical En­
gineers, that technology was discussed
and shown at Chicago, Ill. It is note­
worthy that the conference's theme
was, "Energy Conservation through
Waste Utilization."

A variety of wastes
An installation at Eastman Kodak

Co. (Rochester, N.Y.), which started
up in January 1976, will give a picture
of how the burning of liquid and solid
wastes reduced No.2 fuel-oil usage in
just 2.5 years of operation. On a heat­
value basis, this reduction was from
13% (1976) to 4% (1977). Kodak's
Ron Bastian explained that the need to
upgrade on-site chemical waste in­
cineration facilities led the giant pho­
tographic firm to decide, during the
early 1970's, to have a new thermal
oxidation facility designed and con­
structed.

Accordingly, Kodak retained Hy­
droscience, Inc., a wholly-owned sub­
sidiary of The Dow Chemical Co.
(ES& T, January 1975, p 22), to pro­
vide such a facility. It was designed for
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laboratory. And when such wastes are
burned, the incinerating unit must
meet stiff requirements of the New
York State air pollution laws and
regulations (for example, a particulate
emission limit of 0.05 gr/scf of dry
gas).

A 12-digit code
Bastian said that at Kodak, wastes

are not simply taken out and burned.
On the contrary, each waste gets a
12-digit identification (10) code. This
ID tells where the waste was generat­
ed; gives a serial number for the waste;
and charges a given department or
account number for disposal. No waste
is burned unless it is properly identi­
fied, and has a disposal ticket made for
it.

In addition to devising the 12-digit
code 10 and ticket, Kodak conducted
an internal survey, in order to obtain
the fullest possible inventory of what
wastes there are. For both solids and
liquids, for example, sources, physi­
cal/chemical composition, heat value,
disposal, and annual quantity and
growth-rate data are compiled.
Moreover, for liquid wastes, the

Kodak's Bastian
the key is to know the waste profile

number of layers or phases, and the
composition and percent of each
phase-light, water, heavy, and
sludge-are cataloged. Other param­
eters for the waste data bank may
comprise ash, water, chloride, sulfur,
nitrogen, metals, and additional per­
tinent physical and chemical infor­
mation.

All of this cataloging seems like a
great deal of effort. But it had great
benefits. First of all, it led to improved
incinerator design information. Sec­
ondly, it permitted computerization of

waste information for easier data re­
trieval and manipulation. This com­
puterization, in turn, made possible
identification of a cross-section of
waste materials to be test-burned in
order to achieve the cleanest, most
complete, and safest burnout possi­
ble.

Costs and performance
Since the waste incinerator unit

started up, the average annual load has
been 6-7 million gal (liquid), and
3.5-4.5 million Ib (solid). Water from
the demister, quench chamber, and
other components, is neutralized with
sodium hydroxide, and successfully
recycled. Suspended and dissolved
solids are controlled. Auxiliary fuel
use, based on 1977 operation, should
not exceed 150000 gal/y, or 4% on a
heat value basis; that figure was 13%
in 1976.

Bastian and Bill Seeman of Hydro­
science said that construction costs
were approximately $11.3 million.
Operating costs, excluding deprecia­
tion, come to $1.5 million/y, with 24
hid, 7 d/wk operation, and 4 men/
shift. Kodak is looking at reducing

~. 0 0 0 with wet air oxidation, at a paper ml~1 0 o.oj
'. . . '" ~

., .".' ~\':'- ,

Black
liquor
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... and with sewage skimmings, at amunicipal wwt
plant

and his colleagues at Malcolm Pirnie,
Inc. (White Plains, N.Y.) designed for
tertiary treatment at the Southerly
Wastewater Treatment Plant (peak
flow, 200 mgd) of the Cleveland
(Ohio) Regional Sewer District. The
design includes steam generation and
associated air pollution control.

Normally, scum or skimmings from
wwt plant settling tanks are inciner­
ated, along with other wastes. How­
ever, in the Malcolm Pirnie design,
skimmings (heat value of 16 000
Btu/lb) will be fired to provide the
425-psig saturated steam, at 2700 Ib/h
on a dry-weight basis, needed for the
plant's thermal conditioning process.
The skimmings themselves are mainly
spent grease from soap, detergents,
and service station discharges to sew­
ers. They should furnish the bulk of the
necessary heat; however, No.2 fuel oil
will always produce a minimum of
25%.

Nevertheless, the skimmings-fired
boiler is expected to save 2.8 million
gal/y of fuel oil. Its steam will con­
tribute to thermal conditioning, non­
potable water heating, skimmings and
waste-tank farm heating, and numer-

Stack

Steam

Skimmings
boiler

Feed
waer

To ash
'L.-,-_I-_.._-+ disposal

lagoon

ous other functions. The boiler will
provide up to 58% of the plant's total
steam capacity. Fuel oil needs for the
plant are reduced from 34.3 million
Ib/y to 14.3 million Ib/y (oil density is
7.2Ib/gal).

Expected advantages of skimmings
as fuel are:

• elimination of the need to dispose
of them, and of related liquid wastes

• ability to comply with all air
emissions regulations

• elimination of oil-fired steam
generators and skimmings disposal
equipment; this can provide capital
cost savings which, in turn, can be
credited to reduce the skimmings-fired
facility's capital costs.

Lessening the pain

To be sure, wwt, especially ad­
vanced wwt, will not be a low-cost
item. It will require energy that is, to
use a popular expression, "out of sight"
these days. But development of a
cost-effective technology to use liquid
(or solid) wastes as a "home-made"
energy source could contribute to
lessening the pain in writing checks to
pay fuel bills for wwt. JJ

Drain

Venturi
scrubber

Air heater

F.D. fan \

Air ~ I~~

Dewatering
tower

Skimmings
supply

Fuel oil supply

Chemical feed

Feed water

•
••

operating costs by possibly operating
the system with only one fan, and re­
duced scrubber venturi pressure drops,
for certain selected waste profiles.

In any case, the unit that Hydro­
science provided was chosen and de­
signed specifically for Kodak's waste
profile. Bastian cautions that for the
design of a thermal oxidation system
elsewhere, each waste profile must be
evaluated separately.

Paperwork

One associates wet-air oxidation
(WAO) with wastewater treatment
(wwt), but not normally with energy
conservation. However, Louis Pradt of
Zimpro Inc. (Rothschild, Wis.) spoke
of a WAO system that can be "quite
competitive" with conventional steam
boilers, or with fluidized-bed com­
bustion systems. Here, waste sludges
and liquors would be disposed of,
concurrently with the burning of
coal.

Zimpro installed similar WAO
technology, of 303-gpm capacity, at a
pulp and paper mill at Ontonagon,
Mich. (ES& T, March 1978, p 249). It
uses a black liquor/sludge slurry, with
a stoichiometric quantity of com­
pressed air. Heat of combustion is ab­
sorbed by water vapor leaving the re­
actor, together with non-condensable
gases. Vapor heat is exchanged against
boiler feedwater, to generate clean
steam; meanwhile, most of the water
condenses, and is recycled to the re­
actor. Non-condensable gases, under
pressure, are expanded to recover
mechanical power.

In the system introduced by Pradt,
an ash-"brine" slurry is blown out of
the reactor. This is stoichiometrically
neutralized with limestone or alkali.
The slurry is then filtered; filtrate is
discarded. This procedure removes
both dissolved and suspended solids,
Pradt said. SOx, NOx, halide, and
metal discharges are characterized as
"negligible." Indeed, Pradt predicted
that the Zimpro unit could be used in
"pristine" air quality areas, for that
reason.

Capital costs (installed) for a 50
OOO-ib/h WAO unit are estimated at
$4.8 million; for a 100 OOO-ib/h unit,
$7.4 million. Operating costs would be
$5.07/ I000 Ib for the smaller unit, and
$4.34/1000 Ib for the larger one.

Steam and sewage

Sewage skimmings are rich in hy­
drocarbons, so why not use them as a
source of heat for steam generation? It
can be done if the skimmings are
properly dewatered, and otherwise
prepared. This is what Richard Petura
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Trace organic analysis
This emerging discipline shows vast potential for

quantifying environmental pollutants, and is likely to ease
EPA's regulatory burdens

A UFO slowly circles the Earth.
After several days of tracking, civilian
and military aviation personnel report
it hovering over a city in the Midwest.
There it remains for days, seemingly
poised over one particular house. Then,
suddenly, it disappears, but not before
it descends and engulfs the house. No
trace of the house or its four occupants
remains.

Out of a total world population of
4.2 billion, it would appear that the
UFO searched for, found, and plucked
out four people. A fantastic feat, you
might think, but consider this: In
chemical terms that translates to I
ppb, and some of our most sophisti­
cated analytical instruments are able
to separate and identify a single com­
ponent, present at that concentration
(I ppb), in a complex mixture of many
substances.

At a recent National Bureau of
Standards' (NBS) symposium on
"Trace Organic Analysis: A New
Frontier in Analytical Chemistry,"
scientists gathered to discuss the
"state-of-the-art and future directions"
of high-technology systems designed
to detect trace levels of organic com­
pounds in environmental samples,
drugs in biological fluids and nutrients
or contaminants in foods. Here the
scientists spoke of spaceships, chro­
matographic methods, detection sys­
tems, and the male silk moth. Yes, the
male silk moth.

To ward off scientific hubris, L. S.
Ettre from Perkin-Elmer Corp.
(Norwalk, Conn.), speaking on chro­
matographic methods and detector
systems, described an early experiment
in which a male silk moth became the
very selective and sensitive detector for
a gas chromatographic (GC) system.

The male silk moth was placed in a
box that was connected to the GC.
When trace amounts of the insect
hormone, pheromone, emerged from
the GC and wafted its way into the
box, the male silk moth became very
active. With wings aflutter, he
searched wildly for the female. No
other compound emerging from the
GC sent the male moth into such
frenzied activity. Lest man gloat over
his technological wizardry, Ettre was
saying, remember Nature did it first.

Despite the moth, man's analytical
techniques have evolved to a state that
would awe the general public. These
techniques are continuingly being re­
fined and coupled, when possible, to
increase sensitivity and selectivity. And
new techniques are constantly being
developed.

NBS activities

In his opening remarks, NBS di­
rector Ernest Ambler explained that
his agency, created in 1901 to perform
research, has no regulatory function.
This enables NBS to work well with
other government agencies and in­
dustry.

Since 190 I the responsibilities of the
agency have broadened; a fact which
is reflected in its continuingly in­
creasing budgets. This fiscal year,
NBS' budget totals about $126 mil-

lion. A portion of these funds, $1.1
million, will be used to support the re­
search activities of the newly created
Organic Analytical Research Division
within the Center for Analytical
Chemistry, which itself is part of the
National Measurement Laboratory.

The Organic Analytical Research
Division, headed by Harry Hertz, will
certainly ease EPA's regulatory bur­
dens by developing adequate mea­
surement techniques, many of which
do not now exist, for the more than 100
organic materials EPA must regu­
late.

According to Philip LaFleur, di­
rector of the Center for Analytical
Chemistry, interest in trace organic
analysis has increased because of the
growing recognition of the:

• action and potentially adverse
impact of organic materials at trace
levels

• large and ever-increasing number
of organic materials produced by in­
dustry.

Organic compounds of interest run
the gamut: natural toxins, nutrients,
hormones, pesticides, emissions from
the combustion of fossil fuels, and
trace levels of substances in drinking
water.

The state of the art

Trace organic analysis (TOA) is
now in an early stage of evolution.
According to LaFleur and others at the
meeting, current analytical methods
are not so accurate or fully exploited,
nor are they standardized.

A step toward improving the accu­
racy of TOA methods is the use of
standard reference materials (SRM).
These materials can be used to cali­
brate systems and assure quality con­
trol. The NBS, LaFleur said, will issue
its first SRM for TOA this year. The
candidate: polynuclear aromatic hy­
drocarbon in water.

There are seven steps in TOA­
collection, storage, extraction, con­
centration, isolation, identification and
quantification. The last three steps can
be automated by using chromatogra­
phy.

To improve the detection limits of
current TOA methods, Harold
McNair of Virginia Polytechnic In-
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stitute (Blacksburg, Va.) explained
that one or all of the following must be
done:

• concentrate by adsorption, par­
titioning, condensation or ion ex­
change

• inject more sample
• maximize the signal or increase

the sensitivity of the detector (to
achieve a high signal-to-noise ratio)

• reduce extraneous signals (noise).
Ideally, increasing the sample size
would solve many problems, but this
measure is not often feasible.

MS, GC/MS, LC/MS
These analytical systems are very

sensitive; femtogram (10- 15) quan­
tities can be detected. They are also
unique in the types of samples they can
handle: these may be universal or spe-

NBS' laFleur
"a challenging area"

cific. The systems are available, but
they are expensive, especially GCjMS
(gas chromatography jmass spec­
trometry).

MS is tne preferred system for TOA
because of its high sensitivity and the
fact that it can be universal or specific
in the types of samples it handles. If
there is no interference from other
components in the matrix (as there
would not be if the sample were sewage
effluent), MS is satisfactory alone.

However, when air, water or bio­
logical samples are being analyzed,
MS alone will not suffice and some
type of chromatographic system linked
to the MS must be considered. One·
such coupling is GCjMS, which is
ideal for volatile compounds.

There is now one LCjMS (liquid
chromatographyjmass spectrometry)
system commercially available (Fin­
nigan Corp., Sunnyvale, Calif.), and
McNair feels that continuous LCjMS
will rapidly become available. This
system is nearly universal in the type
of samples it can handle, and it can be
designed to handle very concentrated
samples on small-volume columns. In
the future, LC may be coupled to FPD
(flame photometric detector) and AA
(atomic absorption spectrometry).
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For GC, the sample components
must be volatile. Sample size must be
0.1-1.0 mg (therefore, ppm-ppb),
which is this technique's major disad­
vantage. While the system is very
sensitive, ppb analyses cannot be per­
formed routinely. With the following
detectors, these minimal detectable
quantities are feasible: thermal con­
ductivity (TC), 10-9 g; flame ioniza­
tion detector (FlO), 10-11 g; electron
capture (EC), 10- 13 g; nitrogenj
phosphorus detector (NjPD), 10-12 g;
flame photometric detector (FPD),
10-9 g (sulfur), 10-11 g (phosphorus).
GC is, of course, readily available.

Of all the GC detectors, FlO and
TC are universal for organics, while all
the others are very selective for the
type of compounds they will detect.

The future is brightest for LC
techniques. Here the sample size is not
a limiting factor as it is with GC.
Coupled to the various detectors, the
minimal detectable quantities for LC
are: UV, 10-9 g; electrochemical,
10-10 g; and fluorescence, 10- 12 g.
Sample sizes must be in the mg-g
range (sub-ppm).

The UV detector is almost universal
for organics, while the electrochemical
detector is selective and the fluores­
cence detector is even more selective.
LC systems are readily available.

Less promising systems
Atomic absorption spectrometry

(AA) is an available system that is
selective for organics, but it requires
derivatization of the sample. Sample
size is in the ppm range. Atomic fluo­
rescence spectrometry (AF) can han­
dle sample sizes in the ppm-ppb range,
requires derivatization and is also se-

lective for organics. It is not readily
available, however.

GC could be coupled directly to AA.
The resulting system, AAjGC, would
be very selective-only volatile com­
pounds could be analyzed. Such a
linkage is now not commercially
available.

A more promising linkage would be
AA to LC. The resulting system would
also be selective, but the compounds
would not have to be volatile, which
most organics are not. Because larger
samples could be analyzed, the
AAjLC system could detect sub-ppm
quantities, while the AAjGC could
detect only ppm. An AAjLC system is
not commercially available.

Nuclear magnetic resonance
(NMR), while available, is not very
useful for TOA. McNair, however,

VPl's McNair
ranked the systems for TOA

feels that this technique is very prom­
ising.

Another available technique is
.fluorescence, which is very sensitive,
but very selective. The technique is
applicable only to planar, highly con­
jugated ri.ng molecules, and as such is
not generally applicable to TOA.

Radiochemical methods, while
sensitive, are not applicable to the
samples of interest, because these are
usually not radioactive. Radioimmu­
noassay (RIA), however, should be
considered promising because it can be
used to analyze any substance for
which an antibody can be made, which
is almost any substance if it is coupled
to a large protein.

Other very promising techniques are
electrochemical systems and plasma
chromatography, especially when the
latter is coupled to Gc. Two additional
techniques, GC-IR and FT-IR (Fou­
rier transform infrared spectroscopy),
are rapidly developing technologies
that hold much promise for TOA.

Lest mother nature be forgotten,
biological (especially insects) and mi­
crobiological systems can be coupled
to man's high technologies (GC and
LC) to act as sensitive detectors for
these systems. (Cont. on p 760)



Is thewater clean enough?
Perhaps yes. Perhaps no. Sometimes you have to

know for sure. Not just once, but all the time. Now
you can. Anywhere. At a waste water outlet. A
drinking water plant inlet. In a sewer. On a lake or
river. In water monitoring, Philips covers the
waterfront.

Our Automatic Water Monitor measures up to
seven parameters and transmits the data to a central
point in real time. Unattended. It cleans its own

sensors. Calibrates and checks itself. For a full month.
Our smaller Water Quality Monitor is ideal for field,
lab or vehicle. Or for planning automatic water
monitoring networks.

And two of our portable units measure flow and
automatically collect samples for lab analysis. Giving
you checks of both quantity and quality. Anywhere.
Would you like full information?

f[jPle;e-;;;:,,;df;;li ;;-;j'~ll~i(;l;;-I
I Philips equipment 1'01' wate,' quality I
I measul'ement. I
\ )

'-. ~11~ ./

POl' full information about Philips
equipment 1'01' water monitorin~, contact
the addn'ss on the right. 0" attach your
letLerhead 01' business card to the CUUJlon
and POSL it.

N,V. Philips' Gloeilampenfabl'ieken,
Pollution Measllrin~ Department.
Building- T(~-11I-2, Eindhoven,
The NeLheriands,

EnquiriL's in U,S,A, to:
Philips EI('clronic Instruml'nts Inc ..
8S ~lcKee Drive, Mahwah,
Nell' Jerse,l' 07-1:30,

PHILIPS Theworld'swidestchoice ofanalytical techniques
CIRCLE 12 ON READER SERVICE CARD

Volume 12. Number 7, July 1978 759



This maybe
your best bet
for measuring
open channel flows-
For over 40 years, Stevens total
flow meters have been proved
performers in metering open­
channel flows of domestic sew­
age, industrial wastes, munici­
pal water supplies, irrigation
water and other liquids.
The market is deluged with a
confusing variety of meters­
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According to McNair, the various
analytical systems can be ranked in the
order of their usefulness for TOA. In
his opinion, this order is: GC/MS,
LC/MS, GC, LC, GC/AA or
LC/AA and, in some cases, NMR;
GC/MS is the most useful.

And the permutations

Leslie Ettre described how the
chromatographic method GC could be
coupled to different detectors to make
the resultant system universal or spe­
cific in its detection capabilities. For
example, if an FI D is coupled to a GC
the resulting system has universal
capabilities. Detectors other than FI D
can be added that are selective and
detect specific substances.

For example, the first truly selective
detector developed was the EC detec­
tor, in 1959, for pesticide analysis.
Other selective detectors are FPD,
electrochemical and nitrogen/phos­
phorus detector (N /PD). The latter is
widely used with GC to detect drugs of
abuse.

These are all classical GC detectors.
Their greatest drawback is that they
exhibit no selectivity for oxygen-con­
taining compounds. However, spec­
trometric detectors (MS, UV, IR, and
fluorescence) are able to detect oxy­
gen-containing groups.

For liquid chromatographic sys­
tems, especially the most modern one,
high performance (pressure) liquid
chromatography (HPLC), the detec­
tors are: the electrochemical detector,
MS, UV, fluorescence and AA.

Since inost samples to be analyzed
for their trace components are com­
plex, it is advantageous to separate
components by a chromatographic
method and then use detectors in tan­
dem. One example: GC with the uni­
versal detector FID, followed by the
specific detector N /PD.

Ettre believes that the greatest de­
velopment in the next couple of years
will be in the area of selective detec­
tors. He also believes that there will be
a greater utilization of spectrometric
detectors, especially for LC.

According to another speaker, Milos
Novotny of the University of Indiana
(Bloomington), the future will witness
the replacement of conventional
packed chromatographic columns by
capillary columns. Methods of directly
introducing the sample into capillary
columns have already been devised,
which make them useful tools for
TOA.

Novotny feels that analytical sys­
tems are moving toward the use of ef­
ficient, short capillary columns at
lower, more reasonable temperatures

(around 240 DC). In fact, he is devel­
oping a micro-capillary column for LC
that can withstand higher pressures
while accepting small volumes.

In short, Novotny feels that the most
rapid developments in GC are "ap­
proaching a plateau." He sees some
promising developments in HPLC/
MS and HPLC/FT-IR. And in the
future, he feels that ion-pair chroma­
tography will be developed to the point
of being useful for TOA.

But what of future directions for
TOA? ovotny sees "improvements
but nothing drastically new." Some of
the developments will include com­
puter-control instrumentation, and
improvements in selective detectors,
micro-manipulation techniques and
data-treatment methods. He feels that
analytical chemists have neglected the
fractionation of very large molecules,
and that chromatographic research
should head in this direction.

On the horizon

There arc other techniques that
were discussed at the symposium that,
when refined, would be sensitive
methods for TOA. Among several
promising systems discussed were
bioprobing systems and laser-induced
fluorescence techniques.

Jeffery Richardson of Lawrence
Livermore Laboratory, University of
Calif. (Livermore), told the sympo­
sium that, at present, laser-induced
fluorescence lacks selectivity for many
types of compounds, but as more reli­
able lasers are developed, the tech­
nique will find more use in TOA.

Garry Rechnitz from the University
of Delaware (Newark) told the sym­
posium of bioselective membrane
electrodes that, in the future, may be
used as bioprobes for TOA. While the
electrodes that have been developed to
date arc selective, they arc not sensi­
tive. Rechnitz admits that much work
needs to be done to adopt these bio­
probes to TOA.

One bioprobe that Rechnitz de­
scribed was an ammonia electrode
onto which bacteria were coated.
Rechnitz explained that this electrode
decays with usc as bacteria die, but it
can be regenerated by placing it in a
growth nutrient medium. The concept
of bioselective membrane electrodes is
exciting because, as in the example
above, the scientist not only has a living
electrode but a reproducing one.

The future for trace organic chem­
istry is expansive. Not only is TOA a
new frontier, but as LaFleur told the
symposium, it will be "one of the most
challenging and important areas in the
next couple of decades." LRE
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William Harrison
on clean coal

Dr. Harrison, could you please describe
some of the adtantages of soltent re­
fined coal [SRC], especially with re­
spect to scrubbers, fluidized bed com­
bustion [FBCt or other clean fuels from
coal. In comparison with scrubbers,
SRC has the advantage that one can
provide a storable, relatively clean fuel
at the power plant, just as today, one
would provide oil or coal. The capital
and the operating problems associated
with the whole spectrum of scrubber
technology could thereby be avoided.

I don't mean to overstate the prob­
lems of scrubber technology, but the
comparison is really very simple, and
favorable to SRC. You do not require
the large installation of hardware to
clean up the stack gas. You do not re­
quire the logistics related to supply of
scrubber reactant materials to the site,
or to disposal of wastes generated by

. the scrubbers at the site.
With regard to FBC, that compar­

ison is more difficult to make, because
FBC requires so many innovations in
the design and operation of the power
plant, which has not yet been demon­
strated in a commercial utility boiler.
And for that reason it is somewhat
speculative at this moment to make a
comparison. But my presumption is
that SRC will still be competitive in
terms of ease of use, overall plant ef­
ficiency and certain other factors that
would be meaningful to the utility op­
erator.

Do you see the protisions of the Clean
Air Act Amendments of 1977 [CAAA
1977], especially with regard to New
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A pioneer in the field of SRC, Wil­
liam Harrison, senior vice president of
Southern Co. Services, Inc. (SCS),
explains to ES&T's Julian Josephson
how, with a certain amount offlexi­
bility and reasonableness in the en­
forcement of the Clean Air Act
Amendments of1977, clean coal could
be a viable energy option.

Source Performance Standards
[NSPS], as seterely hobbling, or eten
foreclosing future detelopment of SRC
or any nonscrubber options? The lan­
guage of the amendments would not
have such an adverse. impact on the
future of SRC, but the manner in
which EPA proposes to implement
those those amendments could very
well have a bad impact. In particular,
EPA has proposed to implement the
provision for a percentage of emission
reduction by requiring that the per­
centage be set at 90. Now in some of
the coal materials that we have used,
we have achieved 90% emission re­
duction. That has not been our objec­
tive, however, since we were merely
trying to achieve sulfur limits below
that which would comply with present
NSPS that limit the emissions to 1.2 Ib
S02/million Btu. Selecting a number
as high as 90% will have the effect of
either reducing the raw coal supply
that would lend itself to solvent refin-

ing, or increasing the processing costs.
And both of these effects I judge to be
contrary to the national interests. In
fact, it appears to me that EPA's case
for qualifying scrubbers to achieve
90% is very weak.

What modifications to CAAA 1977
would you adtocate, in order to retain
the tiability of SRC and other non­
scrubber options? I don't believe that
modifications are needed in the lan­
guage of the amendments, so much as
in the inclination of EPA for imple­
menting these amendments. All I am
proposing is some degree of reason­
ableness in the EPA response to the
amendments. In particular, that means
that the percentage of emission re­
duction should not be greater than
85%, and perhaps it should be even
less.

As you know, there is speculation
that EPA may relax its proposed sulfur
emission reductions from 90% to a
more realistic 85%. This reduction
would maintain the SRC option, with
all its merit, for most of the coal re­
serve; and it would, in addition, main­
tain FBC and other promising tech­
nologies as viable options.

Do you foresee markets for by-prod­
ucts from the SRC process; that is, the
mineral matter and sulfur that would
maybe otherwise go up the flue? The
principal by-products of the SRC
process are, as you mentioned, the
sulfur and the mineral matter. There
are also some combustible gases,
comparable to synthetic natural gas,



SRC test burn site. The world's first. it's near Albany. Ga.

and light liquids that have market
value. Among this slate of by-products,
I doubt that the mineral matter will be
marketable. However, I believe that
everything else will be; that is, the
sulfur, gases, and light liquids, as well
as the SRC Itself.

Despite the apparent regulatory set­
back in the Clean Air Act and EPA's
subsequent rules, does your company
intend to pursue the development of
SRC, and other nonscrubber ap­
proaches? Let me assure you that if it
becomes clear that SRC cannot be a
compliance fuel-that is, a fuel which
would enable us to operate generating
facilities without the requirement of
additional flue gas desulfurization
[FGD]-then I believe our corporate
interests would disappear for all types
of purposes. The battle is not lost,
however. I think that the Congress, the
Department of Energy [DOE), and
others who understand these issues will
surely bring some pressure to bear on
EPA to avoid what I would call envi­
ronmental overkill. And once this
reasonableness is restored to the reg­
ulating process, then I am satisfied
that SRC does have an important fu­
ture as a part of our energy supply.

Please understand that this is not an
anti-scrubber position. Because, al­
though our company has been devel­
oping SRC, we are also active in ad­
vancing the art of FGD. But we are
simply trying to keep options open, so
that a given utility can make the most
cost-effective choice to meet its re­
quirements at any point in time.

What do you consider to be the main
problem with SRC-is it mostly the
problem of residual organic sulfur, or
are there others you can name? Well
the process works, so in one sense, one
can say that the major problems have
been resolved. This is not to say that
there is no room for improvement. For
instance, I am quite sure that we would
be pleased for a new process modifi­
cation to be feasible that would elimi­
nate filtration, because filtration is not
a perfect unit operation by any means.
It is expensive both in terms of capital
and operating costs, and, it is the fil­
tration step that gets most of the ad­
verse attention when others attempt to
appraise SRC technology.

However, our position is that we
have shown. at the project at Wilson­
ville, Ala., that filters can be made to
work, and that until, or unless some­
thing better comes along, we are quite
willing to live with them. And we be­
lieve that the technology can be com­
mercialized on the basis of using fil-

ters. Now as you probably know, there
are some very promising alternatives
being developed, and we expect to try
out some other process options at
Wilsonville.

And this would even improve the re­
moval of organic sulfur? No, this would
not improve the removal of organic
sulfur, but we do see ways to do that, if
it becomes necessary to do so, at
greater processing expense. Let's re­
alize that our objective has been to

"The problem is not so
much the language of the
law, as it is the proposed
manner ofenforcement."

SCS' Harrison

produce the least expensive coal-de­
rived boiler fuel that would meet the
NSPS. We have done that with respect
to the existing NSPS. We must re­
member that SRC is a very significant
technical achievement in the context
of the current NSPS. Its importance
could, however, be lessened by the
threat of extreme and unnecessary
regulations that may prevent some of
its applications in our industry.

Some major questions that were being
asked early in the development of SRC
were, could the filters be made to work,
and could you make as much solvent as
you use? Could you operate the process
in what is called solvent balance? The

work at Wilsonville has proved that
both of those problems can be inade­
quately resolved. We do make suffi­
cient solvent to stay in solvent balance.
And we have made the filters work. I
believe those are key achievements
that I could cite.

The Navajo plant [ES&T, January
1970, p 41) is a 22S0-MWpower plant,
and burns approximately 24 000 tpd of
coal. And, by way of comparison, your'
total generating capacity at the
Southern Co. is 22 000 MW. This
would require something like 240 000
tpd of coal, or something in that area.
Could you foresee that for such large
systems as your own, or, say, for such
a large plant as Navajo, that it could be
economical to supply the entire needs
with SRC? Could you see this happen­
ing one day? Let's imagine a situation
like this: If our industry must double in
size in the next 10-15 years, that
growth must be based in large part on
coal or coal-derived fuel. Therefore, I
can easily visualize supply systems as
large as ours, in the future, with SRC,
because the choice is going to be either
to burn clean fuel, or to burn raw coal
and equip the plant with scrubbers. We
also presume that within the next
decade, there are going to be other
competing alternatives, such as coal­
derived liquids, and perhaps FBC.

But the point of my remarks is that
our company or our system is like the
industry at large, in the sense that we
are going to have the same options
available to us that everybody else has.
And probably they will all have to be
based in a large part on coal, or coal­
derived fuel. So I don't have any
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Hach Chemical's
Cliff & wife Kitty

problem at all conceiving of the rapid
proliferation of a coal-refining indus­
try, much like the present-day oil-re­
fining industry, to be able to meet these
needs.

But if you can see this happening, would
this not assume a certain reasonable­
ness on the part of those that frame the
clean air laws and regulations, and
perhaps certain recommendations on
the part of the National Air Quality
Commission that must be put together
in order to make so-called mid-course
corrections downstream? Yes, a degree
of reasonableness is necessary for SRC
to proliferate as I have imagined. But
there are other markets besides the
utility industry, which may justify
growth in solvent refining, regardless
of the eventual outcome of environ­
mental regulations. The basic point is,
however, that there will be more ex­
pensive options, if these less expensive
options are foreclosed. And it is simply
a matter of national priority to see how
these costs and benefits are ultimately
analyzed.

Some other views on SRC
Should draft revised NSPS be­

come final in their present form,
they would have "only minimal
impact" on the cost and commer­
cialization of "emerging" pollution
control technologies; Stephen Gage,
EPA's acting administrator for re­
search and development, told a
Congressional subcommittee. This
.would be the case, even if a 90%
sulfur reduction from uncontrolled
coal-burning levels were mandated.
However, Gage also said that SRC
would not meet the draft standards
"without excessive cost."

Meanwhile, A. Joseph Dowd,
general counsel for the American
Electric Power Service Corp., said,
"Emerging technologies such as
SRC and FBC may provide more
reliable, economic, and environ­
mentally acceptable methods of
control than the current generation
oflime-limestone scrubbers. But he
warned that the 90% removal re­
quirement for sulfur would obstruct
the development of "promising"
alternatives to scrubbers. In fact, he
even said that· the 90% removal
standard "would probably elimi­
nate limestone scrubbing, and reo
quire every utility to use lime as the
scrubber absorbent."
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Clifford Hach, chairman ofthe board
and technical director ofthe company,
tells ES&T's Stan Miller that his wife
Kathryn, president of the Hach
Chemical Co., runs the day-to-day
business. First in water analysis, Hach
Chemical was founded in 1948. went
public in /968. and. last month.
opened the new instrument manufac­
turing facility and Hach Center for
Applied Analytical Chemistry near

What are the plans for the new facility?
About a year and a half ago, we de­
cided to expand our overall company
but to carry out the expansion in an
area that is more conducive to the
younger scientists and engineers who
want to be in an area with skiing, cul­
tural events, and the like. The HACH
Center for Applied Analytical Chem­
istry is a group of organizations that
will work on the practical application
of existing methods of analysis. The
Center has a budget of well over $1
million and has more than 50 people on
the staff of the technical center. In
addition, the entire instrumentation
manufacturing facility is now located
in Loveland, as well as the corporate
headquarters. Remaining in Ames,
Iowa is the chemical manufacturing
activity and the new agricultural
analysis division, now about 1'/2 years
old with a small group of five-a di­
rector of marketing, a senior agrono­
mist, an analytical chemist, a techni­
cian, and an administrator.

FIRST IN WATER ANALYSIS

How did the company reach this deci­
sion to enter the water analysis area?
What companies are in competition
with Hach Chemical? Our initial policy
was to become a laboratory supply

Loveland. Colorado. /n /977 (fiscal
year ending April 30, /978). Hach
Chemical reported a $/6.7 million
sales volume with nearly 500 person­
nel and having 1500 shareholders.
Known worldwide for innovation, the
company makes instruments and re­
agents for the water or wastewater
analytical lab with a philosophy of
providing the general public with
economical and efficient analyses.

company that would supply everything
that was needed in the laboratory of a
water or wastewater treatment plant.
In 1948, there was no single compre­
hensive supplier of chemical reagents,
lab apparatus, and instruments. We
saw an opportunity and also a need in
providing these materials. We chose
both markets-water and wastewater
analysis-because in many smaller
towns the two laboratories were oper­
ated by the same person.

Is the company unique in the water and
wastewater analysis area? There is no
company exactly like ours. Yes, there
are three of four companies that have
portions of the Hach product line. For
example, there are two or three
chemical testing kit companies that
have been around a very long time that
make portable testing kits for swim­
ming pool water and pH tests and the
like. By far, Hach Chemical's line is
the most broad. We have laboratory
reagents and procedures for carrying
out the tests that are oriented toward
the practical user. In addition, process
control analyzers are continually being
developed to automate the water
treatment plant.

Please comment on recent acquisitions
to gi~e the firm a broader base in the



chemical analysis area and the ana­
lytical chemistry area? For many,
many years the company has been very
jealous of not diverting its attention
outside the field of water analysis. The
reasons were that we did not have our
product line fully developed and that
we did not dominate the field. At that
time any diversion would simply
weaken our achieving a total objective.
In the past years we have done very
little outside the field. But now that
many of the products are of such ex-

analyzers for on-line monitoring and
automatic control and recording. The
basic needs of the water analysis lab­
oratory include a number of photo­
electric colorimeters, spectrophotom­
eters, pH meters, conductivity meters,
BOD respirometers, flocculation tes­
ters, turbidimeters and the like. We are
always adding and intend to have a
rather complete set of instruments.

In the process control area, we have
continuous automatic chlorine ana­
lyzers, using DPD reagents, hardness

veloped an instrument that will have
the least stray light and will be able to
read the lowest turbidity values ever
achieved. We are also developing new
units of expression that will be more
versatile than the Jackson turbidity
unit. The final design on any of these
products has not yet been reached in
meeting absolute perfection.

We intend to continue to work very
hard in the continuous-monitoring
area, and are always improving our
colorimetric analyzers. Soon, we will

ceptional quality, well received, and
with the unique features the company
can move into other closely allied areas
of analysis.

We acquired the Fann Instrument
Company in 1976. It's a company that
manufactures viscosity measuring in­
struments used primarily in the oil-well
drilling business. In oil-well drilling,
approximately 50% of the cost goes for
drilling mud. These muds require a
great deal of testing and the water
analysis part of drilling mud is an area
we have been involved with for a long
time. This company plans to merge
together the physical testing of the
drilling muds with all of the oil field
water analysis as a single product line.
It's a fine growing business with a
marvelous future.

In what product areas does the com­
pany concentrate? The instrument
product line of the Hach Chemical Co.
consists of two broad classes of prod­
ucts-first, laboratory instruments,
some 30 different models, that are on
table tops and perform manual anal­
yses. Second, continuous monitoring

analyzers, and silica analyzers along
with a number of others. These silica
analyzers, for example, are used prin­
cipally for determining very low
amounts of silica in boiler feed water
and condensate analysis.

We have three broad types of tur­
bidimeters. A low-range instrument
measures very small amounts in filter
effluents in water plants. A second, a
surface scatter unit-a patented de­
vice-measures turbidity from above
the surface of water. It is used in sur­
face-water monitoring in sewage
plants and has a range up to 5000 tur­
bidity units. This instrument has been
on the market for nearly 15 years. It's
one of our major products and is dis­
tributed worldwide. It measures river
water, surface water, raw sewage, and
the like wherever dirty water turbidity
is to be measured.

A third, a falling stream turbidi­
meter, measures the light absorption
by a stream of water that is descending
from a nozzle. It measures sludge
blanket levels in clarification plants.

The turbidimeter area is one of
continual development. We have de-

be introducing a new line of colori­
metric analyzers that will have broad
applications for literally all tests of
water by continuous analysis.

STANDARD ANALYSES

How do the Hach methods compare
with other standard methods? In the
very beginning there was, more or less,
only one text book-the APHA
(American Public Health Association)
Standard Methods for the Examina­
tion of Water and Wastewater. There
was also in the beginning an ASTM
methods manual that was oriented
more toward industrial wastewater.

.There were no other sources of proce­
dures for the laboratory.

We took a quick look and deter­
mined that this standard methods
manual was written to provide au­
thoritative reference-type methods of
analysis. These methods were not at all
sensitive to the capabilities and prac­
tical uses or requirements for the av­
erage water treatment plant in regard
to cost, equipment, time and ease of
operation.
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Criteria for the foundation, objectives,
and design of the Hach product line, at a glance

Aimed at a comprehensive sys- rately premeasured for quantity
tem of analysis, the product line and that can be shipped by all
includes written procedures, ana- means of transportation to all parts
Iytical (chemical) reagents, mea- of the world
suring instruments and kits that • is economical, gives accurate

• anyone can use if he can read results and is rapid and easy to
• uses reagents that do not de- use

teriorate, cannot be contaminated • includes a means of proving
and are safe to handle that the results obtained in the tests

• uses reagents that are accu- are correct.

We didn't invent any new methods.
Rather we took the known methods,
DPD for chlorine, and EDTA for
hardness, for example, and reformu­
lated the reagents to be the most
practical, economical, and easy to use,
consistent with accuracy.

Can you make a distinction for the
ES&T reader regarding the Hach
method of analysis, which does not re­
quire highly skilled Ph.D. analytical
chemists? One of our greatest prob­
lems is continually describing or ex­
plaining the fact that the Hach meth­
ods are easier, more rapid, more eco­
nomical, and require less equipment.
The popular conception is therefore
they must not be as accurate. This
misconception is a very serious thing.
There is no relationship between ab­
solute accuracy and ease or time re­
quired in conducting analysis.

The last item in the criteria list (see
box) is that the method gives accurate
results. These methods have been
worked out in every case to provide
identical accuracy with APHA stan­
dard methods. We do not admit for a
moment that there is any difference in
accuracy in tests using Hach formu­
lated reagents or Standard Methods
reagents. Because precisely the same
chemical reaction occurs in both cases,
the results are identical.

The company has recently published
two new handbooks on water analysis.
The first on drinking water contains a
side-by-side comparison of the chem­
ical reagents and laboratory apparatus
for the drinking water tests. The EPA
method appears on the left-hand
pages. On the right-hand side is the
Hach method. Also listed are the
equipment and chemicals used in the
specific tests. The methods have been
rewritten in an understandable fash­
ion-by the numbers, do this, then
that-for the complete analysis.

The drinking water analysis hand­
book, with about 220 pages, has been
available for one year. The EPA ap­
proved methods, on blue pages on the
left side, contain all tests requested by
EPA for reporting requirements under
the Safe Drinking Water Act. A
companion publication on wastewater
analysis became available last month;
it contains 700 pages.

STANDARD ADDITIONS

Would you elaborate on what you mean
when you say (the last criteria item)
"includes a means of profing that the
results obtained in the tests are cor­
reet?" This proof is something that has
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never been in "Standard Methods".
The most fundamental and single
quality of a system of analysis is to
know that the analysis is correct.
Standard additions is an old technique;
it has been in the literature for many
years. It's a very powerful tool which,
in my view, in the long term, will sup­
plement or surpass all other endeavors
toward accuracy.

What happens? Simply described, an
analysis is made on one portion of the
original unknown sample for the sub­
stance, in the usual way. The results
are noted. A second portion is taken
and an addition of a standard quantity
of the substance is added to it, and this
spiked sample is analyzed as before.
The difference in the results is the re­
covery of the standard addition. Ide-

ally, 100% of the addition should be
recovered, in which case one can be
almost positive that the original anal­
ysis was correct.

On the other hand, if significantly
less than the standard quantity of the
substance is recovered, one can be sure
that the original analysis is in error. A
system has been developed to system­
atically check the entire analytical
system, step by step, to locate the
source of the malfunction so that cor­
rective action can be taken. Some of
the sources of error are improperly
calibrated instruments, faulty re­
agents, poor laboratory technique,
contamination of the glassware, in­
terferences in the sample, etc. Until
three years ago, when Hach intro­
duced our product, there was no con­
venient way to prove correct sample
results. Now, with the Voluette@ Am­
pule Standards System, it's both
practical and easy to check accuracy
every time you run a test. With this
system Hach restored a well-estab­
lished analytical technique to water
and wastewater testing.

It is not entirely as simple as one is

first led to believe. The application of
standard additions for each analysis is
perhaps somewhat different. It re­
quires a development for each test­
how you apply it and how you interpret
it. Standard additions are routinely
used in other areas of analytical
chemistry, namely atomic absorption
analysis, and analyses using specific
ion electrodes, but has never been
written up as a formalized procedure.
I think it is just through neglect.

INNOVATIONS

Hach Chemical has come up with a
number of innofatife solutions to the
problems of the analytical chemist.
Would you elaborate on some of these?
In the early years almost all colori­
metric methods of analysis were con-

ducted using a visual color comparison
with standards. In 1948 there was no
photoelectric instrument in the water
analysis industry. It occurred to us to
make a simple economical photoelec­
tric colorimeter that would be more
accurate than visual comparison. A
visual comparison provides about
± 10% accuracy, a photoelectric in­
strument ±2-3% accurate, and a
high-quality photoelectric instrument
is better than I% accurate.

Our innovation was to insert a card
scale right into the instrument. Then
the analyst, without having to refer to
calibration tables, or graphs, makes
the reading from the meter scale.
There is a card for each test. All told
about 60 cards come with the instru­
ment. They are all precalibrated. An
operator simply installs a card, devel­
ops a test such as chlorine, phosphate,
silica, or whatever, puts the test tube
into the instrument and reads his an­
swer directly in ppm on the scale
card.

One of the products that we are
working on and for which we have
great anticipation of major growth is



a digital titrator. Every year, many
millions of titration analyses are car­
ried out in all fields, including water
and wastewater analysis. We have
developed and patented a disposal
cartridge titration system with a dis­
penser that has a digital-type readout.
This titrator gives the results directly
in ppm (mgjL). It's remarkably ac­
curate, easy to use, light, portable and
economical. So, one lofty objective is
to replace all the glass burrettes in the
world with the Digital Titrator. It's a
major task, but at the same time a
great opportunity.

Hach has also introduced a system
of packaging reagents. Known simply
as pillows, this product line has grown
remarkably. Unit doses of almost any
chemical powder or solution can be
packaged to meet user specification in
segments of heat-sealed plastic tub­
ing.

Last year we passed the 50 million
mark in pillows, which translates to
about $2 million business. This concept
has certainly caught on.

Acceptance of our products seems
to be increasing. The Hach products
are being more widely used now than
at any other time. I have real confi­
dence that the company will be able to
supply its products for even more
general use.

VISUAL COMPARISON

What are the basic objectives of the
Hacb Chemical test procedures? The
needs for chemical measurements in
society are broad, and modern colori­
metric analysis is one aspect of that.
Common types of measurement in­
clude soil fertility, irrigation water,
swimming pools, drinking water,
wastewater, power plants, boiler water,
and the like. Our methods are suffi­
ciently mechanized to allow the gen­
eral public to conduct the test as pre­
ciselyand as accurately as a fine lab­
oratory. What's more, our methods
allow the public to conduct the analysis
on-the-spot and quite economically.

Twenty-five years ago, an amateur
photographer who developed his pic­
tures would need a dark room, a bal­
ance for weighing, bottles of pure
chemicals such as acetic acid, and so­
dium sulfite, graduated cylinders for
measuring volumes, and brown storage
bottles. He would make up the devel­
oper, the fixer, use them to develop
film, and store the solutions that would
eventually deteriorate and finally be
discarded.

Later came the packet system. The
amateur photographer would then buy

. a sealed packet, open it, and dissolve it
in a quart of water, develop the film
and when it was all done he would
throwaway the solution and start
afresh next time.

Then came the Polaroid system­
the film is in the camera with the de­
veloper. Now, a child can take a pic­
ture. Push the lever, out comes the
fully developed picture.

In a fashion this is the path that
Hach Chemical keeps working toward:
more or less totally mechanical meth­
ods of testing-dispensing, mixing and
reading-that the general public can
produce useful and accurate analytical
results.

PERSONAL ASIDE

What are your backgrounds, interests,
and aspirations? I graduated from
Iowa State University in 1947. Kitty
and I were married while we were still
in school, and we never got out of town.
The conference room in which you are
conducting this interview served at one
time as a family living room. The fire
place there was the center of the house
in the early days.

(Kitty) I came to Iowa State from a .
farm in Missouri, and majored in
Home Economics. My pet statement
is that it gives me enough chemistry
not to talk about it but just to listen!
On outside interests, I have been flying
for 25 years. I have a multi-engine in­
strument rating, a commercial license
instrument rating, a multi-instrument
rating. I fly regularly.

(Cliff) I have no hobbies. I enjoy lab:
work as much as anything else. To me,
the greatest sport is inventing.

(Kitty) Cliff looks at everything
with a questioning eye. He is contin­
ually looking at ways to do something
better and easier. Cliff accepts very
few things at face value. He always
wants to know more about it and from
this comes the ideas for better tech­
niques. Cliff has an expression for
this-having a seminar in the dark.
Often in the morning Cliff will tell me
that he had a seminar in the dark last
night. He woke up in the middle of the
night, did some thinking about some­
thing that he is going to do.

(Cliff) One of the most pleasant
times I have is actually getting into the
field for an extended period, going to
an actual water plant and working
with those folks. A multitude of prod­
ucts come to the fore that they need in
their work. I plan to continue to go into
the field working at actual treatment
plants to determine what they need in
order to provide better equipment for
the water analysis laboratory.
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A most important generalization from such studies is that
most trace elements are all concentrated on the surface ofparticles

T. R. Keyser
D. F. S. Natusch

Colorado State University
Fort Collins, Colo. 80523

C. A. Efans, Jr.
R. W. Linton

University of Illinois
Urbana. 1/1.61801

Many of the processes that deter­
mine the chemical transformations
and adverse effects of pollutants, and
that influence their transfer between
environmental compartments take
place at an interface or surface. For
example, the so-called surface micro­
layer present on ocean and freshwaters
accumulates both organic and inor­
ganic pollutants and controls their
aquatic-atmospheric exchange. Like­
wise, adsorption of pollutants onto
airborne and waterborne particles is a
primary factor in determining the
transport, deposition, reactivity, and
potential toxicity of these particles.

Interfacial phenomena are just as
important in the biosphere; membrane
transport characteristics can playa
controlling role in determining pollu­
tant toxicity.

Conventional studies of environ­
mental systems involve the collection
of bulk samples of air, water, soil, or of
atmospheric and aquatic particles
followed by the determination of the
average concentrations of pollutant
species in the samples. While the util­
ity of such measurements is beyond

dispute, they do not provide informa­
tion about the identities and amounts
of pollutant species present in the mi­
croscopically small regions that con­
stitute environmental interfaces.

This article, therefore, will consider
some of the methods that can be used
to obtain information about surface
chemistry, and will illustrate how such
information can provide an under­
standing of the behavior and effects of
certain environmental pollutants. At­
tention will be focused on particulate
materials whose surface chemistry is
important for the following reasons:

• A number of potentially toxic
trace metal and organic species are
highly enriched at the surfaces of
many types of environmental parti­
cles.

• It is the surface of a particle that
is directly accessible to extraction by
aqueous leaching in the natural envi­
ronment, and by body fluids following
inhalation or ingestion.

• It is the surface chemistry of a
particle that governs its heterogeneous
reactivity with gaseous or solution
species.

Methodology
Two types of analytical measure­

ments are normally performed in sur­
face studies of particulate material:
surface analysis to determine the ele­
mental and, in some cases, the molec­
ular composition of the outermost
atomic layers; and depth-profile
analysis to determine the variation of

chemical composition with depth
below the original surface.

Both types may be performed on a
single particle or on a field of particles,
although individual particle analysis
requires microprobe capabilities. Mi­
croprobe capabilities further enable
generation of compositional maps that
establish the lateral distribution of an
element.

From an analytical standpoint there
are four problems, not normally en­
countered in conventional analyses of
bulk material, which are associated
with surface measurements. First,
quantitative analysis is extremely dif­
ficult because of the uncertainty in
defining a precise analytical volume.
Second, a truly representative mea­
surement is difficult to obtain because
of considerable variations in sample
composition even within a set of ap­
parently similar particles. Thus, in
achieving the specificity associated
with characterization of a single par­
ticle, one sacrifices statistical infor­
mation unless a large number of par­
ticles are investigated serially, or a
field of particles is studied in a single
measurement.

The third problem area is associated
with sensitivity. Surface analytical
techniques must be extremely sensitive
owing to the very small analytical
volumes sampled. Indeed, unless a
given species is highly surface enriched
it is frequently undetectable unless the
bulk concentration is greater than
0.1-1.0%.
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Auger electron spectrometry is useful for depth
probing as well as surface analysis

FIGURE 2

Secondary-ion mass spectrometry's high
sensitivity permits studies of pollutants present at
trace levels

Finally, since surface analytical
techniques involve bombardment with
charged particles, there is a danger of
changing the sample because of
chemical reactions, selective volatil­
ization of elements or migration in the
solid. In general, it is difficult to obtain
authentic depth profiles of volatile
species such as chlorine, and mobile
species such as the alkali metals.

Instrumentation
At the present time there are a large

number of analytical techniques that
can be used for surface analyses.
However, those that are most used
are electron microprobe X-ray emis­
sion spectrometry (EMP), electron
spectroscopy for chemical analysis
(ESCA), Auger electron spectrometry
(AES), and secondary ion-mass spec­
trometry (SIMS).

The electron microscope (EM) and
microprobe (EP) bombard the sample
With a focused beam of electrons to
stimulate emission of X-rays charac­
teristic of the elements present. The
technique is useful for analyses of in­
dividual micrometer-size particles, and
has a lateral and depth resolution of
about I /Lm determined by the X-ray
emission volume.

Surface analysis capabilities of EM
and EP are poor since the depth reso­
lution is very much greater than the
thickness of the surface layer normally
of interest. Indeed, information about
elemental surface predominance can
be obtained only be varying the energy
of the electron beam (depth penetra­
tion) or by ion etching of the outer
surface and by comparing elemental
ratios for inner and outer surfaces.

The ESCA technique irradiates the
sample with X-rays and records the
energy (depth penetration) of the
electron beam by analyzing before and
after ion etching, or by comparing el­
emental ratios obtained by bulk and
EMP analyses.

The ESCA technique employs an
x-ray source to eject core-level elec­
trons from the sample. Energy analysis
of the resulting photo electrons pro­
vides chemical bonding information
since the bonding energies of the core
electron are sympathetic to changes in
the electronic structure of the valence
level. Elements present at levels
greater than one atom percent in the
uppermost 20 A are detected. Depth
profiling is achieved by etching the
surface with an ion beam between
analyses.

The utility of ESCA for individual
particle analysis is limited because of
the difficulty of focusing X-rays to a
beam diameter smaller than I mm,
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Surface analysis system. This system combines ESCA. SIMS and AES capabilities

although recent advances indicate that
lateral resolutions of~IO /Lm are fea­
sible. Normally the sensitivity of
ESCA is insufficient to enable obser­
vation of trace constituents unless
considerable surface enrichment is
encountered. .

In AES the emission of Auger
electrons is stimulated by bombarding
the sample with a beam of electrons.
The energy of the secondary Auger
electrons is characteristic of the emit­
ting element and is determined by
using a cylindrical mirror analyzer
(Figure 1). Spectra are recorded in the
first derivative mode to discriminate
against a background of inelastically
scattered electrons. Elemental detec­
tion limits lie in the range 0.1 -1.0%
(atomic) within the analytical volume
(depth ~20 A); variation in sensitivity
is less than a factor of 10. Depth pro­
filing is achieved by etching the sample
surface with an ion beam (normally
Ar+) as in ESCA. Most AES spec­
trometers possess microprobe capa­
bilities with incident beam diameters
of 1-5 /Lm.

In SIMS the sample is bombarded
with a stream of ions (most commonly,

Suppliers of surface analysis
equipment

Environmental Sciences Associates.
Inc.

Inflcon Leybold-Heraeus. Inc.
Instruments SA. Inc.
The Kearns Group
Physical Electronics Industries. Inc.
Spectro Products. Inc.
Varian Associates. Industrial Equip­

mentGroup

Source: Lab Guide. 1917-78
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negative oxygen ions) and surface
material is physically removed. About
1-10% of the sputtered material is in
the form of secondary ions that are
mass analyzed by a conventional mass
spectrometer (Figure 2).

The ion microprobe represents a
special configuration of SIMS in
which the primary ion beam can be
focused to a diameter of about 3-5 /Lm.
Both individual particle analysis and
elemental mapping capabilities are
thus available and depth profiling
constitutes an integral part of the
process of secondary ion generation.

A major advantage of SIMS is its
extremely high sensitivity, with ele­
mental detection limits ranging from
IO-L10-6% atomic depending on the
element and the primary ion used.
Typically. it is possible to observe as
little as I /Lg/g in the analytical vol­
ume, thereby enabling studies of
species present at trace levels.

SIMS is, however, subject to several
types of interferences and artifacts. In
particular, spectral interferences from
molecular and multiply charged ions
make the high resolving power of a
double-focusing mass spectrometer
desirable. Also, volatilization losses
and migration of sample ions under the
influence of the primary ion beam can
give rise to spurious depth profiles.
Such effects are ·often difficult to
identify in SIMS since removal of
surface material is an integral part of
the detection process.

Of the above techniques, AES and
SI MS are generally most useful for
surface analysis and depth-profiling
studies owing to their sensitivity and
good lateral and depth resolution.
ESCA, however, has the important
advantage of providing information

about the identity of molecular species
present. .

With all the techniques, difficulties
are encountered in establishing even
semiquantitative depth scales, which
are normally attempted by calibrating
the rate of removal of surface material
against that obtained for a standard
having a surface layer of known
thickness. The main problem, however,
lies in matching the matrix composi­
tion of the standard to that of the ma­
terial being studied. In the case of en­
vironmental particles, matrix and
surface compositions are not, in gen­
eral, well defined.

Studies of environmental particles
Most man-made particulate matter

entering the environment contains
higher specific concentrations (/Lg/ g)
of several potentially hazardous trace
elements that are normally found in
natural crustal dusts, soils, and sedi­
ments. In many cases these ele­
ments-As, Cd, Co, Cr, Mn, Ni, Pb,
S, Sb, Se, TI, Y, and Zn-are prefer­
entially associated with particle sur­
faces as a result of condensation from
the vapor phase or adsorption from
solution. Such surface association is of
special environmental significance
since it leads to preferential enrich­
ment of small particles that are least
effectively collected by pollution con­
trol devices, have long atmospheric and
aquatic residence times, and can de­
posit in the pulmonary region of the
human respiratory tract when in­
haled.

Several of the surface analytical
techniques described earlier have been
used to study airborne particles, and
particles derived from specific sources.
The results of such studies are pre­
sented here to illustrate the types of
information that can be obtained.

Airborne particles
The most definitive surface studies

of composite airborne particulate
matter have used ESCA and have
emphasized the capability of this
technique to identify the chemical
compounds present. Sensitivity limi­
tations do not enable detection of trace
species; however, it has been estab­
lished that the elements C, N, Pb and
S are surface predominant.

Most aerosol sulfur is in the form of
sulfate, and most nitrogen is present as
the ammonium ion. Quantitative
measurements of these species indicate
their association as ammonium bisul­
fate and sulfate. In addition, however,
there are substantial amounts of amine
nitrogen.

ESCA has proved especially useful



for following the surface chemistry of
sulfur and nitrogen compounds with
changes in meteorological conditions.
Using ESCA, scientists have demon­
strated the catalytic role of atmo­
spheric carbon (soot) particles in het­
erogeneous reactions involving NH3,

NO, and S02'

Coal flyash particles

Flyash derived from combustion of
coal in a conventional power plant is
composed primarily of an impure
aluminosilicate glass together with
small amounts of several crystalline
minerals. Only about 1-3% of the bulk
material is soluble in water.

Depth profiling studies that used
EMP, AES, and SIMS have estab­
lished that a number of elements in­
cluding C, Cr, K, Mn, Na, Pb, S, TI, V,
and Zn are substantially surface en­
riched, whereas AI, Ca, Fe, Mg, Si,
and Ti are not. This observation sup­
ports the hypothesis that the more
volatile elements, or their compounds,

are vaporized during combustion and
then condense on the surfaces of co­
entrained tlyash particles at lower
temperatures.

Depth profiling studies of tlyash
have also demonstrated the utility of
using instrumental techniques in con­
junction with solvent leaching to re­
move soluble surface material. An
example of this approach is presented
in Figure 3 for the elements Pb and
TI.

The results show that extraction of
tlyash with water or dimethyl sulfoxide
removes the surface layer of both ele­
ments. Determination of the amounts
of Pb and TI in solution then enables
estimation of the amounts present in
the surface layer. If one assumes this
layer to be 300 A thick, then one ob­
tains average concentrations of 2700
Jlg/g for Pb and 920 Jlg/g for TI in the
surface layer as compared to bulk
particulate concentrations of 620 Jlg/g
and 30 Jlg/g for these elements, re­
spectively.

Solvent leaching can also provide
some insight into the chemical forms
of elements present. For example, al­
though AES and SIMS indicate little
surface enrichment of iron, aqueous
leaching rapidly removes this element
from the surface region, thereby indi­
cating its presence there in a readily
soluble form.

The comparison of the leaching and
depth profiles of K, Fe, Na, and S
suggests that these elements may be
associated in the surface layer-pos­
sibly as alkali-iron sulfates. Further
support of the existence of simple
and/or complex sulfates is provided by
ESCA studies that show that the oxi­
dation states 'of Fe and S in the surface
region are + 3 and +6, respectively.

Auto exhaust particles

Scanning electron microscopic in­
vestigations show that automobile ex­
haust particles occur in two distinct
morphological forms. The first involves
quite large particles (> 10 Jlm cross-

Environmental
ramifications

of coal f1yasb researcb
• Since a number of toxic ele­

ments are highly enriched in sol­
uble form on tlyash surfaces, their
potential toxicological impact may
be significantly greater than that
predicted from bulk analysis.
Such enrichment will be greatest
in small, pulmonary-depositing
particles, and will give rise to high
localized trace metal concentra­
tions in the microregions of the
lung, where the particles are de­
posited.

• The surface enrichment of
alkali metals, which determine the
resistivity of tlyash particles, will
enhance the ability of the particle
surface to hold a charge and, in
turn, improve the efficiency of
electrostatic precipitation.

• The presence of acid sulfates
on tlyash particle surfaces may, of
itself, enhance their toxicity.

• The existence of sulfate on
tlyash surfaces indicates the abil­
ity of tlyash to function effectively
as a catalyst for the heterogeneous
oxidation of S02' Flyash may,
therefore, be important in deter­
mining the extent of S02 to S04
conversion in power-plant
plumes.

FIGURE 3

Depth profiling of flyash by using SIMS plus
solvent extraction permits an estimation of the
surface layer concentration of Pb+ and TI+
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FIGURE 4

The surfaces of large auto exhaust particles are
enriched with Pb, Br; el, and S but not Fe
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section) of irregular size. Individual
(EMP) particle analyses indicate that
the predominant elements are Fe, Pb,
Br, Ct, and S together with highly
variable amounts of Ca and Si.

Elemental depth profiles obtained
by using AES and SIMS indicate that
Pb, Br, Ct, and S are enriched at the
particle surface but that Fe is not
(Figure 4). The region of surface pre­
dominance is estimated to extend less
than 1000 A into the particle interior.
It is also interesting to note that SIMS
shows the trace elements Cr, Ni, and
TI to be highly surface enriched.

The second particle type involves
small « I JLm diameter) spherical
particles that are composed almost
exclusively of Pb, Br, and CI, but
which contain no Fe. Surface analysis
of such small particles is extremely
difficult; however, preliminary indi­
cations are that none of the constituent
elements are surface predominant.

These findings suggest that the two
types of particles present in automobile
exhaust emissions are formed by quite
different processes. The surface pre­
dominance of Pb, Br, CI and S on large
particles is attributed to deposition of
volatile lead and sulfur species (prob-

ably PbBrCI and S02) onto the sur­
faces of refractory iron-containing
particles as the temperature decreases
in the automobile exhaust system. The
iron-rich host particles are probably
derived from ablation of iron from the
exhaust system. The small amounts of
Cr, Ni, and TI observed probably
originate as impurities introduced with
the lead gasoline additive or, in the
case of Cr and Ni, are derived from
engine wear. In either event, their
surface predominance strongly indi­
cates their vapor-phase history.

The homogeneous nature of the
small spherical exhaust particulates
suggests that their formulation occurs
by a nucleation process in which
PbBrCI condenses to form quite pure
molten droplets when the temperature
of the exhaust system falls below the
saturation point. There is, however,
little supporting evidence for this
suggestion.

Coal conversion catalysts
While not strictly an environmental

example, it is illustrative to demon­
strate the utility of surface analytical
techniques for studying catalyst poi­
soning effects. The example chosen is

an experimental CoO/MoO)/Si021
AI20) pelletized catalyst used in coal
liquefaction.

Comparison of AES spectra of fresh
and spent catalyst shows that the spent
catalyst is highly surface enriched in C,
Fe, and S, with lesser enrichment of Ca
and Ti. AES depth profiles of the cat­
alyst constituents show that the active
constituents (Co and Mo) are signifi­
cantly depleted at the surface of the
spent catalyst. Interpretation of the
behavior of the Al and Si constituents
is difficult since the spent sample may
contain appreciable amounts of these
elements owing to contamination de­
rived from mineral components in the
coal.

AES depth profiles of the primary
surface contaminants (C, Fe, S) show
that carbon contamination extends
well into the catalyst interior indicat­
ing penetration of organic material.
The major inorganic contaminants (Fe
and S) are concentrated close to the
particle surface, but they do not appear
to diminish the concentrations of Co
and Mo in this region. Poisoning of this
catalyst, therefore, is primarily due to
pore blockage or conversion of CoO
and MoO) to their sulfides. In this re-
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First, a great deal of new information
about the physical and chemical
characteristics of particulate surfaces
can be obtained by using the tech­
niques discussed. Second, most of the
insights provided are highly specula­
tive. It is suggested, therefore, that
surface analytical results should be
used primarily for formulating hy­
potheses about probable surface
chemistry, mechanisms of particle and
surface layer formation, and potential
environmental effects. Such hypothe­
ses are then best substantiated by ad­
ditional independent experiments in
which surface analysis mayor may not
be used for monitoring purposes.

Further development of environ­
mental surface analysis seems likely to
proceed via two distinct pathways. The
first involves combined (ideally si­
multaneous) use of several techniques.
For example, combined use of SI MS
and AES or ESCA provides the capa­
bility of observing both material re­
moved from a surface (SIMS) and
that freshly exposed (AES or ESCA)
as the analysis proceeds. Such an ap­
proach would help in identifying
changes that occur as a result of
charged-particle bombardment.

A second approach, which shows
considerable promise, involves so­
called time-resolved-solvent leaching
in which the sample is leached with
selected solvents in a continuous flow
configuration, and the leachate ana­
lyzed as a function of time. The ad­
vantages of this approach are:

• It enables utilization of the most
sensitive analytical methods for de­
termining all species entering solu­
tion.

• It provides information both
about the surface distribution of a
species and about its identity.

• It establishes which chemical
species can be mobilized in solution
and thus have an environmental or
toxicological impact.

• It is applicable to organic species
that are normally removed from sur­
faces under the high-vacuum condi­
tions associated with instrumental
techniques.

• It is inexpensive, thereby making
the field of surface analysis available
to most scientists.

Overall, therefore, it appears that
surface analysis has provided, and will
continue to provide, valuable insights
into the characteristics, formation,
reactivity, and eventual impact of en­
vironmental particles. Perhaps, above
all, such analysis has indicated the very
real significance of surfaces in deter­
mining a wide variety of environmen­
tally important processes.

gard it is interesting to note the simi­
larity of the Fe and S depth profiles,
which suggests the presence of iron­
sulfur compounds. Owing to the re­
ducing conditions involved, these are
probably iron sulfides. A similar con­
clusion has been reached using EMP
analysis.

Open-hearth furnace dusts

Baghouse dusts derived from the
open-hearth smelting of iron provide
an interesting example of the operation
of several of the artifacts associated
with instrumental surface analysis.
These dusts consist of three morpho­
'Iogical forms: large (>60 /Lm cross­
section) irregular slag particles; gray
black spheres of varying size; and small
«2 /Lm cross-section) grains of red
iron oxide that adhere to the large
particle surfaces.

EMP analysis shows that the pre­
dominant elements in the slag are Ca,
Mg, and Si, whereas Ca, CI, Fe, K, S,
and Zn are predominant in the black
spheres. AES surface analysis indi­
cates that Ca, K, P, Pb, and Zn are
enriched near the particulate surface.
Iron and oxygen, on the other hand,
are apparently depleted near the sur­
face.

It is apparent from visual observa­
tion of these dusts following EMP and
AES analysis that considerable sample
modification occurs as a result of both
t:lectron and ion bombardment. In'
particular, exposure to constant elec­
tron bombardment in AES results in
changes in the intensity of the CI and
S signals. These changes are attributed
to volatilization in the case of CI and to
either migration or simply increased
exposure owing to removal of CI in the
case of S. Under high-electron beam
energies, Si is observed to decrease
with time and K to increase, thus in­
dicating additional disturbance of the
surface chemistry. These effects lead
one to suspect the validity of depth­
profile analyses, but is is necessary to
perform several tests to distinguish real
effects from artifacts. Such tests in­
clude variation of electron-beam in­
tensity, minimization of irradiation
time, solvent leaching, and sequential
heating of the sample in an inert at­
mosphere.

It is interesting to note that, as in the
case of coal f1yash, the surface-asso­
ciated elements (in this case Ca, CI, K,
P, Pb, S, and, to some extent, Zn) are
quite soluble in water even though the
bulk matrix is essentially insoluble.

In summary

Consideration of the foregoing ex­
amples indicates two important points.
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appropriate to the intended uses. The
costs of poor siting procedures can
extend well beyond the actual costs of
establishing and operating the stations.
Whenever data are used as bases for
large-scale programs such as air
quality improvement projects, there
are likely to be great economic and
social impacts, making the siting of air
monitoring stations even more impor­
tant.

The uses of air pollution data can be
broadly categorized (box). Each of the
broad categories contains several
narrower subcategories, but at no level
of classification is this kind of system
directly related to physical factors.

A site-classification system that can
be used to define an appropriate set of
physical characteristics for each site
type should be tailored according to
the physical factors that inOuence the
data. For example, different uses of
data usually have different degrees of
spatial smoothing that are appropriate.
Sometimes, many closely spaced
measurements are needed to rcveal
small-scale features of the pollutant
distribution in space; at other times the
requirement is for measurements to
typify large areas within a city, or
perhaps even a large region.

Siting concepts
Those uses of data that are related

to the development of air quality con­
trol measures illustrate the variety of
spatial scales that can be of concern
within a single, broad category of use.
Measurements that are typical of a
street canyon or a freeway corridor will
be suitable for formulating control
plans to reduce emissions along the
specific roadway, or along a limited
number of similarly congested streets,
but they will not necessarily be useful
for the formulation of plans that are
citywide in scope. Plans of the latter
type hequire data that represent much
larger areas.

The concept of spatial representa­
tiveness provides a useful basis for
classifying stations, and the uses to
which their data are put. Furthermore,
the concept of representativeness has
a physical basis that can serve to define
station characteristics. In general, the
measurement scales (box) of greatest
importance are: microscale; middle
scale; neighborhood scale; urban scale
and regional scale.

The concept of scale can be ex­
tended upward to national and global
scales, but for routine regulatory
monitoring, the scales enumerated
above are sufficient. In fact, the dis­
cussion can be limited to the middle,
neighborhood, and regional scales and

still cover most general-siting re­
quirements.

Urban-wide conditions cannot
usually be specified with a single sta­
tion representing middle or neighbor­
hood scales, but when the latter two
scales are well represented at several
locations.. it will not be necessary to
find the ideal urban-scale site. Mi­
croseale measurements are often made
only for short time periods and for very
specialized research purposes that
make a generalized set of siting criteria
nearly impossible to devise.

Scale of representativeness is not the
only factor important to classification
of monitoring site types and to the
definition of siting criteria. Health
effects are a pervasive motivation for
much air quality monitoring and must
be incorporated into the system.

The basis for most of EPA's air
quality regulation is the amelioration
of adverse health effects; hence, regu­
latory monitoring is usually health
oriented and siting criteria must be
such that exposures of the population
to pollutants will be realistically rep­
resented.

Differences among the various air
pollutants must be considered in any
site-classification scheme, especially
when that scheme is translated into the
corresponding siting criteria. The dif­
ferences arc of several types.

Some pollutants are chemically
inert; others are highly reactive. Some
pollutants are emitted directly to the
atmosphere; others are formed by
chemical reactions within the atmo­
sphere. Some pollutants come almost
exclus'ively from many small, individ­
ual sources. Other pollutants come
from large, individual sources, which
are responsible for an appreciable
fraction of the total emissions.

Total suspended particulates (TSP)
differ from other pollutants in that all
fractions of the atmospheric aerosol
are not equally noxious, so there may
be some justification for selecting sites
that are biased toward respirable or
toxic materials.

In summary, a system of siting
based exclusively on spatial represen­
tativeness is not sufficient, but must be
modified in its application to different
kinds of pollutants. For pollutants that
have large, individual sources, provi­
sions must be made for sites specifi­
cally oriented to the assessment of the
impact of those sources. For particu­
lates, recognition must be given to the
fact that not all subfractions of te
aerosol fraction are of equal impor­
tance. And, finally, for pollutants such
as ozone that are products of atmo­
spheric chemical reactions, there must

be some provision for locating moni­
toring sites to represent stages of the
oxidant transport and production
processes when the concentrations are
greatest.

We can begin with the basic concept
of classifying sites according to their
spatial representativeness by using
carbon monoxide monitoring as an
example. Carbon monoxide is the only
major pollutant for which the concept
of spatial representativeness can be
applied to the siting problem without
modification or extension. The modi­
fications in tile basic system that are
required for monitoring other pollu­
tants will be discussed later.

Siting for carbon monoxide
In proceeding from the concept of

spatial representativeness to the con­
crete requirements of siting, several
decisions are required. Among these is
the selection of an appropriate height
for the sampling. Most routine air
quality monitoring is related directly
or indirectly to health effects and,
therefore, samples taken at breathing
level are most appropriate. Inlets at
breathing level will constitute an ob­
stacle in many locations and will also
be subject to vandalism.

W. R. Ott, at the 1975 meeting of
the Air Pollution Control Association,
suggested a height of 3 m ± 0.5 m as a
compromise. The adoption of Ott's
inlet height provides consistency, and
consistency, in turn, allows data from
different locations to be compared with
the assurance that any differences in
the data sets will reOect something
other than anomalous site character­
istics. The site standards that Ott has
proposed were derived from a combi­
nation of empirical evidence, and
practical requirements, but the rep­
resentativeness concept, not surpris­
ingly, leads to similar results.

In deriving the appropriate physical
characteristics for a site of a given
type, representativeness can be ensured
if the site is located so that no individ­
ual source is likely to contribute unduly
tQ the measured concentrations. This
means that some equivalence must be
provided to relate maximum allowable
inOuence (in units such as mg/m3) to
minimum separations between the
monitor and certain kinds of sources.
For instance, regional sites should be
far enough removed from cities so that
the concentrations arising from emis­
sions within the city will be less than
typical rural background concentra­
tions. In the case of CO, a figure 0.2
mg/m3 might be used.

Analogous guidelines could be used
for selecting maximum acceptable
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Microscale monitoring. Closely spaced bag samplers in barrels (left) and monitor inlets
(right) provide detailed concentration distributions

Measurement scales
o Microscale measurements define concentrations in volumes with di­

mensions on the order of meters to tens of meters.

o Middle-scale measurements will generally be used to define concen­
trations that are typical of areas with dimensions of tens to hundreds
of meters. This category can include measurements that define con­
centrations along streets and roads, so typical areas can be elongated,
measuring tens of meters by hundreds of meters or even kilometers.

o Neighborhood-scale measurements are among the most widely used.
They define concentrations within some extended area with dimensions
on the order of kilometers that has relatively uniform land use.

o Urban-scale measurements, to define the overall citywide conditions
on a scale of tens of kilometers, will usually require more than one
site.

o Regional-scale measurements provide a measure of concentrations
typical of large, usually rural areas of reasonably homogeneous geog­
raphy, extend.ing for tens to hundreds of kilometers.

much less than ideal it really is and
how great the undesired effects might
be.

The summaries of the physical
characteristics of the monitors given by
Ludwig and Kealoha and by Ott make
mention of traffic on certain roadways,
of homogeneity of land use, and of
other considerations that imply that it
is not sufficient simply to place an inlet
3-m high at some arbitrary location. In
general, some areas are preferable and,
within the preferred areas, some spe­
cific sites are better than others. A
step-by-step procedure has been de­
rived for locating each type of CO
monitoring site.

Before any procedure can be used,
it must be decided what the uses of the
data are to be, and what type of mon­
itor will provide the right kind of data.
This obvious fact is often overlooked.
A common example of a mismatch
between data and application is the
development of an air quality control
plan for an entire region to eliminate
a pollution problem recorded at a sta­
tion whose data may only be repre­
sentative of conditions within a few
hundred meters of the site.

The site-selection process begins by
identifying the most important moni­
toring purpose and matching that to
the most appropriate scale of rep­
resentativeness for the site. After se­
lection for the appropriate type of site,
the next step will be to gather emission
data, traeric data, land-use data, to­
pographic maps, and climatological
information. The information is used
to identify generally desirable areas so
that a final selection can be made.
When a site has been selected in this
way, the data should be reasonably
representative of the desired condi­
tions.

Siting for sulfur dioxide

The selection of sites for monitoring
sulfur dioxide concentrations has one
complication not present in the selec­
tion of CO monitoring sites: large in­
dividual sources of S02 are common.
This adds one more dimension to the
classification system. There must still
be those types of sites that represent
average conditions over various sized
areas, but there must also be some
provision for sites oriented toward
determining the impacts of an indi­
vidual source. R. J. Ball and G. E.
Anderson (EPA Report 450/3-77­
013, April 1977) added this dimension
to the basic scale of representativeness
system; they call the source-oriented
site a "proximate" site.

Locating the appropriate place for
a source-oriented monitor follows al-

(EPA Report 450/3-75-077, Sept.
1975; EPA Office of Air Programs
Pub. No. AP-26, 1970) have estimated
vehicular emission rates and citywide
average emissions to define minimum
separations for the various types of
monitoring. These reports, or the EPA
guidelines-Guidance for Air Quality
Monitoring Network Design and In­
strument Siting-CO Siting. Office of
Air Quality Planning and Standards
Report 1.2-012, Supp!. A, Sept.
1975-can be consulted.

The major point is that a classifi­
cation system based on scale of rep­
resentativeness allows one to specify
some acceptable level of inOuence for
individual sources and then derive
specific criteria for locating sites so
that those levels will not be exceeded.
When practical considerations dictate
that a less than ideal site be used, there
are some criteria for deciding just how

inOuences for other pollutants and
other types of sites. For example,
neighborhood sites should not be so
close to large roadways that emissions
from the roadway affect the measured
concentrations by more than some
reasonable amount. For CO, 10% of
the 8-h standard might be reasonable,
so an appropriate setback would pre­
vent individual sources from contrib­
uting more than about I mg/m 3 to the
measured concentrations.

Smaller streets are less important
contributors to the overall neighbor­
hood concentrations so they should be
allowed to inOuence the observed
concentrations less than the major
roadways.

Middle-scale sites may be heavily
inOuenced by an individual source, but
the source itself must be selected to
represent some class of sources.

Ludwig and Kealoha and others
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Neighborhood monitoring. This weI/-placed monitor in Harriman. Tenn.. monitors for
TSPandS02

Source-oriented monitoring. The monitor. in the vicinity ofKingston, Tenn., is operated
to detect high S02 concentrations from TVA's power-plant stacks (in background)

respirable particles of 0.5 /lm diameter
to equal the mass of one 50 /lm diam­
eter particle.

Siting for photochemical pollutants
The monitoring of pollutants most

important to the photochemical smog
processes-the nonmethane hydro­
carbons (NMHC), the oxides of ni­
trogen (NO + N02 = NOx), and
ozone (03)-will follow most of the
same scale-based, site-selection prin­
ciples already enumerated. Also, there
may be reasons for source-oriented
monitoring of NOx or NMHC, but
other factors must also be incorporated
into a system for classifying monitor­
ing sites for the photochemical pollu­
tants. There are differences related to
the pollutants' roles as reactants and as
products in the smog-forming pro­
cess.

The air quality guidelines for

dominant is that the smaller particles
tend to be related more to primary
anthropogenic so'urces rather than
resuspended natural and unnatural
dusts.

The siting criteria that have evolved
for TSP are similar to those for S02,
but with consideration also given to the
avoidance of large particles for most
kinds of monitoring. The TSP site­
selection procedures treat source-ori­
ented monitoring and spatially repre­
sentative monitoring as do the S02
site-selection procedures.

Much emphasis must also be given
to the avoidance of streets and roads in
TSP monitoring because of the con­
centrations of large resuspended par­
ticles of road dust in their vicinity.
Sampling only a few of the large
roadside particles can completely ob­
scure the more representative sample
of smaller particles. It takes a million

most the exact opposite of the proce­
dures for locating spatially represen­
tative sites. The areas of maximum
source effects are sought, rather than
avoided. The methods for finding these
areas of maximum influence are based
on Gaussian descriptions of diffusion
and wind-tunnel studies of airflow in
complex terrain and around large
buildings.

For source-oriented S02 monitor­
ing, the site-selection procedures are
fundamentally different from those
used for finding appropriate locations
for CO monitoring. For more general
S02 monitoring, there are many more
similarities. Nevertheless, there are
some important differences that reflect
differences in the nature of the sources.
Most CO sources are at ground level,
while major S02 sources are elevated.
Thus, by the time S02 is mixed down
to the "breathing zone," its distribu­
tion in the vertical is more uniform,
and much more relaxed cri teria for the
placement of the inlet are possible.

In procedures for selecting CO sites,
considerable emphasis is given to the
avoidance of streets and highways. For
S02, the analogous role is assumed by
areas where sulfur-containing fuels are
burned in relatively large quantities.

Siting for TSP
The monitoring of particulates is

very similar in many respects to that
for S02. In fact, in many instances, the
major sources are the same for both
pollutants. However, total suspended
particulates (TSP) have some features
that distinguish them from the other
pollutants. Principally, the differences
are related to particle size.

The distribution of urban particu­
late mass with particle size is bimodal;
one of the modes consists largely of
material respirable by humans, and the
other mode contains mostly nonrespi­
rable material.

G. M. Hidy and coworkers have
suggested [J. Air Pollut. Control
Assoc., 25, 1106 (1975») that the
larger sizes are dominated by relatively
innocuous minerals and that the
smaller sizes contain most of the lead
compounds, sulfates and nitrates.
Taking into account the health moti­
vations of the air quality regulations,
routine TSP monitoring should be
conducted, if possible, at sites where
the aerosol concentrations are repre­
sentative of the smaller, somewhat
more toxic fraction, and special care
should be taken to avoid areas where
large-particle fugitive dust can domi­
nate the sampling.

Another reason for finding a loca­
tion where the larger particles are less
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Uses of collected
air quality data

• Determination of compliance
with air quality standards

• Enforcement and implementa­
tion of air quality regulations

• Development, application, and
evaluation of control measures

• Public health
• Scientific research

• Evaluation of the impact of spe­
cific sources

• Miscellaneous purposes

N MHC emphasize their role as reac­
tants, but the oxidant standard is dif­
ferently oriented. Even though the
scales of interest might be similar for
air quality monitoring ofNMHC and
Ox, the site-selection processes will be
quite different because of the intrinsic
differences between reactants and
products.

The fact that photochemical pro­
cesses proceed over rather extended
periods of time must affect the site
classification. In general, the small­
scale features in the distribution of the
pollutants, whether reactants or
products, will be of little interest be­
cause they will have been subjected to
considerable large-scale mixing during
the photochemical processes in which
they take part. Except for special
purposes, the monitoring of photo­
chemical pollutant concentrations will
use sites representative of the neigh­
borhood and larger scales.

The selection of appropriate neigh­
borhoods and regions for monitoring
inert pollutants depends to a large ex­
tent on the assumption that concen­
trations and emissions are closely re­
lated, and that the latter can serve as
a surrogate for the former. In the case
of photochemical pollutants, the
problem is more complex. If one wants
to monitor in neighborhoods where
oxidant concentrations are likely to be
high, several questions must be an­
swered. For example:

• What meteorological conditions
are conducive to oxidant formation?

• Where are the most important
sources of the precursors to the oxi­
dants?

• Where will the precursors be,
under conditions conducive to oxidant
formation, when the high concentra­
tions are reached?

The guidelines for selecting moni­
toring sites for the photochemical
pollutants (F. L. Ludwig and E. She-
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lar, EPA Report 450/3-78-013) pro­
vide some suggestions for answering
the above questions and finding suit­
able areas for monitoring oxidants. As
a rule-of-thumb, it has been suggested
that the wind directions for days when
the air temperature is above 20°C will
serve to define the likely movement of
the precursors under photochemically
active conditions. This suggestion is
based on the observed positive corre­
lations between ozone concentration
and the temperature of the air during
the time that the ozone was forming.

The other photochemical pollutants
are important because of their partic­
ipation as reactants in the photo­
chemical process. Therefore, the im­
portant siting questions are different
than for oxidant monitoring. The me­
teorological conditions conducive to
photochemical activity still must be
identified. Then those regions where
precursors are likely to lead to high­
ozone concentrations, especially in a
sensitive, populated area, must be lo­
cated. Although the basic information
required is much the same, the inter­
pretations must be different for reac­
tants and products.

The selection of sites representative
of certain spatial scales involves some
different considerations for the two
kinds of pollutants also. The reactants,
especially NMHC, are much like the
nonphotochemically active pollutants
in that a location must be found where
nearby sources do not exert undue in­
fluence. However, ozone does not have
important primary sources at ground
level, but it does have important sinks.
Therefore, ozone monitors must be
sufficiently far away from surfaces and
NO sources so that ozone concentra­
tions are not reduced to unrepresen­
tative levels.

Other aspects of site selection

There are two reasons why moni­
toring sites must be classified and
uniform physical criteria established
for each type of site. First, such a
classification system will allow com­
parisons among sites and give some
assurance that differences in obser­
vations reflect something more fun­
damental than local anomalies.

The second, more important reason
for uniform siting criteria, is that such
a system will provide guidance for the
proper use of the data that are col­
lected. The physical concepts entailed
in the classification system, especially
that of spatial representativeness,
should help users to avoid gross mis­
matches between what the data actu­
ally represent and what they are in­
terpreted to mean.

The importance of site selection
leads to a paradoxical situation with
regard to the prescription of site-se­
lection procedures. One is apt to be­
lieve that such an important topic re­
quires rigorous, complex specifica­
tions. However, rigorous, complex
procedures are very apt to be ignored,
especially by people with other re­
sponsibilities who must work within
the practical constraints of money,
safety, and accessibility. Fortunately,
the procedures do not have to be com­
plex to be effective.

A grasp of the underlying philoso­
phy of monitoring and some common
sense will avoid the worst errors. A day
or two spent in data acquisition and
interpretation along the lines suggested
in the different guideline reports would
ensure selection of high-quality sites.

If carefully considered selection of
monitoring sites could prevent one in­
stance where a large-scale air quality
control plan is designed to cure a
small-scale problem, that single in­
stance would justify the effort required
for proper selection of monitoring
sites.

Additional reading

Ludwig, F. L.. Kcaloha, J. H. S., Selecting
Sites ror Carbon Monoxide Monitoring,
EPA Report 450/3-75-077, September
1975.
Ball, R. J., Anderson, G. E., Optimum Site
Exposure Criteria ror S02 Monitoring,
EPA Report 450/3-77-013, April 1977.
EPA, Guidance ror Air Quality Monitor­
ing etwork Design and Instrument Sit­
ing-CO Siting, Orrice or Air Quality
Planning and Standards Report 1.2-012,
Supplement A, September 1975.
Hidy, G. M., et aI., J. Air Pollut. COlllrol
Assoc., 25, 1106 (1975).
Ludwig, F. L., Kealoha, J. H. S., Shelar,
E., Selecting Sites ror Monitoring Total
Suspended Particulates, EPA Report
450/3-77-018, June 1977.
Ludwig, F. L., Shelar, E., Selecting Sites
ror Monitoring the Photochemical Pollu­
tants, EPA Report 450/3-78-013, April
1978.

Francis L. Ludwig is senior research me­
teorologist and acting head of the Envi­
ronmelllal Meteorology Program of the
Atmospheric Sciences Laboratory at SRI
11IIemational. Coordinated by LRE
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Chlorine knocks out slime, but can be toxic in high dosages,
and is therefore regulated. Two utility scientists tell how

the rules can be made more effective

POWER PLANT

CHlORINATION
Ibrahim H. Zeitoun
John Z. Reynolds

Consumers Power Company
Jackson. Mich. 49201

Intermittent chlorination is prac­
ticed at steam-electric power plants to
control the development of biofouling
on the walls of cooling system tubes.
The composition of the organisms that
contribute to the biofouling problems
of power-plant cooling systems varies
with the type of water used (marine or
freshwater systems), and with the
productivity of the waters. In general,
these biofouling organisms produce an
insulating layer that retards the heat
exchange process, thereby lowering the
efficiency of power generation. Also,
biofouling promotes the corrosion of
the condenser tubes, as exhibited by
pitting, and by loss of wall thickness.
Pitting could lead to the leakage of
cooling water, as well as contamination
of pure steam that is used to drive the
turbines.

In freshwater systems, the biofoul­
ing organisms are slime formers.

Slime-forming organisms in condenser
pipes are primarily prolific bacteria,
fungi, protozoa and algae. Algae,
however, are also predominant in
lighted areas such as cooling towers.
Therefore, cooling-tower water sys­
tems encounter two sources of fouling
problems-condenser biofouling and
cooling-tower biofouling.

On the other hand, power plants
located near marine or estuarine wa­
ters encounter more types of potential
biofouling. These water systems are
characterized by a greater variety of
organisms that may contribute to the
reduction of heat-transfer efficiency,
and even to the reduction of the flow of
water through cooling system conduits.
Moreover, in addition to the slime­
forming organisms that are present in
saline water, molluscs and barnacles
are involved. The growth and devel­
opment of these organisms, if severe
enough, could lead to the complete
blockage of the cooling system.

Inorganics are the "heavies"

Although the fouling of cooling
systems is of biological origin, the

fouling composition may not be totally
organic in nature. Slime-forming or­
ganisms, which develop a gelatinous
layer over the inner walls of the con­
denser tubes, trap suspended inorganic
materials such as silt and sand. The
combination of gelatinous materials
and inorganic compounds are the
constituents of slime.

It is believed that the inorganic
content comprises the largest portion
of the total weight of the slime. Fur­
thermore, carbonates in the water, and
in the presence of certain bacteria,
often form complex carbonate depo­
sitions (scaling). Therefore, for effec­
tive power generation, the development
and proliferation of these biofouling
organisms must be inhibited.

Chlorine-the No.1 biocide

Chlorine is the predominant biocide
used in power-plant condenser systems
throughout the U.S. Chlorine is highly
preferred as a defouling chemical be­
cause of its greater effectiveness and
practicality, and lower costs, as com­
pared to other biocides. It is normally
injected into the condenser tubes for

Cooling towers. The idea is to solve slime and effluent problems at the same time
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How chlorine goes through the system

Discharge
conduit

1

are highly activated by added heat,
ultraviolet irradiation, or both factors
combined. The slow reaction of chlo­
rine with acetone or methanol to form
the volatile chloroform is a good ex­
ample. Free available chlorine together
with chlorine combined with the vari­
ous substances form the total residual
chlorine (TRC).

The effectiveness of chlorination is
controlled by two important fac­
tors-the concentration of chlorine
used, and the period of application. In
other words, similar defouling effects
may be obtained if the concentration
of chlorine is increased while the ex­
posure period decreases, or conversely,
if the chlorine concentration is de­
creased while the exposure period is
increased.

Theoretically, the effectiveness of
chlorination can be monitored on a
periodic basis in the power plant by
noting changes in turbine back pres­
sure. In practice, however, because of
normal load variations in generation,
and of the relatively severe economic
consequences of a small change in ef­
ficiency, it has not been possible to

Chlorinator
.- and chlorine

"iiiiiiiil!ill..~I-;::::'====:=:::;:::;-'~1""--- storage area

Chlorine
injector-

control, is related to the amount of
materials prone to oxidation in the
water. The presence of inorganic re­
ducing agents such as ferrous and
manganous ions, and organic products
and compounds such as ammonia and
those possessing unsaturated linkages,
will reduce the oxidizing capacity of
HOCI against biofouling organisms.

The amount of chlorine that is used
in oxidizing the naturally-occurring
reducing compounds is called the
chlorine demand of the water. Ac­
cordingly, the essential point in con­
denser defouling is to add enough
chlorine to the cooling water to satisfy
the chlorine demand, as well as to
provide a sufficient quantity of HOCI
for oxidation of biofouling organisms.
Thus, the quantity of chlorine injected
is dependent upon the local condi­
tions.

The amount of chlorine that com­
bines with organic products, such as
ammonia, to form chloramines is
known as the combined chlorine.
Chlorine is also capable of reacting
with organics in cooling waters to form
chlorinated organics. These reactions

How slime forms

short periods as a shock defouling
treatment. In marine situations, how­
ever, mussel and barnacle control may
require continuous chlorination during
the breeding seasons, since these or­
ganisms can tolerate higher chlorine
concentrations.

Thus, it is evident that the frequen­
cy, duration, and quantity of chlorine
applications for defouling purposes are
dependent upon the composition of the
fouling organisms, the severity of
fouling of the cooling system, and the
inorganic and organic content of the
water. In general, chlorine is added to
the circulating cooling water as a gas,
or as a hypochlorite salt solution.
Frequency of application varies widely,
but typically could occur up to three
times daily for approximately 30 min
each time. At power plants where
cooling water is not highly productive
of fouling organisms, such as Lake
Michigan, chlorination may take place
only once daily for 30 min, as a typical
maximum. Essentially, no chlorination
is required in some instances, such as
during winter periods, and when en­
trained sediment may keep the con­
denser tube surface well scoured.

Chlorine is a potent oxidizing
chemical that diffuses into cells, dis­
rupting their enzymatic system, and
killing them on contact. The oxidizing
activity ofchlorine is dependent largely
upon the amount of free available
chlorine in the form of hypochlorous
acid (HOCI).

Gauging the effectiveness
The effectiveness of chlorination at

power plants, and in turn, the quantity
of chlorine required for biofouling

Cooling
tower

Gelatinous layerI (bacterial)
.:··..-:.::·.··.... ·.·.·.·.·.·.,··.:tto:·,·.. ··,:f:'·

D
·····'i;t;·,··,,·:;;;··,',,·;·;,;:··'·:::;;,·:....··..:,·
Slime (bacteria and silt)

__Intake conduit

Intake water
or makeup

Discharged
water

or blowdown
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Shape of a typical chlorine pulse Reduction of peak chlorine
concentration with distance
Based on data collected at J. H, Campbell Plant, Consumers
Power Company, Mich.
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provide adequate on-line detection of
biofouling and chlorination effective­
ness. On the other hand, potentially
adverse results of biofouling have his­
torically led power-plant operators to
err on the conservative side, in at­
tempting to keep condenser tube sur­
faces clean.

Chlorination practices
Intermittent power-plant chlorina­

tion in this manner has been proved to
be an economically justified practice,
when one considers the potential ef­
fects of reduced efficiency of power
generation, and possible shutdown of
a plant. However, the environmental
consequences may not always be jus­
tifiable.

Also, chlorination practices differ
with the type of cooling system of
concern. In an open, once-through
system, for instance, the chlorine in­
jected into the condenser inlet will be
discharged directly with the heated
effluents. By comparison, chlorination
of a closed-cycle circulating water
system, such as cooling towers, is a
cumulative chlorine treatment, since
most of the combined forms of chlorine
would remain from previous chlorin­
ations in the recirculating water cycle.
Generally, chlorine concentrations in
the discharge effluent, or the cooling
tower blowdown, when plotted against
time, exhibit a bell-shaped curve, or a
chlorine pulse at any point in the re­
ceiving water.

The magnitude of free and total
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Discharge

chlorine pulses are related to the
amount of organic and inorganic re­
ducing compounds present in the
water. Moreover, hypochlorous acid is
capable of releasing its oxygen-this
reaction is catalyzed by ultraviolet
rays-and of reacting with chlora­
mines, to liberate chlorine ions through
the breakpoint reaction. These reac­
tions are also accelerated by temper­
ature. Thus, the peak concentrations
or magnitudes of the pulse of both
forms of chlorine will become smaller
as the point of measurement proceeds
further away from the point of dis­
charge.

Bioassays and other analyses
Many bioassays have been con­

ducted by using various species of
aquatic organisms, mainly fish, to es­
tablish a maximum safe chlorine con­
centration for these biota. The incon­
sistency of the results has been con­
fusing, and there is reason for serious
concern over the reliability of the
measurement and testing techniques,
life stages of species tested, kinds of
bioassays adapted, phenotypes of the
species used, and influences of water
quality.

During the second Conference on
Water Chlorination, held in Gatlin­
burg, Tenn., October 31-November 4,
1977, it was evident that the tech­
niques used to measure the chlorine
forms in water are still crude (ES&T,
January 1978, p 14). The DPD
(N ,N-diethyl-p-phenylenediamine)

Distance, m

method was reported to measure no
chlorine, although it was detected
amperometrically, because the latter
procedure measures all oxidants in
water. Thus, the results of ampero­
metric titrations, the best available
procedure, should be reported as total
oxidants: And it should be borne in
mind that water constituents could be
critical in data interpretation.

Some investigators have found that
the smaller the fish, the more sensitive
they are to chlorine. Other investiga­
tors have derived opposite conclu­
sions.

Also, development of chlorine-re­
sistant strains among fish has also been
reported. Genetic adjustment and ad­
aptation to chlorine situations have
also been suggested. Finally, the type
of bioassays used to extrapolate limi­
tations are mostly laboratory tests in
which the organisms are exposed to a
continuous peak concentration for a
certain specific time.

Problems with testing
The concentration at which 50% of

the test animals die within a specific
time, usually 96 hours, is known as the
LCso. This LCso has been multiplied
by a factor to establish a safe concen­
tration. This type of exposure and data
extrapolation are not reasonable for
direct application to field situations,
since fish are often overexposed to
chlorine in the laboratory.

On the other hand, results from field
studies are not always fully satisfac-



tory. In the field, test fish (presumably
caged fish) are exposed to various en­
vironmental conditions, such as con­
tinuous temperature alteration and gas
supersaturation, as well as intermittent
chlorination. These factors are stress­
ful, and special attention must be given
in data interpretation, in order to as­
cribe mortalities to the proper vari­
ables.

Regulations and practices

Because of the toxic nature of re­
active chlorine, it is generally recog­
nized that discharges should be regu­
lated to be adequately protective of
aquatic life. At the same time, because
of the beneficial application of chlorine
in power-plant operation, and the lack
of substitutes that have been proven to
be effective, reliable, economical and
safe, regulations and practices should
be based on the best scientific evidence.
They should adequately consider the
costs and risks associated with alter­
native approaches.

The development of chlorine dis­
charge regulations has occurred
through the process of standard setting
common to many pollutants. This
process has generally involved the es­
tablishment of water quality criteria,
based on scientific evidence, with
consideration of available technology
and mixing-zone phenomena, in de­
velopment of discharge limitations.
The current Environmental Protection
Agency (EPA) effluent limitation
guideline is 0.5 mg/L maximum, and
0.2 mg/L average free available
chlorine, with a limit of two hours per
day for any unit. Many states have
adopted different limits. For instance,
Michigan (until July 1,1977) imposed
a maximum limit of 0.5 mg/L TRC.

The initial scientific work to derive
suitable criteria that would be pro­
tective to aquatic life concentrate on
continuous discharges that would be
characteristic of municipal wastewater
chlorination practices. Because of this
emphasis, the criteria have lacked
provisions for cases involving inter­
mittent discharges, and have been
conservatively directed to be protective
of aquatic life under constant expo­
sure, including consideration of re­
productive functions. Criteria pub­
lished by the EPA in 1976, for in­
stance, are 0.01 mg/L and 0.002
mg/L TRC limit for warm water and
cold water species, respectively, in
freshwater, and 0.01 mg/L for all
marine species. .

As noted above, it has been clearly
established that separate criteria for
intermittent exposure to chlorine are
needed. The time-dependent nature of

chlorine toxicity, as well as site-specific
factors, such as water quality and
species potentially affected, must also
be considered in applying criteria in a
realistic manner. Recent investigations
have confirmed that species behavior,
such as avoidance reactions and sea­
sonal migration patterns, can be con­
sidered in establishing site-specific
limits that would be protective of im­
portant aquatic life.

Nevertheless, it is possible to es­
tablish conservative limits, by ignoring
these factors, while still considering
possible interactions with other
water-quality factors that may be
stressful to sensitive species. For ex­
ample, criteria have been proposed
that are merely time-dependent ex­
trapolations based on paradoxical
laboratory bioassays as described
above. Further refinement could
readily accommodate additional evi­
dence demonstrating dependence on
temperature- and species-sensitivity.

Site specificity

As a general rule, however, a dis­
charger should be allowed the oppor­
tunity to demonstrate that site-specific
factors are appropriate; that would
allow for a less conservative approach,
but still be protective of the important
aquatic life. In some cases, for in­
stance, the rapid dissipation of reactive
chlorine results in such a relatively
small area of potential effect, that ex­
clusion of fish from consideration may
be possible. In other cases, the fre­
quency of chlorination, in combination
with a limited area of effect, may
provide for development of probability
estimates of lethal effects on fish, that
would warrant different limitations
from what might otherwise be ap­
plied.

Other factors may also temper the
application of limitation on a site­
specific basis. Maximum limitations,
as a single value, are probably of little
direct importance when the peak value
may only occur for a few minutes. The
true toxicity is obviously a function of
the shape of the chlorine pulse, and of
the relative composition of the differ­
ent forms of chlorine.

Dechlorination techniques

It has been recognized that a readily
available method for meeting restric­
tive chlorine limits is through the ap­
plication of dechlorination chemicals.
This would involve the stoichiometric
application of a strong reducing agent,
such as sodium sulfite, sodium thio­
sulfate, sodium metabisulfite, and
sulfur dioxide, at the point of dis­
charge.

The question then becomes one of
determining the need and value of
adding these additional chemicals to
receiving waters in which the evidence
may not indicate any harmful effects
of the chlorine. For example, field
bioassay tests with Lake Michigan
water have shown that a maximum
limit of 0.3 ppm TRC for a normal
30-min chlorination dosage will not
cause toxic effects in rainbow trout, a
species that is recognized as being
highly sensitive to chlorine toxicity.
Other observations have not shown
observable effects at 0.5 ppm TRC,
maximum, under similar conditions.

In view of these results, it is appar­
ent that arbitrary decisions to add
conservatism to discharge limits should
consider costs. They should also take
into account potential adverse envi­
ronmental effects of techniques that
might be used simply to meet such
limits, with no perceptible environ­
mental benefit.

Additional reading

White, G. C., Handbook ofChlorination,
Van Nostrand Reinhold Company, New
York, N.Y., 1972.

Johnson, J. D. (Ed), Disinfection Water
and Wastewater, Ann Arbor Science, Ann
Arbor, Mich., 1975.

Brooks, A. S., Seegert, G. L., Trans. Am.
Fish. Soc., 106,278-286 (1977).

Draley, J. E., Chlorination Experiments at
the John E. Amos Plant of the Appalachian
Power Company, ANL/ES-23, Argonne
National Laboratory, Argonne; III.,
1973.
Oliver, B. G., Cary, J. H., Environ. Sci.
Technol., 11,893-895 (1977).
Comar, c., Science, 198,567 (1977).
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Multielement Analysis of Animal Feed, Animal Wastes, and Sewage Sludge

Stephen G. Capar, James T. Tanner, Melvin H. Friedman, and Kenneth W. Boyer'

Division of Chemistry and Physics, U.S. Food and Drug Administration, Washington, D.C. 20204

• Animal excreta and sewage sludge are currently being
used as animal feed ingredients on an experimental basis. The
levels of 30 elements are reported for a typical cattle feedlot
diet, two dried cattle manures, a commercial cattle waste
product, two dried poultry manures, and a metropolitan
sewage sludge. The analyses are conducted using neutron
activation analysis, induction coupled plasma spectroscopy,
atomic absorption spectroscopy, and anodic stripping vol­
tammetry. The levels of most inorganic elements are consid­
erably higher in animal wastes and sewage sludge than in
traditional animal feeds. For most elements the levels deter­
mined by several techniques are in good agreement. Problems
of loss of lead with precipitate formation, accurate quantita­
tion of elements present at high levels, and obtaining homo­
geneous samples for analysis are discussed.

Solid waste from farm animals has traditionally been used
as cropland fertilizer. In recent years municipal sewage sludge
is also being increasingly used as crop fertilizer. The safety
with respect to animal and human health of cropland appli­
cation of sewage sludge is currently the subject of considerable
research activity (1-5). The broader aspects concerning
management of sludge use on land to assure safety and
wholesomeness of the food supply have also been discussed
(6).

A large amount of undigested protein and high levels of
several nutrient elements are found in solid wastes from ani­
mal feedlot operations and municipal waste treatment plants.
These wastes are currently being considered as animal feed
ingredients to be mixed with the more traditional grain and
forage animal feeds.

The practice of feeding "wastelage" (derived from ensiling
ground grass hay and manure), or mixtures of dried animal
waste and feedlot diets appears to be commonplace (7-9).
Although several states have approved the use of animal waste
as a feed ingredient for meat producing animals sold in in­
trastate commerce, the U.S. Food and Drug Administration
recently decided to delay issuing proposed guidelines for the
safe use of animal waste in feed because legitimate questions
about safety remain unanswered (10). While sewage sludge
has not been formally approved for use in feed by any gov­
ernmental agency, several federal and state-supported
projects are studying the effects of feeding sewage sludge to
animals on an experimental basis (11).

Numerous papers have appeared in the literature reporting
the elemental content of animal wastes and sewage sludges
for various numbers of elements (1-5, 12-17). Most feeding
studies in which animal wastes or sewage sludge are fed to
animals have been conducted with the objective of showing
the nutritive value of the material being fed, and not for the

purpose of determining possible effects on human or animal
health (12). Bhattacharya and Taylor's (12) review indicates
that little work has been done to determine typical trace ele­
ment content of animal wastes for a number of important el­
ements. Nor has much work been done to determine whether
trace elements accumulate in edible tissue, or edible products,
from animals fed diets containing animal wastes.

The purpose of our study was to determine the levels of as
many elements as possible in typical dried animal wastes
having a documented history and to compare these levels with
those of the same elements in animal feeds and sewage sludges.
These data should be useful in future studies or to other
groups in arriving at conclusions about the desirability or
relative safety of using animal wastes and sewage sludges as
animal feed ingredients. Such data should also be considered
in choosing among the various possible alternatives for ben­
eficial use of animal wastes and sewage sludge, including
cropland application, conversion to methane, and animal feed
ingredients.

Experimental

Samples Analyzed. The samples analyzed were all received
from the same source (Colorado State University) and in­
cluded: (I) a typical feedlot diet without animal waste products
added (the dry weight composition of this ration was 70% corn,
3% hay, 5% beet pulp, 20% corn silage, and 2% mineral sup­
plement); (II) oven-dried cattle manure from feedlot heifers
fed a low fiber diet containing 59% corn, 2% alfalfa hay, 3%
molasses, 33% corn silage and 3% mineral supplement; (III)
oven dried cattle manure from feedlot heifers fed a high fiber
diet containing 24% corn, 29% alfalfa hay, 3% molasses, 41%
corn silage, and 3% mineral supplement; (IV) a commercial
high-protein feedlot animal waste product similar to (III) in
which a portion of the fiber and ash was removed and the
product was pelletized; (V) dried poultry waste with litter
consisting of wood shavings mixed with excreta from hens fed
a layer ration; (VI) dried poultry waste from caged laying hens
without any litter; (VII) dried sewage sludge from Metropol­
itan Denver Sewage Disposal District No.1 (Metro Denver).
These samples correspond to columns I-VII, respectively, in
Table I. Samples (V), (VI), and (VII) are being used as feedlot
diet ingredients at Colorado State University.

Sample Homogenization. The feedlot diet was analyzed
as received without further homogenization. Portions of the
animal waste and sludge samples (100 g) were initially blended
with a Waring Blendor (hereafter referred to as "blended"
samples), and subsamples were analyzed by neutron activation
analysis (NAA), flame atomic absorption spectrometry (AAS),
and anodic stripping voltammetry (ASV) as described below.
However, because most of the waste samples were still visibly
inhomogeneous, additional portions of the as-received un­
homogenized and unblended waste and sludge sample~
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(70-105 g each) were mixed in the ratio of 4 parts distilled
deionized water to 1 part dry material and homogenized at
high speed with a Model PCU-2 Polytron homogenizer
(hereafter referred to as "homogenized" samples) equipped
with a PT-35 K sonic probe-type generator until a homoge­
neous slurry was obtained (usually about 5 min). The slurries
were then freeze dried in a VirTis Model 10-MRTR freeze
drier. The resulting homogenized dry samples were analyzed
by using AAS, ASV, NAA, and induction coupled plasma
optical emission spectroscopy (ICP) in conjunction with the
appropriate procedures described below.

Sample Mineralization. Dry samples for AAS. ASV, and
rcp analyses were mineralized by acid digestion and analyzed
following the procedures detailed below. Sample sizes for
analysis were 1.00 g "blended" animal wastes and sewage
sludge, 2.00 g for "homogenized" animal wastes, 0.20 g for
"homogenized" sewage sludge, 2.00 g for un homogenized
feedlot diet, and 1.00 g for NBS Standard Reference Materi­
als.

Samples for AAS, ASV, and rcp analyses were weighed into
loo-mL micro-Kjeldahl flasks and digested with 25 mL HNO:1
and 5 mL HCI04. Sample digests were transferred to 50-mL
volumetric flasks and diluted to volume with deionized
water.

As routine practice at least one 1.00-g sample of an NBS
Standard Reference Material (Orchard Leaves, Bovine Liver,
or Spinach) and one reagent blank were also carried through
the entire analytical procedure for each set of 10 samples.
"Blended" animal wastes and sewage sludge samples were
digested and analyzed in duplicate, while "homogenized"
samples and the unhomogenized, unblended feedlot diet were
digested and analyzed in triplicate.

AAS Determination of Pb, Cd, Cu, Zn, Fe, Mg, and Mn.
A Perkin-Elmer Model 403 or Model 503 AAS instrument
with an air-acetylene flame was used for determining these
elements. The following analytical lines were used: Pb 2833.1,
Cd 2288.0, Fe 2483.3, Zn 2138.6, Cu 3247.5, Mg 2852.1, and Mn
2794.8, all in angstroms. Sample solutions were diluted when
necessary to achieve elemental concentrations within the
following ranges: 0.2-15 J.Lg Cu/mL, 0.5--2.0 J.Lg Zn/mL, 2.0-10.0
J.Lg Fe/mL, 0.1-2.0 J.Lg Mn/mL, and 0.1-0.5 J.Lg Mg/mL. A 10%
(v/v) HCl04 concentration was maintained in diluted solu­
tions. Sample solutions for Mg determinations contained 0.6%
(v/v) La to prevent refracting oxide formation.

Sewage sludge was analyzed for Pb and Cd, and NBS Or­
chard Leaves were analyzed for Pb by AAS. These were the
only samples with concentrations ofPb and/or Cd high enough
for AAS analysis for the sample sizes analyzed.

ASV Determination of Pb and Cd. Those sample solu­
tions prepared for AAS analyses which could not be quanti­
tated for Pb and/or Cd by AAS were analyzed for these ele­
ments by using ASV. This included all sample solutions except
those of sewage sludge and NBS orchard leaves. One-milliliter
aliquots of the sample solution were buffered at pH 4.3 with
a sodium acetate/acetic acid buffer and analyzed with a
Princeton Applied Research (PAR) Model 174 polarographic
analyzer equipped with a PAR Model 315 automatic electro­
analysis controller, a hanging mercury drop electrode, SCE
reference electrode, and platinum counter electrode. The
technique of standard additions and the instrumental pa­
rameters previously reported (20) were used for quantitating
the Pb and Cd present.

Hydride Generation-AAS Determination of As, Sb, and
Se. All samples were analyzed for As, Se, and Sb by using the
hydride generation-AAS procedure and apparatus reported
by Fiorino et a!. (21).

ICP Determination of 17 Elements. A Jarrell-Ash Model
975 Plasma Atomcomp was used to simultaneously analyze
for 25 elements (AI, As, B, Be, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn,
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Mo, Ni, P, Pb, Sb, Se, Sn, Te, Ti, Tl, V, and Zn) in the same
solutions prepared for AAS analysis. Operating parameters
for rcp were 1100 W forward power; less than 5 W reverse
power; plasma observation height 17 mm above the load coil;
sample solution aspiration rate 1.2 mL/min.

The high and variable salt content of the sample solutions
caused slight aspiration problems. Occasionally, the solution
would clog the nebulizer and stop aspiration. Because the
undiluted sample solutions contained levels of Fe and Ca
beyond the linear range of the instrument, they had to be di­
luted 1-5.

NAA Determination of 22 Elements. The dry powdered
samples were analyzed in three parts: a long irradiation-decay
for long-lived radionuclides, a short irradiation-decay for
short-lived radionuclides, and a chemical separation for Hg
analysis. All irradiations were carried out at the FDA NAA
facility, which uses the National Bureau of Standards (NBS)
reactor in suburban Washington, D.C.

Long-Lived Radionuclides. Approximately 300 mg of the
dry material was weighed into clean, high-purity quartz vials,
sealed, and irradiated together with standards in the high flux
position (6 X 101~ neutrons/cm2/s) of the NBS reactor for 6
h. These were allowed to undergo radioactive decay for 2-4
weeks and then counted hy using the automated data acqui­
sition system described elsewhere (22). Briel1y, this consists
of an Ortec Ge(Li) detector (2.2 keY resolution, 15% effi­
ciency) in an automatic sample changer (modified Nuclear
Chicago Unit) connected to a Nuclear Data 4410 analyzer
(16K memory). The data are collected and stored on magnetic
tape for later reduction using the program MLTELMT (for
Multielement) developed at FDA. Under these conditions
6SZn, s2Br, 51Cr, ',9Fe, 140La, 152Eu, 46SC, s6Rb, 131Ba, 60CO,
7"Se, and 124Sb were determined.

Short-Lived Radionuclides. Approximately 400 mg of dry
sample was weighed into cleaned polyvials and heat sealed.
These samples and standards were irradiated in the low flux
position (I X 101:1 neutrons/cm2/s) of the NBS Reactor for 15
s and then counted after a 5-min decay. The Ge(Li) detector
was the same as described earlier, but was connected to a
Nuclear Data ND-IOO analyzer with 2K memory. Again, the
data were collected, stored on magnetic tape, and reduced
later. Under these conditions 3sCI, 2sAl, s6Mn, 42K, 52V, 49Ca,
27Mg, 66CU, and 24Na were determined.

Hg Analyses. Mercury was determined by irradiating the
samples, which were sealed in high-purity quartz, in the high
flux position (6 X 101:1neutrons/cm2/s) of the NBS reactor for
1 h. The samples and standards were then allowed to undergo
radioactive decay for about :1 days before separating the Hg
hy the Rook et a!. (23) volatilization procedure. The samples
were counted with an Ortec low-energy photon detector
connected to the Nuclear Data ND-4410 analyzer. This
counting procedure was previously described by Friedman et
al. (24). Concentrations were calculated on all three peaks (67,
68.8, and 77.3 keY) and then averaged for the final concen­
tration.

Results

The analytical results from determination of:10 elements
in the animal feedlot diet, animal wastes, sewage sludge, and
the NBS Standard Reference Materials are reported in Table
I. Values are reported only for those elements with concen­
trations within the reliable quantitation range for the method
indicated. For the highly toxic elements Be and Hg, "less­
than" values are reported when quantitation was not possible.
The mean levels of the same elements in sewage sludges from
the 16-city study reported by Furr et al. (15) are also tahulated
in Table r for comparison with the data obtained in this study.
These mean values also compare well with the results of
Sommers (J 7).



Table I. Elemental Content of Animal Feed, Animal Waste, Processed Waste Pellets, Sewage Sludge, and
Reference MaterlalsB,b

2.3 17. 46. 15. 7.0

18. 105. 305. 70. 54.

<2.5 29.9 49.2 15.6 5.0

0.10 0.88 2.2 0.60 0.57

NBS
Spinach

0.16
(0.15 ± 0.05)
<45.
NV
<0.06
NV
48.
(54)
NA
1.32
<2.5
(1.5)
1.41
(1.5)
4.8
(4.6 ± 0.3)
12.6
12.3
(12 ± 2)
<0.2
(0.02)
NA
<.7
(0.37)
155.
157.
171.
(165 ± 6)
<5.
NV
NA
1.25
<3.5
(1.2 ± 0.2)
10.
(12.1 ± 0.2)
NA
0.05
(0.04)
0.16
(0.16)
0.025
<0.6
NV
3.1
NV
16.5
NV
1.7
NV
59.7
48.
48.
50 ± 2)

NBS
Bovine
Liver

<15 ppm 482. ppm
65. ppm 881. ppm
NV (870 ± 50) ppm
140. ppm 1.62
309. ppm 1.46
(123. ppm) (1.35 ± 0.03)
2530. ppm 6290. ppm
(2600. ppm) (6400. ppm)

(Continued on page 788)

0.5e
(0.055)
<30.
NV
<0.06
NV
11.
NV
NA
NA
<2.5
(0.27 ± 0.04)
0.29
(0.18)
<0.4
NV
185.
210.
(193 ± 10)
0.003
NV
NA
0.07
NV
10.4
9.7
11.5
(10.3 ± 1.0)
<5.
(3.2)
NA
NA
<3.5
(0.34 ± 0.08)
17.8
(18.3 ± 1.0)
NA
<0.02
NV
<0.004
NV
1.06
1.1
(1.1 ± 0.1)
<1.5
NV
<0.15
NV
0.46
NV
145.
135.
124.
(130 ± 10)

R.f.rence materials d
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Leav••

18
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average
sewage
sludge

VII
Metro

Denve,
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Concentratlona, ppm In dried sampl••

<0.03 <0.25 <8.5

VI
Poul­

try
w....

without
litter

57. 1066. 621.

20.0 816. 1346.
18.1 905.

4.9 280. 1441. f

0.66 8.1 14.3

31. 30. d 45.5

NA 26.0 104.
0.58 NA
<1.3 25.4

1.2 7.1 9.6

242. 220. 194.
246. 222.
273. 262.

4.3 20. 40.6

0.07 0.6 3.7

27.4 398. 2331.

7.2 84.9 14.3

<0.04 7.8 8.6
9. 56. 35.7

NA 950. 1832.
3.45 NA
5.8 885.

12., 42. 32.6

4.05 93.5 216.

158. 1672. 2132.
143. 1717.
141. 1978.

0.66 4.57 3.1
0.9 7.2

0.44 2.6 2.5

0.10 7.07 10.6
0.19 11.

V
Poul­

try
w....
with
IItt.r

6.

2.0

NA
0.42
<1.3

30.7
30.6

10.8
(11 ± 2)
45.
NV
<0.06
NV
11.
(10)
NA
NA
<2.5
(0.11 ± 0.02)
0.13
(0.2)
2.7
(2.3)
11.6
11.4
(12 ± 1)
<0.05
(0.027)
NA
1.2
(1.2)
81.3
80.0
85.0
(91 ± 4)
<5.
NV
52.6
NA
44.9
(45 ± 3)
10.5
(12 ± 1)
NA
2.5
(2.7)
0.067
NV
0.07
0.20
(0.08 ± 0.01)
<1.5
NV
7.6
NV
0.8
NV
25.9
23.1
23.
(25 ± 3)

% (or ppm il noted) in dry weight sample
0.047 0.07 1.12 1.83 157. ppm
0.087 0.20 1.96 383. ppm

(420) ppm
4.88 9.42 5.90 3.62 2.63
3.70 7.104.50 2.15

(2.09 ± 0.3)
0.35 0.65 0.71 0.38 675. ppm

(700. ppm)
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NA
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1.1
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15.9

2.32
1.90

5.

0.18
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0.06 0.03

2.2

29d

NA
0.24
<1.3

21.0
19.5

2.16
1.78

0.85

31.

<0.03 <0.09 0.06
18.6 3.2 5.5

8.0 3.0 3.9

7.40 3.74 2.04

129. 50.0 12.1

0.32 0.36 0.38
0.6 0.7 0.5

0.38
1.56

86. 76.7 155.
79.2 69.2 142.
110. 80. 133.

II III
Cattle Cattle

manure manure
low high

rlber fiber
diet diet

24.0
22.3

34.

1.7

NA
0.28
<1.3

20.

I
Feed

lot
diet

<0.03 <0.03 <0.03 <0.03 <0.03

10.

<0.08 <0.08 <0.08 <0.08 <0.08
<0.03 0.14 0.26 0.10 0.10

<0.8 4.73

NA
0.05
<1.3

3.0
2.6

0.46 2.03
0.31 1.85

0.012 0.12 tl.4

<0.01 0.05
0.5 5.0

0.17 1.01

16.8 117. 161. 100. 166.
17.2111.158.90. 167.
17. 115. 185. 92. 176.

0.75

0.10

0.023 0.17
0.065 0.51

0.065 0.54 1.41 0.44 0.21

0.19 0.35
0.21 0.5

20.0 115.
20.9 101.
19.0 114.

8.1 54.9

NA NA NA NA NA
0.36 2.10 3.28 3.29 2.08
<2.5 3.6 5.9 4.5 2.5

0.57 3.2

Be ICP

V NAA

Cd AAS
ASV
ICP

Co· NAA

Sc NAA

Sa NAA

As AAS

Ti ICP

CI NAA

Zn AAS
ICP
NAA

AI ICP
NAA

Sb AAS
NAA

Br NAA

Se AAS
NAA

Analy-
EIe- tical
ment method

Ca ICP
NAA

Sn ICP

Cr· NAA

Rb NAA

Mo ICP

Cu AAS
ICP

Pb AAS
ASV
ICP

Mn AAS
ICP
NAA

Hg NAA
La NAA

Eu NAA

Volume 12, Number 7, July 1978 787



Table I. Continued
Concentrations, ppm In dried samples

II 11\ IV V VI
Cattle Catlle Pro- Poul- Poul- VII 16

I manure manure cessed try try Metro Cltles c Reference materials d
Analy- Feed low high caltle waste waste Denver average NBS NBS

Ele- tical lot IIber fiber waste with without sewage sewage Orchard Bovine NBS
ment method dlel diet diet pellets litter litter sludge sludge Leaves Liver Spinach

Fe AAS 0.023 0.22 0.51 0.20 0.073 0.18 1.51 3.06 246. ppm 253. ppm 494. ppm
ICP 0.024 0.22 0.48 0.20 0.071 0.17 1.61 235. ppm 254. ppm 478. ppm
NAA 0.025 0.27 0.65 0.21 0.077 0.18 1.73 259. ppm 257. ppm 510. ppm

(300 ppm) (270 ± 20) ppm (550 ± 20) ppm
K NAA 0.80 1.94 4.70 2.80 1.80 2.30 1.40 1.22 1.42 7420 ppm 3.73

(1.47 ± 0.03) (9700 ± 600) ppm (3.56 ± 0.03)
Mg AAS 0.156 0.46 0.42 0.50 0.26 0.46 0.35 0.60 0.53 566 ppm 0.84

ICP 0.155 0.45 0.41 0.50 0.26 0.43 0.35 0.49 613 ppm 0.70
NAA 0.180 0.55 0.63 0.68 0.28 0.65 0.74 0.63 949 ppm 0.98

(0.62 ± 0.02) (605 ppm) NV
Na NAA 0.088 0.69 0.91 0.47 0.21 0.57 0.44 0.44 155. ppm 2438. ppm 1.44

(82 ± 6) ppm (2430 ± 130 ppm) NV
P ICP 0.29 0.61 0.39 0.41 0.89 1.34 1.46 156 0.156 0.98 0.45

(0.21 ± 0.01) NV (0.55 ± 0.02)

8 Abbreviations: AAS, Atomic absorption spectroscopy; ASV. anodic stripping voltammetry; ICP, induction coupled plasma; NAA, neutron activation analysis;
NA. not analyzed; NV, no NBS value available. b All values for samptesl-Vil are average of triplicate analyses. C Calculated mean from ref. 15 values. See ref.
15 for method used. d NBS values in parentheses. e "Blended" samples. Co and Cr contamination from homogenizer prevented analysis of "homogenized" samples.
, Milwaukee 14000 ppm value excluded in calculating 16-city mean for Cr.

Among the animal wastes, the low fiber diet manure has a
slightly lower content of most metals than the high fiber diet
manure. The processed waste pellets, which are derived from
a high fiber diet manure, also had a lower content of most
metals than did the high fiber diet manure. During processing
ofthe pellets, some of the fiber and ash was removed from the
manure, which probably accounts for the lower metals content
(25). In general, the poultry waste without litter contains
higher levels of most elements than the poultry waste with
litter. The lower levels in waste with litter probably are due
to dilution by the litter (mostly wood chips).

The order of magnitude of the levels of elements found in
the Metro Denver sewage sludge compares well with the av­
erage level calculated from the i6-city study by Furr et al. (IS).
With a few exceptions the levels of elements found in the NBS
Reference Materials agree well with the certified or uncertified
NBS values.

Whenever the levels found in the same sample by different
determinative step techniques could be compared, the results
are generally in good agreement. Two exceptions are the lower
Se and Sb values obtained by AAS compared to NAA. Only
the acid-soluble portion of the sample is analyzed by AAS;
these results indicate that part of the Se and Sb is associated
with the acid-insoluble portion of the samples.

Several observations and related experiments were made
during the analyses. The "homogenization" of the waste and
sewage sludge samples resulted in measurably higher levels
of Co, Cr, and Ni compared to the "blended" samples. This
is probably due to contamination from abrasion of the probe
blade caused by the shearing action of the probe acting on the
solid material in the sample. This shear action is not present
with the Waring Blendor. The values for Co and Cr in Table
r are for the "blended" samples. Ni was below the quantitation
limit but sufficiently above the detection limit to observe the
increase noted above. Due to data acquisition limitations of
the rcp, those solutions containing high levels of Ca and Fe
required dilution.

However, for the purpose of making comparison, all solu­
tions were analyzed before and after a fivefold dilution. The
levels of AI, Mg, P, and Zn in all samples and Ca and Fe in
those not requiring dilution showed about a 10% increase in
concentration in the diluted over the undiluted samples after
accounting for the dilution factors. The AAS results for Fe,
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Mg, and Zn agreed more closely with the ICP results on di­
luted samples. Thus, the levels reported in Table r for AI, Ca,
Fe, Mg, P, and Zn are from the diluted solutions. The cause
of these dilution discrepancies is not fully understood, but was
not seen with other elements present at lower concentrations.
A 1.00-g digested sample of sewage sludge showed a decrease
in Pb concentration with time as shown in Figure 1. For this
reason, a 0.20-g sample was digested to provide a more dilute
solution for analysis. The Pb concentration in the dilute
sample was stable with time. Cd did not show a time decrease,
nor did any of the other samples show this problem with Pb
or Cd. With animal waste and sludge samples, a sand-like
residue remained after the nitric-perchloric and the nitric­
perchloric-sulfuric acid digestions. One set of residues from
the nitric-perchloric digest was filtered out, treated with HF,
diluted to 25 mL with 4% HCI (v/vl, and analyzed by AAS for
Zn and Cu. No detectable Zn or Cu was found in the animal
residues, and the amount of these elements in the sludge
residue was very 10w,Iess than 0.4% of that in the original acid
soluble portion. One set of filtered residues of the nitric-per­
chloric-sulfuric digest was analyzed by NAA for As, Sb, and
Se. These elements were detected, but not quantitated in the
residues.

Considering the gross inhomogeneity of the samples as re­
ceived by the laboratory, including the wood chips, feathers,
undigested grain, small rocks, and other identifiable particles

'0I.
I.

"
"
10

o 20 40 60 80 tOO 120 140 160 leo 200
TUff <HOURS)

Figure 1. Concentration of Pb in sewage sludge digest as a function
of time after digestion



Table II. Analytical Precision for Selected Elements
In Animal Sewage Siudge a

Determinative b CoeHlelen' 01 variation % C

Element Instrument Blended Homogenized

AI NAA 13.3 4.9
ICP 2.9

As AAS 3.0 5.2
Ca NAA 11.5 5.8

ICP 4.8
Cd ASV 69.6 9.2
Cu AAS 4.6 1.4

ICP 2.7
Fe NAA 8.6 5.9

ICP 1.7
AAS 2.1

K NAA 28.8 28.6
Mg NAA 27.3 28.0

ICP 1.1
AAS 1.3

Mn NAA 22.0 5.5
ICP 2.2
AAS 3.9

Na NAA 22.7 4.1
Pb ASV 23.3 5.9
Se AAS 7.6 7.1
Zn NAA 7.3 4.6

AAS 1.4 2.2
ICP 1.8

being necessary for normal growth in cattle, horses, sheep,
swine, rats, and dogs. The levels of As, Cd, Co, Cr, Cu, Fe, Mn,
Mo, Pb, Sn, Ti, V, and Zn are all at least a factor of 5 higher
in animal wastes than in the feedlot diet. The levels of some
of these may be high enough to raise concern about continuous
use of animal wastes as an animal feed ingredient. The levels
~~~~~~~~~~~~~~~~~
all at least a factor of 100 higher in sewage sludge than in the
feedlot diet. Toxicity could be expected to occur in some an­
imals fed the levels of Cd, Cr, Cu, Fe, Mn, Pb, Se, and Zn
shown in Table I for sewage sludge (I9, 26, 27). Whether any
of the above elements would concentrate in animal tissues,
similar to that demonstrated in previous studies (I, 6, 13, 14)
sufficiently to present a human health hazard can only be
determined by appropriate feeding studies with animal wastes
or sewage sludge as feed ingredients. Cd accumulates in beef
liver and kidney (28), and the current level of Cd in the
American food supply already approximates the World Or­
ganization maximum tolerable intake (6).

Multiple recycling of animal wastes should also be studied
for the effects on animal health and tissue elemental levels.
Assuming a more or less constant concentration factor for each
element with each pass through the animal and a more or less
constant fractional absorption of each element during each
pass, the potential exists for significantly elevated absorption
for most elements after only a few passes. Whether multiple

Table III. Comparison of Elemental Levels in Animal
Feeds, Animal Wastes, and Sewage Sludge a

8 All numbers are ratios of elemental levels (ppm on air-dried weight basis)
in materials being compared. FLO, feedlot diet, sample I, Table I; AF, animal feed
(ref. 78); AW. animal wastes. samples II-VI. Table I; 55. sewage sludge (ref.
75).

8 Based on analyses of five animal wastes and one sewage sludge listed in
Table I. b Abbreviations: AAS, atomic absorption spectroscopy; ASV, anodic
stripping voltammetry; ICP t induction coupled plasma; NAA, neutron activation
analysis. C Based on duplicate analyses for blended samples and triplicate
analyses of homogenized samples.

normally present in animal waste and sewage sludge, the
precision of the analytical results and the agreement of anal­
yses of a given sample by several techniques are quite good.
The extensive amount of data does not permit reporting
precision data for individual elements by all techniques.
However, representative precision data are reported in Table
II, and it can be seen that the homogeneity of the samples was
improved for most elements after "homogenization" com­
pared to "blending".

Discussion

Table III compares the levels of several elements found in
the feedlot diet analyzed in this study with the mean levels of
the same elements reported in the literature for alfalfa hay,
corn, barley, and wheat (I8). These data show that the feedlot
diet closely approximates these traditional animal feeds. Table
III also compares the mean elemental level in both animal
wastes analyzed in this study and the sewage sludge results
of Furr et al. (I5) with those in the feedlot diet. Both animal
wastes and sewage sludge show about a fivefold increase for
the macronutrient elements compared to the feedlot diet.
However, for the micronutrient, toxic, and nonessential ele­
ments the increases are generally considerably higher, with
roughly a tenfold increase of these elements in animal wastes
compared to animal feed, and as high as a several hundredfold
increase for sewage sludge compared to animal feeds. Thus,
the potential for accentuated accumulation of trace elements
in animal tissues exists when animal wastes or sewage sludge
is used as diet ingredients.

The levels of the macroelements Ca, CI, Mg, P, K, and Na,
and of the microelements Co, Cu, Fe, Mn, Se, and Zn found
in the animal wastes and sewage sludge are considerably above
the levels of these elements reported in the literature (I8) as

Elements

Macronutrients
Ca
CI
K
Mg
Na
p

Mean

Micronutrients
Co
Cr
Cu
Fe
Mn
Mo
Se
Sn
V
Zn

Mean

Toxic elements
As
Cd
Hg
Pb
Sb

Mean

Nonessential elements
AI
Ba
Br
Eu
La
Rb
Sc
Ti

Mean

FLD/AF

0.84
1.2
0.96
0.82
1.3
0.78
0.98

1.1

0.33
2.5
0.52

1.2
1.1

AW/FLD

9.6
4.2
3.4
2.8
6.5
2.5
4.8

16.4
17.4
7.9

10.3
9.4

>8.6
3.0

>5.5
7.9
5.7

>9.2

9.8
6.6
>5

10.1
>5.3
>7.4

8.1
6.6
3.4

11.3
16.5
8.4
9.4
6.8
8.8

SS/FLD

9.4
2.2
1.5
3.7
5.0
5.4
4.5

96
1920
481
128

11.4
>5.7
15.5

>270
71.2

107
>311

143
2080
>860
5089

>353
>1705

28
34.5

4.6
308

71.4
14.2
38.5

288
98.4
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recycling of animal wastes actually results in elevated tissue
elemental levels can only be determined by appropriate
studies.

Any widespread use of animal wastes or sewage sludge as
animal feed ingredients could be expected to be accompanied
by a need for periodic multielement and multiresidue organic
analysis of the mixture being fed. Because of the gross vari­
ability, both with time and location, of animal wastes and
especially sewage sludge, obtaining representative samples
for analysis, which accurately reflect the average level of each
element or residue being fed, would be a difficult problem. The
cost of such representative analyses would detract from the
economic gain of using these waste products as animal feed
ingredients.

The results of this work indicate that the levels of most
inorganic elements are considerably higher in animal wastes
and sewage sludge than in traditional animal feeds. These
findings suggest that the safety of using animal wastes, sewage
sludge, and multiple recycled animal wastes, both with respect
to animal and human health, should be thoroughly investi­
gated.
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Monitoring of Polynuclear Aromatic Hydrocarbons in Water
II. Extraction and Recovery of Six Representative Compounds
with Polyurethane Foams

Dipak K. Basu and Jitendra Saxena"

Center for Chemical Hazard Assessment, Syracuse Research Corp., Syracuse, N.Y. 13210

• Flexible polyurethane foam plugs effectively concentrated
trace quantities of the six representatives of the polynuclear
family from large volumes of finished and raw waters when
the water was heated to 62 ± 2 °C and passed through foam
plugs at a flow rate of 250 ± 10 mL/min. The retention ef­
ficiencies of the individual PAH on the foams were no less
than 88% from finished water and 72% from raw water. The
purification of the concentrate was achieved by solvent par­
titioning and column chromatography on Florisil. The re­
covery of PAH from the cleanup procedure varied between
90-100%. Thin-layer chromatography coupled with fluoro­
metric detection was more sensitive and selective than gas­
liquid chromatography-flame ionization detection. The
technique described detected as low as 0.1 ng/L of an indi­
vidual PAH.

In a previous publication (I) the preconcentration of ben­
zo(a)pyrene from water with polyurethane foam plugs as
sorbent was reported. It was determined that benzo(a)pyrene
retention was almost quantitative from water spiked with the
radioactive compound when the water temperature was
maintained at 62 ± 2 °C and the now rat.e at 250 ± 10 mL/min.
The use of radiolabeled benzopyrene eliminat.ed the need for
any chemical cleanup procedure for its quantification. Es­
tablishing the general validity of the method toward other
polynuclear aromatic hydrocarbons (PAH) requires the de­
t.ermination of t.he retent.ion efficiencies of other P AH and
thus the development of an analytical method involving
cleanup of the foam extract and a selective detection method
to aid their quantification.

The choice of procedure for the separation of PAH from the
interfering classes of compounds depends largely on the type
of sample to be analyzed. No satisfactory method exists for
the analysis of PAH in drinking waters and their respective
raw waters, although abundant references are available for
their analysis in other types of samples (2-6).

In this paper, collection efficiencies of foam plugs for mix­
tures of benzo(a)pyrene, fluorant.hene, benzo(j)fluoranthene,
benzo(k)fluoranthene, indeno(l,2,3-cd)pyrene, and ben­
zo(ghi)perylene from water are reported. A cleanup procedure
is described which is capable of removing impurities intro­
duced from water and foam plugs to t.he extent necessary for
their interference-free detection. The compounds selected are
regarded as representatives of the whole polynuclear family,
and examination of drinking wat.ers for the presence of these
PAH has been recommended by the World Health Organi­
zation (7).

Experimental

Materials and Reagents. The PAH compounds, ben­
zo(j)fluoranthene (BjF) and benzo(k)fluoranthene (BkF),
were obtained from J. F. Monkman, Air Pollution Control
Directorate, Ot.tawa, Canada. Fluoranthene (FL), benzo(a)­
pyrene (BaP), indeno(I,2,3-cd)pyrene (IP), and benzo(ghi)­
perylene (BPR) were obtained from Aldrich Chemical Co.,
Inc. Each compound was at least. 99% pure as verified by gas
chromatographic and TLC-fluorometric analysis. All the

solvents used were "Distilled in Glass" grade, and other
chemicals were e"ither chromat.ographic or analytical grade.
Polyurethane foam plugs (referred to as Identi plugs by the
manufacturer) were obtained from VWR Scientific Co.

Water Samples. Laborat.ory tap water was used as a rep­
resentative finished water. Water from Onondaga Lake
(Syracuse, N.Y.) was chosen in retention studies with raw
wat.er since it. would represent. a worst possible case of raw
drinking water source (total suspended = 102 mg/L; tot.al
dissolved solids = 2.4 giL.

PAH Separation and Analysis. PAH analysis was per­
formed using t.wo techniques: gas-liquid chromatography-FlD
detection and thin-layer chromatography-fluorescence de­
tection. A Hewlett-Packard 5730A gas chromatograph with
a dual-name ionization detector and a linear temperature
programmer was operated in a differential mode. The
matched columns consisted of 6 [t X 'Is in. stainless steel
packed with 3% Dexsil-300 on chromosorb W (AW, DMCS
t.reated, 100-120 mesh). The chromatograph was programmed
in the following manner: initial temp: 200°C; initial delay: 2
min; program rate: 4 °C/min; final temp: 290°C; final delay:
8min.

The stainless steel inject.ion port liner was kept at 250°C
and t.he detector block at 300°C. To avoid ghost peaks, the
use of aluminum foil backed septa (Metasep, Alt.ech Assoc.,
Inc.) was found necessary. For injection of samples, a solvent
flush t.echnique (8) was used to prevent injection error. The
GLC conditions used failed to separate the isomers-ben­
zo(j)-fluoranthene and benzo(k)fluoranthene-and t.herefore
combined values are presented. The quant.ification of these
PAH was based on the response obtained with 1:1 mixture of
the two compounds.

Thin-layer chromatography was performed using aluminum
oxide:acetylated cellulose plates which were prepared as de­
scribed by Borneff and Kunte (9) except that 2% (w/v)
CaSO.·2HzO (200 mesh) was added to the slurry to increase
binding of t.he layer to the surface. The plates were developed
in two dimensions: n-hexane:benzene (4:1, v/v) and metha­
nol:ether:water (4:4:1, v/v).

The emission and excitation spectra used for identification
of t.he suspected PAH spots were run directly on the plates at.
room t.emperat.ure with an Aminco t.hin-film scanner attached
to an Aminco-Kiers spectrophotofluorometer. This procedure
eliminat.ed t.he losses usually encountered during removal of
PAH spots for fluorescence measurement in solvents and the
interferences arising due to solvent interactions.

For quant.ificat.ion of t.he spot.s, the excit.at.ion wavelength
was fixed at 365 nm, and the fluorescence intensities were
measured at the following wavelengths (nm): FL:458, BjF:427,
BkF:428, BaP:427, IP:467, and BPR:416. During quantifica­
tion, any day-to-day variation in the intensity of the light
source was corrected by measuring the intensity with a stan­
dard quinine sulfat.e spot..

Cleanup Procedure. During the concentration of PAH
from water on foam plugs, several other contaminants were
also concentrated and some of these got eluted during PAH
elution. In addition, several impurities belonging to foam were
also leached during the elution process. The latter impurities
could be partially eliminated only by precleaning of the plugs
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Figure 2. Purification efficiency of cleanup procedure

Determination of Retention Efficiencies of PAH on
Foam Plugs. The retention efficiency of the foam plugs for
the PAH was determined with spiked water contained in a
glass bottle. Initially, the retention efficiency was determined
at a concentration of 25 "gIL for each PAH that could be de­
tected by GLC-FID. Experiments were later conducted to
evaluate the retention efficiency at lower PAH concentrations;
concomitantly, large sample volumes and the more sensitive
TLC-fluorometric detection method were employed.

In experiments with higher concentrations, 4 L of spiked­
finished water was passed through one foam plug, and the plug
was eluted. To account for the PAH adsorbed on the walls of
the bottles holding the spiked samples, the bottle was washed
with acetone and benzene and the washings were added to the
foam eluate. The combined extract was concentrated, and
PAH determined by GLC-FID. Purification of the concen­
trate was unnecessary because of relatively higher added PAH
concentrations and lower levels of impurities.

Retention of PAH on foam plugs from large volumes of
water was examined with both raw and finished waters. The
sample volume was 60 L for finished water and 30 L for raw
water. Water was spiked with a PAH mixture in a 12-gal Pyrex
glass bottle to a concentration of 500 nglL for fluoranthene
and 100 nglL for all others. Following mixing for an hour with
a Teflon magnetic stirrer, the spiked water was passed through
foam columns maintaining optimum conditions for retention.
Foam columns were changed after every 20 L in the case of
finished water and every 10 L for raw water (I). Foam plugs
were eluted, and the eluate was concentrated and subjected
to the full cleanup procedure. Quantification of PAH in the
eluate was performed by the TLC-fluorometric method.

The actual PAH concentration in the aqueous phase (as
contrasted with the amount added) was determined by ex­
tracting two 1-L aliquots of spiked water, one at the beginning
and the other at the end of the PAH preconcentration pro-

..-. 4_. 8" '12'- 1'6' "2'0" '24' 28" "32" '3'6

Time(min.)

Cyc.1ohexane layers, Discard

1.) Add 120 ml d1etllled \,later
2.) Extract with 2 x 40 011 c c.1ohexane

Combined DMSO Layer

Figure 1. Flow chart of cleanup method

Elute \,lith 125 mt benzene

Concentrate eluate to 0.1 mt and subject to quantification

Concentrated foam extract (10 ml)

IWash with 2 x 60 ml 4:1 methanol:water

~--- I
Cyclohexane layer Methanol/Water I Discard

raSh with 2 x 60 011 distilled water

Cyclohexane layer Aqueous layer, Discard

rxtract with 3 x 20 011 DMSO

with cyclohexane and/or benzene by batch or soxhlet extrac­
tion. The impurities interfered with the analysis of PAH;
therefore, efforts were directed to devise a cleanup procedure.
The levels of impurities and subsequently the extent of
cleanup necessary are directly dependent upon the sample
volume and number of foam plugs employed for concentra­
tion. Our estimates based on the available data concerning the
levels of PAH in drinking water (7, 9) showed that a sample
volume of 60 L would be adequate for detection of PAH.
Earlier studies (I) showed that four foam plugs would effec­
tively concentrate PAH from 20 L of finished water. In view
of this information, studies were undertaken to devise a
cleanup procedure to remove interfering substances, intro­
duced from 60 L tap water and those leached from 12 foam
plugs.

Sixty liters of unspiked finished water was passed through
six precleaned (1) foam columns each containing two plugs,
in three successive steps maintaining the water temperature
at 62 ± 2 °C and flow rate of 250 ± 10mL/min. Each column
was eluted with 30 mL acetone and 125 mL cyclohexane. The
combined extract was concentrated (I) and subjected to
cleanup. At no time was the PAH mixture allowed to proceed
to complete dryness since this has been shown to result in loss
ofPAH (6).

The first cleanup step consisted of a solvent partitioning
procedure of Hoffmann and Wynder (1) as modified by
Acheson et al. (11). However, this procedure alone was inad­
equate, and additional cleanup involving a short Florisil col­
umn was found to be necessary for further separation from
impurities. Chromatographic grade Florisil (60--100 mesh) was
washed with methanol and 1:1 hexane:benzene and activated
for at least 4 h at 130°C. The Florisil was cooled to room
temperature, and 8 g was transferred to a glass column (1.5
X 30 em) with benzene by slurry method and washed with an
additional 100 mL of benzene prior to passing sample con­
centrate through it. The flow chart illustrated in Figure 1
depicts the complete cleanup procedure.

The recovery of PAH from the cleanup procedure was de­
termined by spiking the eluate prepared from the foam plugs
exposed previously to finished water, and subjecting it to the
full cleanup procedure. The PAH recovered were quantified
by GLC-FID analysis. The contribution of the PAH from
finished water was below the detection limit of FlO.

Cyc.1ohexane layers DHSO/Water, Discard
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cedure. The extracted cyclohexane layers from the two steps
were combined and concentrated. Following cleanup, the
extract was concentrated to 0.1 mL and subjected to TLC­
fluorometric analysis for the quantification of the six PAH.
The determination of PAH concentration in the aqueous
phase eliminated the need for quantification of PAH losses
due to adsorption to the holding bottle and determination of
the background PAH concentration in the unspiked water.
Results are expressed as averages of duplicate analyses.

Results and Discussion

The chromatogram of the uncleaned foam eluate shown in
Figure 2 points out that a cleanup procedure was required
prior to quantification. During the development of the cleanup
method, considerable effort was devoted to justify the ne­
cessity and verify the reliability of each step. Since PAH are
known to form charge-transfer complexes, DMSO was se­
lected to obtain an aromatic hydrocarbon enriched mixture
largely separated from alkane impurities. Acheson et al. (II)
have shown that extraction efficiency for the six PAH from
cyclohexane by DMSO is almost quantitative. The gas chro­
matogram of the foam eluate after purification by solvent
partitioning is shown in Figure 2. Several impurity peaks re­
main in the PAH region, suggesting the necessity of further
cleanup. These impurity peaks were eliminated by chroma­
tography on a short Florisil column. The recovery of PAH
from the entire cleanup procedure obtained on PAH-spiked
foam eluate is presented in Table I. The data show quantita­
tive recovery for each PAH.

The cleaned-up eluate, when subjected to thin·layer chro­
matography, showed three fluorescent spots. Since these
impurities could be seen in the foam eluate without exposure
to finished water, they originated either from the foam or el­
uating solvents. Thin-layer chromatography of the concen­
trate from solvent blank proved that these impurities were
contributed from the foam plugs and not from solvents. The
impurities were not detected by gas-liquid chromatography
since only a small portion of the total concentrate was in·
jected.

Thin-layer chromatography of the cleaned-up foam eluate
spiked with the standard PAH mixture showed that one of the
impurity spots did not cause any interference. Of the other
two spots, one remained unresolved with BPR and the other
with FL. Matching of the fluorescent emission and excitation
spectra of the impurities with the spectra of the model PAH
compounds (Figure 3) revealed that one spot was BPR and
the other a composite of an unidentified compound super­
imposed on a spot recognized as FL. The unidentified com­
pound exhibited its emission minimum at FL emission max­
imum and thus presented no problem in quantification of FL.
The presence of trace amounts of FL and BPR in plugs ne­
cessitated running a foam blank with each batch of foam plugs
and correcting the values of BPR and FL obtained in samples.
The foam plugs used in this study contained 70 ng FL and 10
ng BPR per 12 foam plugs.

PAH have a tendency to adsorb to solid surfaces including
on the surface of the glass bottle used for holding the spiked

Table I. Recovery of Overall Cleanup Method
Determined by Gas-Liquid Chromatography

Amt of std Ami of sid %
Compound added (J..!g) recovered (J.Lg) Recovery

FL 10.0 8.97 89.7

BU+k)F 20.0 20.2 101.0

BaP 10.0 10.0 100.0

IP 10.0 8.93 89.3

SPR 10.0 9.15 91.5
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Figure 3. Fluorescence emission and excitation spectra of model PAH
compounds obtained directly on plate

Table II. Amount of PAH Unaccounted for as a Result
of Mixing with Water in a Glass BoUie. Water Volume:
60 L; BoUie Capacity: 12 Gal

Conen on
basis of ami Conen found

added to water In aq phase
Compound (ng/L) (ng/L) % PAH losses

FL 500 278.6 44.3

BjF 100 48.3 51.7
SkF 100 51.7 48.3
SaP 100 36.4 63.6

IP 100 25.5 74.5

BPR 100 22.6 77.4

sample. In evaluating the retention efficiency of foam plugs
for PAH, it was necessary to account for these losses. Table
II shows the amount of each PAH actually added and that
recovered from the aqueous phase. The PAH losses amount
to as high as 77.4% in the case of BPR. Similar losses have been
noted by Acheson et al. (I1). Direct leaching of the bottle with
solvents and quantification of the leachate showed that over
90% of these losses could be accounted for by bottle adsorption
alone. To account for these losses in foam retention studies,
two different approaches were used depending upon the
sample volume and the size of the bottle used. In experiments
with sample volumes that could be contained in a 5-L bottle,
it was possible to eluate the adsorbed PAH from bottle surface
and thus correct for these losses. Similar leaching of adsorbed
PAH was not feasible with a 12-gal bottle which was used to
hold larger sample volumes. In these experiments, therefore,
the actual concentration of PAH in the aqueous phase of the
spiked samples was experimentally determined following
equilibration with the holding bottle.

Foam retention efficiencies of the six PAH from spiked
laboratory tap water at 25 ppb are shown in Table III. The
data confirm that polyurethane foam plugs under suitable
conditions not only effectively concentrate benzo(a) pyrene
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Table III. Foam Retention Efficiencies for PAH from
Treated Water. Water Source: Laboratory Tap Water;
Water Volume: 4'L; Concn of Each PAH: 25 ppb;
Detection Method: GLC-FID

Table V. Foam Retention Efficiencies for PAH from
Raw Water. Water Source: Onondaga Lake; Water
Volume: 30 L; Concn of Fluoranthene: 500 ppt; All
Others: 100 ppt; Detection Method: TLC-Fluorometric

Ami added to
Compound water tug) % Retention

FL 100 100

BjF 100
88 8

BkF 100

BaP 100 81

IP 100 89

BPR 100 91

8 Combined value given since the compounds could not be separated on the
GLC column.

Ami retained
Cone" In by loam from 1 L

aqueous pha.. of wat.r %
Compound (ng/L) (ng) Retention

FL 289,1 343.7 118.9

BjF 77,6 94.0 121,1

BkF 66,1 55,6 84,1

BaP 74.5 59.7 80.1

IP 85,2 61,2 71,8

BPR 23,9 28.3 118.4

8 Combined values given since the compounds couk! not be separated on the
GLC column.

Table VI. Limit of Detection of PAH with Foam
Preconcentratlon Coupled with TLC-Fluorometric or
GLC-FID Method

GLe-FIO detection

10.1 8 3.4 8

Limit In 60 L
water
(ng/l)

4,5

11,9 4,0

14,7 4.9

14.9 5.0

Absolute IImll
(ng)

13.6

TLC-fluorome'rlc detection
Llmtt In 80 L

Absolute limit water
Compound (ng) (ng/l)

FL 140,0 2.3
BjF 7,5 0,1

BkF 5,0 0,1

BaP 10,0 0,2

~ 1~0 ~2

BPR 20,0 0,3

Ami retained
Cone" In by foam trom 1 L

aqueous pha•• of water %
Compound (ng/l) (ng) Retention

FL 278.6 260.4 93,5

BjF 48,3 47,4 98,1

BkF 51,7 50.6 97,9

BaP 36.4 33,6 92,3

IP 25,5 23,9 93.7

BPR 22,6 19.8 87,6

Table IV. Foam Retention Efficiencies for PAH from
Treated Water. Water Source: Laboratory Tap Water;
Water Volume: 60 L; Concn of Fluoranthene: 500 ppt;
All Others: 100 ppt; Detection Method: TLC­
Fluorometric

but other PAH as well. Foam plugs concentrated PAH almost
quantitatively from finished water at lower concentrations
also (Table IV). The high PAH retention efficiencies were also
maintained with heavily polluted surface waters (Table V).
It is unclear why the retention values for FL, BjF, and BPR
are well above 100%. A possible explanation for this may be
the inability of cyclohexane extraction to quantitatively re­
cover these PAH from the heavily polluted water; this will give
rise to lower PAH concentration in the aqueous phase than
actually present. In this context, it is of interest to mention
that Acheson et al. (l1) have noted a difference in the ex­
traction efficiency of dichloromethane for the two PAH­
pyrene and benzo(ghi) perylene from waters containing sus­
pended solids.

Recovery studies with the mixture of six PAH could not be
undertaken at concentrations lower than 100 ppt because of
the difficulty in PAH quantification in the aqueous phase by
direct extraction. Experiments with radiolabeled BaP (l) have
shown that retention is quantitative at concentrations as low
as 2 ppt; thus, it is not unlikely that other PAH will also be
efficiently retained at such low concentrations. The ability of
foam plugs to effectively retain PAH at such a wide concen­
tration range is valuable from the point of view of field mon­
itoring where large fluctuations in concentrations may be
encountered.

Table VI shows the detection limits of the six PAH using
the polyurethane foam preconcentration method with
GLC-FID or TLC-fluorometric analysis. The detection of FL
and BPR in TLC-fluorometry is restricted by the background
levels of these compounds contributed from the foam plugs.
Their detection limit is assumed to be twice the background
fluorescence level. In the case of the GLC-FID method, the
detection limits for PAH are based on a minimum output re-

sponse of five times the background noise level and a maxi­
mum sample loading volume of 5 ILL from a total of 100 ILL
concentrate.

Conclusions

Polyurethane foam plugs are excellent for preconcentration
of the six representatives of the polynuclear family from fin­
ished and raw waters. The cleanup procedure devised is ca­
pable of separating PAH from the impurities introduced from
water and polyurethane foam. Thin-layer chromatography
coupled with fluorometric detection is more sensitive and
selective, and possesses a much larger sample capacity than
gas-liquid chromatography-FID, The overall method is con­
venient and suitable for routine monitoring of PAH in wa­
ters.
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Polynuclear Aromatic Hydrocarbons in Selected U.S. Drinking Waters
and Their Raw Water Sources

Dipak K. Basu and Jltendra Saxena·

Center for Chemical Hazard Assessment, Syracuse Research Corp., Syracuse, N.Y. 13210

• A portable sampler, which allowed control of optimum
conditions for collection of polynuclear aromatic hydrocarbons
on polyurethane foam plugs at water distributionftreatment
sites, was assembled. This instrument was emploYed for
monitoring PAH in treated and raw waters at 10 selected
water supplies in the eastern U.S. PAH were detected in the
nglL range in all the waters sampled. While the sum of the
concentration of six representative PAH in drinking waters
was small (0.9-15 ngIL) in all cases, the value determined for
a raw water was as high as 600 nglL. A considerable reduction
of PAH was noted as a result of water treatment. Whether the
P AH are actually removed or transformed to some other
compounds was not determined.

In recent years concern has been expressed over the possible
occurrence of certain carcinogenic compounds in drinking
water. A group of compounds that has received particular
attention is the polynuclear aromatic hydrocarbons (PAH).
The levels of PAH in the water environment have been ex­
tensively studied by many European researchers (1-3), but
data regarding their levels in U.S. drinking waters and their
respective raw waters are virtually nonexistent.

Although there is no epidemiological evidence to prove that
PAH in drinking water are related to the incidence of cancer,
the investigation of Poel (4) indicates that the potential
danger of continuous exposure to carcinogenic PAH through
drinking water should not be overlooked, even at low con­
centration. Borneff (5) recommends that raw waters con­
taining 0.1-1.0 I'glL of PAH should be adequately treated to
reduce their levels to the lowest possible concentration and
that raw waters containing over 1.0 I'glL PAH are unsafe for
drinking purposes even after treatment.

Although PAH levels in a few polluted (6, 7) and relatively
unpolluted (8) U.S. river waters have been reported, no pub­
lished study is available to demonstrate their degree of re­
moval in U.S. water treatment plants. The anticipated levels
of PAH in such water samples are very low and require a
preconcentration and special analytical method for their
quantification. The potential of polyurethane foam plugs for
concentration of PAH from treated and raw waters and the
subsequent method of cleanup of foam eluate for quantifica­
tion of PAH have been reported earlier (9,10). The present
investigation utilizes this method for the monitoring of these
compounds in a few selected treated waters and their re­
spective raw water supplies in the eastern U.S. The informa­
tion generated on the levels and nature of PAH has been re­
lated to raw water source and the treatment provided.

Experimental

Selection of Sampling Sites. In selecting sampling loca­
tions, several factors, such as the source of raw water,
wastes/discharges entering raw water and the treatment

provided, were taken into consideration. Ground water, in
general, has been found to contain low PAH (I 1), and inclu­
sion of one of this source as a site was to check this expectation.
Several researchers (12, 13) have indicated that activated
carbon filtration is a good treatment method for PAH removal
from water. Four of the selected sites include waters subjected
to such a treatment process. Also included in the selected sites
are water supplies of five major urban centers, each of which
serves a large number of consumers. Table I identifies the
different monitoring sites and provides information about the
raw water and the treatment provided.

Sampling Procedure. Earlier studies (9, 10) showed that
foam plugs can effectively concentrate PAH from water at 62
± 2 °C and a flow rate of 250 mL/min. Four foam plugs-two
in each column-were adequate for sampling 20 L of water.
Sixty liters of drinking water and 30 L of raw water were
sampled with a portable sampling unit assembled from a
combination of custom-made and off-the-shelf hardware
available commercially. The equipment allowed maintenance
of proper conditions for concentration of PAH in the field.

The unit consisted of the following five parts: (a) variable
water pumping unit, (b) thermostated water circulator, (c)
unit containing the column system, (d) temperature moni­
toring device, and (e) flow meter. The variable pumping unit
consisted of two oscillating pumps connected in series and
controlled by a variac. The pumping system allowed water
from the sample source to be pumped through a thermostated
water circulator to the foam columns at a controlled rate of
250 ± 10 mL/min. A Haake thermostated circulator with a
custom-made helical glass coil (25 em X 6 mm) immersed in­
side the reservoir housing through the cover plate was used
to bring the water temperature to 62 ± 2°C. Foam plugs were
held in two 25-mm i.d. Chromaflex extender-type columns
connected in series with the help of tapered glass adapters and
double-bent Pyrex tubing. The temperature of the water
passing through the columns was monitored by introducing
a water trap equipped with a thermometer. A Gilmont flow
meter calibrated to measure the flow rate of water at 62°C was
placed at the end of the sampling unit. The connections were
made with glass tubing as much as possible and only where
necessary with Tygon tubing.

The column stands, pump, variac, water trap, and flow
meter were firmly fixed on an 18 X 12 X 1(2 in. piece of plywood.
The whole unit weighing about 10 lb was transported to the
sampling site along with the thermostated circulator, an
electric timer, a 20-L Jerrican and other detachable items,
such as Chromaflex columns, thermometers, clamps, "0" rings
and connecting tubes. The purpose of the calibrated 20-L
Jerrican was to collect the effluent from the sampler and
thereby keep an exact record of the volume of water passed
through the columns. The electric timer was used to indicate
the running time of the sampler.

At the sampling location, the unit was assembled and water
from a l-L beaker placed under a continuously running

0013-936XI78/0912-0795$01.00/0 © 1978 American Chemical Society Volume 12, Number 7, July 1978 795



Table I. Details of Water Supply Systems Used as Sample Site
Type of

pollution, Dale(8) Sample
Location Supply system Water source If any Treatment provided a sampled no.

Syracuse, N.Y. City of Syracuse Water Lake Uncontaminated Copper sulfate addition, chlorination, 12-16-76
Works, Skaneateles, Skaneatel- lake water and fluoridation
N.Y. es

Buffalo, N.Y. Ward's Pumping Lake Erie Contaminated with Coagulation, activated carbon addition, 12-26/ 2
Station industrial discharge chlorination, and fluoridation 27-76

Pittsburgh, Pa. Hays Mine and E. H. Mononga- Contaminated with Lime, ferric sulfate addition, activated 1-19-77 3
Aldrich Purification hela River coke oven effluent carbon addition [two stages: (1)
Station powdered carbon, b (2) granular carbon1,

chlorination, and fluoridation

Huntington, W.Va. Huntington Ohio River Downstream from Lime, ferric sulfate and granular carbon 1-20-77 4
Water Corp. coke oven plants addition, chlorination, and fluoridation

Endicott, N.Y. Endicott Village, Dept. Ground Uncontaminated Chlorination and fluoridation 2-22-77 5
of Public Works water ground water

Hammondsport, Hammondsport Village, Keuka Lake Contaminated with Chlorination 2-28-77 6
N.Y. Dept. of Public Works agricul!lural and

vinery waste

Philadelphia, Torresdale Water Delaware Contaminated with Ferric chloride, lime, activated carbon 3-5/6-77 7
Pa. Treatment Plant River municipal waste ammonia addition, chlorination, and

fluoridation

Name withheld at Uncontaminated Copper sulfate addition, aeration, 3-17-77 8
request of plant upland water corrosion control, chlorination, and
official fluoridation

Lake George, N.Y. Lake George Village, Lake Contamination from Chlorination 3-26-77 9
Dept. of Public Works George recreational sources

New Orleans, Tap water from a motel Mississippi Downstream from Chemical treatment to control alkalinity, 5-1-77 10
La. in downtown New River industries on hardness and organics, coagulation,

Orleans Mississippi River ammonia addition, and chlorination

8 Not necessarily in the proper order of treatment, & filtration steps wherever used during the treatment are not shown. b Used temporarily.

treated or raw water tap was pumped through two foam col­
umns under the previously specified conditions. Since resi­
dence time for water in the beaker was very short, the losses
of PAH due to adsorption were assumed to be insignificant.
Both foam columns were changed after every 20 L in the case
offinished water and every 10 L in the case ofraw water, and
the sampling was continued to the desired volume. At the end
of sampling, the columns wrapped in aluminum foil and cooled
in ice were transported to the laboratory for analysis.

PAR Elution and Analysis. The procedure for elution of
PAH from foam plugs, cleanup, and quantification of fluo­
ranthene (FL), benzo(j)fluoranthene(BjF), benzo(k)fluo­
ranthene (BkF), benzo(a)pyrene (BaP), indeno{1,2,3-cd)­
pyrene (IP), and benzo(ghi)perylene (BPR) has been de­
scribed elsewhere (10).

Addition of Internal Standard and Determination of
Recovery Factor. The efficiency of PAH elution and puri­
fication procedure for each analysis was evaluated by addition
of 14C-benzo(a)pyrene as an internal standard to the foam
plugs prior to initiating any sample workup. A known amount
of the radiolabeled material (approximately 600 dpm) was
added to foam plugs, PAH eluted, purified, and concentrated
as described before. A to-ILL aliquot of the concentrate was
assayed for radioactivity by liquid scintillation counting. The
recovery factor was determined from the amount of radioac­
tivity initially added to the foam plugs.

Results and Discussion

The results of analyses of 10 treated and 4 raw water sam­
ples are presented in Table II. Data regarding the precision
and accuracy of the results are not given, since a single analysis
of each sample was performed. However, incorporation of a
cleanup recovery factor for each analysis greatly increased the
accuracy of the presented values. Although both TLC-spec­
trofluorometric and GLC-FID methods were employed in
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PAH analysis, the latter method in most cases failed to detect
PAH. The GLC-FID values in most cases were higher than
TLC-fluorometric values. This would indicate incomplete
resolution of the compounds on the GLC column. Also, the
GLC-FID values were susceptible to an error due to the large
multiplication factor involved, since only 2 ILL of the total
100-IlL concentrate was subjected to the analysis. The GLC
column used (14) failed to resolve benzo(j)fluoranthene and
benzo(k)fluoranthene. Consequently, the sum of the values
presented in Table II is derived from a standard chromato­
gram obtained by the injection of a 1:1 mixture of the com­
pounds. The combined values are uncertain, since the ratio
of the two compounds and their individual response factors
could not be incorporated in the results.

PAH were detected in the nanogram per liter range in both
raw and finished water at all locations sampled. Whereas the
combined concentration of PAH in drinking waters was small,
the value found in a raw water was as high as 600 nglL. Among
the waters sampled, a few showed all the six PAH listed. The
compounds benzo(a)pyrene and benzo(ghi)perylene were
among the most frequently detected PAH occurring 100 and
90% of the time, respectively, in all the drinking waters mon­
itored. The next most abundant PAH in drinking waters were
benzo(k)fluoranthene and indenoO,2,3-cd)pyrene, occurring
in 70% of all the water monitored. In spite of its relatively high
water solubility, fluoranthene was not widely detected. Water
samples derived from Buffalo with Lake Erie as the source
showed surprisingly lower levels of PAH. It is difficult to ex­
plain the reason for the lower levels of PAH at this location
than those determined in ground water at Endicott. In this
regard, it should be mentioned that the Buffalo samples were
collected during the severe snowstorm period in that area.

Figure 1 represents typical spectra of PAH identified in
water samples along with the spectra of the model compounds.
In each case, the solid line represents the spectra of the model



Table II. Results of Analyses of Field Samples (Values Corrected for Recovery Factor, and Traces of PAH
Contributed by Foam Plugs)

Sample no. a 1 2 2A 3 3A 4 4A 5 6 7 7A 8 9 10 b

Recovery 0.80 0.81 0.61 0.82 0.67 0.85 0.75 0.89 0.83 0.73 0.72 0.79 0.66 0.66
factor
FL concn X X X X 408.3 c 2.4 23.5 4.3 X 8.9 114.3 X X X
(ng/L) 405.9 38.0 5.5 9.0 124.8
BjF concn X X X 0.3 35.7 0.3 5.0 0.2 0.3 X 42.6 1.2 0.3 X
(ng/L) 50.2" 71.3"
BkF concn 0.4 X 0.6 0.2 19.1 0.2 3.6 X 0.1 X 33.0 0.7 0.1 0.6
(ng/L) 50.2" 71.3"
BaP concn 0.3 0.2 0.3 0.4 42.1 0.5 5.6 0.2 0.3 0.3 41.1 0.5 0.3 1.6
(ng/L) 77.1
IP concn X X X 1.2 60.4 1.2 9.5 0.7 0.9 1.7 72.4 2.2 0.9 X
(ng/L) 80.6 105.6
BPR concn 0.4 0.7 3.8 0.7 34.4 2.5 10.7 2.9 1.9 4.0 48.4 1.8 2.6 X
(ng/L) 49.8 66.2
Total concn 1.1 0.9 4.7 2.8 600.0 7.1 57.9 8.3 3.5 14.9 351.8 6.4 4.2 2.2
(ng/L) 663.6

8 The samples designed by numeral only are the drinking water, and those followed by the letter "A" are the corresponding raw water. b Values subjected to
error because the adsorbent layer on TLC plate was accidentally scraped. C The lower values indicate the concentration determined by GLC-FIO. d These values
are the sum of unresolved concentrations of these two isomers as determined by GLC-FIO. I) These concentrations could not be determined because of lack of
separation from an impurity peak.
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compounds and the dashed lines the spectra from the TLC
spot of the unknown having the same RIJ values (ratio of the
distance traveled by a specific compound to that of BaP) as
the model compound. The superimposed spectra for most
samples were significantly similar. The fact that they were not
obliterated, distorted, or even flattened out is suggestive of
the excellent resolution obtained by the TLC procedure.

In addition to the six identified and quantitated spots, a
number of unidentified luminescent spots appeared on TLC
plates from various samples. A maximum of seven and a
minimum of one such spots appeared from Huntington raw
and Syracuse drinking water, respectively. Spectrofluo­
rometric identification of these spots was not attempted be­
cause of nonavailability of matching spectra. A few of the re­
curring spectra are presented in Figure 2.

The data on the level of PAH in finished and raw waters
show a considerable reduction in PAH concentration during
water treatment. Whether the decrease of PAH concentra­
tions is due to actual removal, deactivation, or transformation
to other more carcinogenic products is not known. The re­
moval/transformation efficiencies of PAH in three treatment
plants are shown in Table III. It is evident that the treatment
process at the Purification Plant at Pittsburgh has the highest
PAH removal efficiency. This may be attributed to the fact
that the treatment process at this plant employed two stages
of activated carbon treatment (see Table I).

The concentrations of PAH detected in the drinking waters
were well below the WHO recommended value of 200 ng/L
(16). Of the six PAH quantified, three are carcinogenic and
one of them, e.g., benzo(a)pyrene, is extremely potent. On the
other hand, benzoUlfluoranthene has moderate and in­
deno(l,2,3,-cd)-pyrene has weak carcinogenicity. Whether
their presence in drinking water at the reported levels poses
any health hazard by way of bioaccumulation or synergistic
effects cannot be answered at the present time.

200 250 300 350 400 350 400 450 500 550 600
Wavelength{nml

Figure 1. Fluorescence emission (right) and excitation (left) spectra
of model PAH and those Identified in Huntington water samples
In each case, three spectra represent these spots-top: model compound,
middle: raw water. bottom: treated water

Conclusions

The sampling method developed for the collection of P AH
from raw and finished waters provides an excellent routine
method for field monitoring. The addition of ~adiolabeled
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Figure 2. Fluorescence emission and excitation spectra of recurring
unknown compounds

Table III. PAH Removal/Transformation Efficiency of
Water Treatment Processes

% Removal/transformation

PAH Pittsburgh Philadelphia Huntington

FL 100.0 92.2 89.9
BaP 99.0 99.3 91.1
BkF 99.0 100.0 94.4
BjF 99.2 100.0 94.0
IP 98.0 97.7 87.4
BPR 98.0 91.7 76.6
Total 99.5 95.8 87.7
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benzo(a)pyrene as an internal standard allows determination
of the recovery factor for each analysis and thus accounts for
any losses of PAH during elution, cleanup, and analysis. The
TLC-spectrof1uorometric method used for analysis is capable
of detecting PAH at sub-ng/L levels and provides excellent
resolution. With the application of the method, six repre­
sentative PAH were quantified in the nanogram per liter range
at all the water supplies sampled. In addition, the presence
of several unidentified fluorescent compounds was also
demonstrated. The PAH levels detected were well below the
WHO recommended limit of 200 ng/L. Health hazards to man
from the presence of such low levels of PAH in drinking water
are not clearly understood. Water treatment processes were
efficient in reducing the concentration of PAH. Further re­
search to establish the mass balance of PAH during treatment
is needed to elucidate whether reduction is due to removal,
deactivation, or transformation to more carcinogenic prod­
ucts.
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Composite Hazard Index for Assessing Limiting Exposures to Environmental
Pollutants: Formulation and Derivation

Phillip J. Walsh., George G. Killough, and Paul S. Rohwer

Health and Safety Research Division, Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tenn. 37830

• A calculational hazard index methodology is developed for
limiting human exposure to environmental pollutants. Hazard
index is defined as Q/QJ~, where Q is a measure of exposure,
such as an organ's burden of a pollutant from all environ­
mental pathways, and QL is a corresponding limit that should
not be exceeded because of health risk to human beings.
Mathematical formulations relating hazard indices to envi­
ronmental pollutant concentration are developed for each
sampling medium corresponding to each effluent mode. These
formulations are used to derive limiting pollutant concen­
trations such that the resultant measure of exposure will not
exceed the health risk limit. Mathematical formulations for
composite hazard indices for multiple pollutants are pre­
sented.

This report describes a hazard assessment methodology for
limiting human exposures to environmental pollutants such
that exposure or dose will not exceed some preselected value.
An estimation of total pollutant intake by human beings and
resulting health effects must include contributions from all
possible routes of exposure. Models must be used for esti­
mation of potential health impacts of pollutant releases that
have not yet occurred. They are also useful when measure­
ments can be made. Therefore, an assessment approach has
been developed using environmental transport models to
predict transport from point of pollutant release or mea­
surement to eventual intake and absorption by human
beings.

This assessment methodology is based on consideration of
interrelationships between environmental compartments. A
measurement in a particular sampling medium, for example,
is sufficient to calculate total human intake via all routes of
exposure from that sampling medium, within limits imposed
by model input data. The assessment methodology in part
extends an existing radiological assessment index (CUEX)
to the nonradioactive area (J, 2). Although the assessment
problems are similar, some features of radioactive releases
have facilitated assessment of their environmental impact.
Radioactive releases have been relatively small and subject
to strict controls. Possible health hazards of radiation were
recognized early in the development of nuclear technology;
thus, research on biological effects and transport ofradionu­
clides through the food chain has been underway for many
years. The pharmacological action of radionuclides has not
been considered. If only radiation effects are considered, a
common unit, the rem, is used to sum effects of several dif­
ferent radionuclides. No comparable index of effect exists for
nonradioactive pollutants. This latter point is particularly
critical in nonradioactive pollution assessment because si­
multaneous exposure to several pollutants may result in
synergistic or antagonistic effects rather than simple additive
effects. Experimental data are essential to assess these effects
and are not available for most combinations of pollutants.
Therefore, at present, the methodology is strictly applicable
to single pollutants only. The methodology provides a way to
organize and use data obtained from experimental and theo­
retical studies. In its initial stages, the methodology is pur­
posefully kept as simple as possible while still considering
multiple pollutants and multiple environmental pathways.

Transport models estimate pollutant dispersion through

air and water, deposition on soil and plant surfaces, uptake
by plants, concentrations in air and water, intake by animals,
and human exposure through inhalation and ingestion.
Physiological models estimate pollutant uptake and subse­
quent distribution among organs. Models used at the Oak
Ridge National Laboratory are described in the following
paper (3).

The overall methodology ties together pollutant emission,
environmental transport, exposure of man, and a human
health effect endpoint (for example a statutory limit or
standard, organ level, total-body burden, or specific disease
state). The methodology provides a useful technique to assess
compliance with existing standards; to suggest standards
where none exists; to estimate health effects of a given pol­
lutant release; or to estimate the amount of pollutant released
based on concentrations found in a sampling medium.

A major feature of the methodology is that it relates the
concentration of a pollutant in air or other sampling medium
to a preselected endpoint such as an organ concentration by
consideration of all pathways from point of measurement to
endpoint. Derivation of the formulation required for this
calculation is presented here.

The following paper (3) illustrates application of the
methodology to cadmium release from the smelter complex
in East Helena, Mont.

Formulation

Hazard Index. A hazard index (HI) is a quotient of some
measure of exposure of man to a given environmental pollu­
tant over a corresponding "accepted" or "selected" limit. Its
application is implied in any case where actual or estimated
exposure of total body or a critical organ or tissue to a par­
ticular agent is compared to a recommended limit. The
President's Science Advisory Committee on Chemicals and
Health (4) recommends that some index of probability of
human exposure be used to rank chemicals in the environ­
ment. It is suggested that physical, chemical, and economic
information along with information on biological effects might
be combined into an aggregate index of hazard. Such an ap­
proach has been used to rank particulate pollutants (5).
However, estimation of hazard index when a straightforward
measurement or calculation does not apply is neither simple
nor widely accomplished. When exposure of human beings to
multiple environmental pollutants via multiple environmental
pathways is of concern, complexities and lack of information
often render determination of hazard indices crude at best.
Still the concept is useful in a general way because it provides
a meaningful comparison between exposure or dose levels on
the one hand and limits based on biological effects on the
other.

The hazard index may be defined as

(1)

where Q is a measure of exposure of man to a pollutant, and
QL is a selected or established limit that should not be ex­
ceeded because of health risk to man. The determination of
Q is assumed to consider all applicable environmental path­
ways and may be based on exposure pathway models and
metabolic or physiological models to relate environmental
levels to total-body, organ, or tissue burden if QJ~ ·is stated in
these terms.
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where Qu, Qo, and Qs represent components due to intakes
through the respiratory system, digestive system, and trans­
port through the skin, respectively. We may further express
these quantities as follows:

In the following discussion, we restrict attention to the case
where Qrepresents the burejen (in /Lg, say) of the pollutant in
an organ of the body. We assume that the rate of intake into
the body from each environmental pathway is constant and
make use of the convolution

As T becomes infinite, Q(T) approaches the steady-state level,
at which the rate of deposition of material in the organ is
balanced by the organ's removal processes. For finite T (e.g.,
the life of the individual), Q(T) represents the maximum
burden attained by the organ in that time due to sustained
uptake rate I·f.

We express the organ burden Q as the sum

and must be analyzed for each specific instance. Fortunately,
this intake pathway is not usually significant in comparison
with the major pathways of inhalation, ingestion, and for some
agents absorption through the intact skin.

Equations 6-8 are illustrative and might require revision
for special cases. And a different formulation is obviously
required when Qrepresents a measure of exposure other than
organ burden. But for purposes of exposition we proceed from
Equations 6-8 as they are written.

Single Pollutant, Multiple Effluent Modes, Multiple
Pathways. Determination of the concentrations CA, CF , and
Cw defined above requires an environmental human exposure
assessment. If the relationships among the various environ­
mental compartments are understood, then measurements
in a particular sampling medium (air, water, food) can suffice,
along with transport models, to assess human intake from that
sampling medium. Measurements in at least two sampling
media, along with transport models, will be necessary to assess
total human intake if there is more than one effluent mode.

Ifonly one sampling medium contributes to human intake,
then the limiting air concentration is determined such that
intake via all environmental pathways from that sampling
medium is equal to some preselected value. Thus the limiting
air concentration, CA , for an airborne effluent with air as the
sampling medium is

CA = QI- . I[VAlli + IAFMdlJ + fAW(VwllJ + ewKwls)
+ KAis]fl- t (/Lg/cm3) (9)

where IAF = transfer coefficient from air to food (/Lg/g in foo~

per /Lg/cm3 in air), and fA w = transfer coefficient from air to
water (/Lg/mL in water per /Lg/cm3 in air). The transfer coef­
ficients IAF and lAW satisfy the equations

CF =IAFCA, Cw = fAWCA

(3)

(4)

(5)

(6)

Q(T) = I· f - f(T)

Q= QII + Qo + Qs

f(T) = J:Tr(t)dt (days)

where

Q(T) = J:T I(T - t)· f· r(t)dt (/Lg) (2)

where I is the total intake rate from all pathways (/Lg/day), f
is the fraction deposited in the organ, and r(t) is the fraction
of the organ burden retained t days after initial deposition
[r(O) = 1]. Since we treat I as being constant, Equation 1 re­
duces to

where CA = concentration of pollutant in air (itg/cm3), VA =
breathing rate of reference individual (cm3/day), fll = fraction
of inhaled pollutant deposited in the reference organ, and f

was defined in Equation 4.

where CF = average concentration of pollutant in food (/Lg/g),
MF = mass consumption rate of food (g/day), Cw = average
concentration of pollutant in drinking water (/Lg/mL), Vw =
volume consumption rate of drinking water (mL/day), and f°
= fraction of ingested pollutant deposited in reference
organ.

where CA = concentration of pollutant in air (/Lg/cm3), KA =
skin flux coefficient between air and blood (/Lg/day entering
blood per /Lg/cm3 in air), ew = fractional exposure factor of
skin to the contaminated water, Cw = average concentration
of pollutant in water used for swimming, washing, and utility
(/Lg/mL) (assumed to be from the same source as drinking
water), Kw = skin flux coefficient between water and blood
(/Lg/day entering blood per /Lg/mL in water), "i:.j = summation
taken over various products containing the pollutant sub­
stance, with which the reference individual is assumed to have
tactile contact, epj = fractional exposure factor of skin to j-th
product, CPj = concentration of pollutant in j-th product
(/Lg/g), Kpj = skin flux coefficient between j -th product and
blood (/Lg/day entering blood per /Lg/g in the product), and fs
= fraction of skin-absorbed pollutant deposited in the refer­
ence organ.

Entry through a break in the skin or a wound, an intake
pathway not considered above, is not generally quantifiable

for steady-state concentrations C A,CF, and Cw, where CFand
Cw are attributable exclusively to the deposition of airborne
material. The coefficients IAF and fA W may therefore be
determined by environmental transport models restricted to
an assumed atmospheric release and driven to steady state.
Equation 9 is derived by substituting Equations 6-8 into
Equation 5, deleting the contribution "i:.jepjCpjKpj from ex­
posure to consumer products, setting Q = QI-, and solving for
CA = CA.

For a liquid effluent with water as the sampling medium,
the limiting water concentration is

Cw = QI- . I[fwFMFfo + VwllJ + ewKwlslf\-1 (/Lg/mL)
(10)

where IWF = transfer coefficient from water to food.
When both effluent types and consumer product exposure

are present, we may proceed from the inequality Q ~ QI- and
Equations 5-8 to write

[(VAlli + fAFMFIIJ + KAfs)CA + (fwFMFfIJ + Vwlo

+ ewKwfs)Cw + fs 7epjKpjCpj] f :S QI- (ll)

in which we have made use of the relationship

CF = CAfAf-+ CWfWF

The inequality (Equation II) may be recast as

CA/C~ + Cw/C'w + I: CPj/CPj ~ I (12)
j

where
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c*A

Figure 1. Geometric interpretation of concentrations of a pollutant in
air and water for atmospheric and liquid effluent modes
Shaded region (inequality 12' and Equations 13 and 14) corresponds to con­
centration pairs CA , Cw for which limiting organ burden QL is not exceeded

C~ = QL' [(fwpMdD + VWID + ewKwls)F]-1 (14)

CPi = QL' (epjKpi/sF)-1 (15)

We note that Cw = C~ and that CA reduces to C~ when lAW
= O. For nonzero lAW, the difference of CAand C~ expresses
the contribution of the atmospheric pathway to the aquatic
pathway.

When the consumer product exposure pathway is absent,
the inequality 12 simplifies to

(12')

which is equivalent to HI = Q/QL .:S 1.
The inequalities 12' and CA > 0 and Cw > 0 correspond to

the shaded region in Figure 1. The analysis can be extended
to higher dimensions when other pathways must be consid­
ered, as we have already seen with the inclusion of the con­
sumer products terms in inequality 12.

The above discussion illustrates the major features of the
hazard index methodology for a single pollutant. As envi­
ronmental transport models evolve for determination of lAP,
IAW,lwp, etc., so will the methodology concept. As more
complicated kinetic processes are incorporated into the
models, such as photochemical, chemical, or biological alter­
ations of pollutants, application of the methodology will be­
come more precise.

Formulation of Composite Hazard Index for Multiple
Pollutants. We consider measures of exposure Qto Q2 to two
pollutants, such as burdens in an organ. Associated with the
presence of either or both is assumed to be a discernible effect
that can be used to quantify limits.

We conceive of a series of experiments in which various
cOJTlbinations of the two toxicants are introduced into the
tissues at risk. For a given level of Q I, we imagine an increase
in Qz until the limiting effect is observed, and the process is
repeated for other levels of Q I. The results might be visualized
as in Figure 2, where the plotted x's represent the attainment
of the limiting effect. A model for the limiting curve on which
the x's lie might be hypothesized as

F(QI, Q2) = AIQI + A2Qz + BIZQIQz = 1 (16)

which describes a conic section in the Q to Qz plane. Our
problem may be viewed as that of estimating the parameters
A I, Az (both positive), and BIz in order that we might control
the biological availability of the pollutants in such a way as
to keep

(17)

The coefficients in Equation 16 have the following interpre­
tations: All = limiting burden ofQI in the absence of Q2, A2"1

Figure 2. Conceptual experimental data points (x's) representing joint
critical tissue concentrations of two pollutants for which an effect is
observed
Curve represents a conic section (Equation 16) fitted to the data. Figure drawn
to suggest case of interactive reinforcement (812 > 0)

= limiting burden of Qz in the absence OfQI, BIZ = interaction
term which characterizes the synergistic effect of both agents:
BIz> 0 implies reinforcement, BIZ < 0 implies interference,
and BIZ = 0 implies no interaction (the conic section degen­
erates to a straight line). These interpretations may be visu­
alized as in Figure 3. The inequalities F(QIo Q2) < I, QI > 0,
and Qz > 0 correspond to the shaded region bounded by the
conic section given by Equation 16 and the coordinate axes,
as shown in Figure 2 for the case B I2 > O.

Generalization of the formulation to higher dimensions is
straightforward:

N N i-I
F(Q" . . , QN) = L AiQi + L L BijQiQi

i=1 j=l i=l

+ higher-order interaction terms (18)

In general, however, it is doubtful that sufficient experimental
information could be generated for estimation of higher-order
interaction coefficients.

To illustrate the application, consider environmental levels
of pollutants 1 and 2, with air concentrations CAl, CA2. The
equation for one pollutant is Equation 9. The limit for two
pollutants is reached whenever

F(QI, Qz) = A1EICA •1 + AzE2CA ,Z + BI2EIE2CA.ICA.Z = 1
(19)

where

Ek = [VAIR.k + IAP.kMpfD.k + KA.kfs.k + (fWP.kMpfD.k
+ VWfD.k + ewKw.kfs,k)fAW,k]Fk, k = 1,2 (20)

The notations are as before, except that the subscript k is

L---------=-----Ol
-1

At

Figure 3. Curves representing conic section model (Equation 16) of
burdens of two pollutants in an organ for positive, negative, and zero
values of interaction coefficient 8'2
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appended to those parameters that are specific to the pollu­
tant. The derivation of Ek proceeds from Equations 5-8 (with
appropriate additions of subscript k and deletion of the con­
sumer product sum) and the relations

CF.k = CA.kfAF.k + Cw.kfwF.k

CW.k = fAW.kCA.k
and

Qk = EkCA.k

with the last being substituted into Equation 16 to obtain
Equation 19. It should be noted that the interaction charac­
terized by BIz is biological rather than environmental. The
derivation of Ek (Equation 20) assumes independent trans­
port of the two chemical species through the environment, an
assumption that may be false for some pairs of pollutants.

From the foregoing discussion, we see that each critical air
concentration pair (CA.I, CA.Z) lies on the curve defined by
Equation 19. Moreover, when a concentration pair converts
Equation 19 into a >1 inequality, the image burdens (QI, Q2)
in the reference organ lie outside the shaded region in Figure
2, which implies unacceptable composite levels.

The above analysis applies for multiple pollutants in one
sampling medium which produce the same biological effect.
The application may be extended to incorporate multiple
effluent types and multiple sampling media in a manner
similar to that given above for single pollutants.

Multiple Pollutants, Different Biological Effects. The
discussion of multiple pollutant effects given above applies
strictly only if the multiple pollutants affect the same target
organ and influence the same biological effects. If the pollu­
tants affect different organs or produce different biological
effects in the same or different organs, then other consider­
ations must be included in the model. For example, each
pollutant may have to be weighted according to its influence
on the total well being of the organism. Research along such
lines should eventually lead to a comprehensive approach for
determination of composite hazard indices.

Conclusions

It is conceptually feasible to determine multimedia, mul-

tipathway, and multipollutant composite hazard indices such
that control of pollutant concentrations in one or two sampling
media (corresponding to one or more effluent modes) will
assure that total human intake will not exceed some prese­
lected value. These composite hazard indices are site specific
in terms of emission sources and sampling media, but there
is no conceptual barrier to determination of indices for mul­
tiple sources as well as multiple pathways to the sampling
medium.

Composite hazard indices conceptually provide an interface
between human exposure assessments and human health risk
assessment. Their practical determination, however, requires
detailed knowledge of source emission characteristics, envi­
ronmental transport processes, metabolism in man, and bio­
logical effects. Thus composite hazard indices provide a
framework to assimilate such knowledge and to point out
where more research is needed. Their application will be more
definitive as information develops; however, it is certain that
such concepts will have to be applied conservatively before
all desired information is available.
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Composite Hazard Index for Assessing Limiting Exposures to Environmental
Pollutants: Application Through a Case Study
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and Bradford L. Whitfield4

Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tenn. 37830

Application of the composite hazard index assessment
methodology (1) requires implementation of atmospheric,
terrestrial, and aquatic transport models and selection of an
exposure or dose limit that should not be exceeded because
of health risk to man. Models in present use at Oak Ridge
National Laboratory for this purpose are: an atmospheric
transport model (ATM), based on a Gaussian plume model
(2, 3) capable of predicting wet and dry deposition and air
concentration of gaseous and particulate pollutants at various
receptor points located within 50 km of a source or sources;

I Health and Safety Research Division.
2 Instrumentation and Controls Division.
3 Computer Sciences Division.
4 Environmental Mutagen Information Center.

a terrestrial transport model, TERMOD (4,5), which uses the
output of ATM in I'g/m2/day of pollutant deposition on soil
and plants as inputs and yields intakes of pollutants by man
through consumption of milk, beef, and plant parts; and an
aquatic transport model, AQUAMOD (6), which is being de­
veloped to simulate pollutant now through aquatic food
chains.

The human exposure or intake determination, based upon
transport models, may be linked to the exposure concentration
of dose limits for organs by physiological transport models.
The physiological models used in each application will vary
with the properties of the pollutant being studied. The model
discussed by Friberg et al. and Kjellstriim (7,8) was used for
the assessment of cadmium release described in this paper.

Selection of an exposure, dose, or concentration limit de-
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• The composite hazard index assessment methodology
described in the previous paper is applied to cadmium releases
from a smelter complex in East Helena, Mont. Environmental
transport models are used to estimate cadmium dispersion
through air, concentrations in air, deposition on soil and plant
surfaces, uptake by plants, intake by animals, and human
intake through inhalation and ingestion. A physiological
model is used to estimate cadmium uptake and distribution

Table I. Average Cadmium Concentrations

Helena
Sample Valley East
medium U.S. (7) ( 11) Helena

Air (/lg Cd/m) 0.02 Urban 0.03 0.06-0.29
0.003 Nonurban

Water (/lg Cd/L) <10 <10 <10

pends upon knowledge of biological effects of the particular
environmental pollutants of concern. Selection of kidney
cortex as the critical tissue for cadmium is based on a review
of cadmium toxicity (9).

Selection of Case Study

Selection of Cadmium as Pollutant. Cadmium is a toxic
heavy metal used widely in a variety of consumer products.
It produces acute health effects when inhaled or ingested at
high concentrations and chronic effects at lower concentra­
tions. As a ubiquitous element in the environment, it is found
in normal diet and in air in most urban areas. It is excreted
from the body extremely slowly, accumulating to potentially
toxic levels when intake is sufficient. As an environmental
pollutant of increasing importance due to increasing com­
mercial use and fossil fuel combustion and as a pollutant about
which health effects data are available, cadmium is well suited
for testing the methodology (7,9, 10).

Selection of Limiting Physiological Concentration. The
endpoint chosen for calculation of a limiting air concentration
for cadmium release is 200 /lg Cd/g wet weight of kidney cortex
(i.e., QL = 200 /lg Cd/g). From epidemiological and experi­
mental studies, kidneys are the long-term target organ for
low-level exposure to cadmium. A concentration of 200 /lg
Cd/g wet weight of kidney cortex is generally accepted as a
level above which kidney damage occurs. At constant exposure
levels the increase in cadmium concentration in kidney is al­
most linear through age 50 years. The calculations in this re­
port are intended to prevent accumulation above 200 /lg Cd/g
wet weight kidney cortex in a 50-year period, assuming a total
kidney weight (two kidneys) of 300 g and a fractional ab­
sorption into the blood of 0.05 for ingestion and 0.25 for in­
halation. One-third of the cadmium in the blood is assumed

among human organs. A review of toxicological information
on cadmium results in the selection of200 /lg Cd/g wet weight
kidney cortex as a cadmium concentration that should not be
exceeded due to health risk. A limiting cadmium air concen­
tration is calculated as that air concentration that will limit
the accumulation of cadmium within the human kidney cortex
to below the 200-/lg/g level over a 50-year exposure period.

to be taken up by the kidney. Excretion is assumed to be
0.005% of total body burden per day (7-10).

Selection of Helena Area. CUMEX is a site specific as­
sessment methodology; therefore, a site of cadmium release
was selected where source data and other input data for the
transport models were available. A study of the U.S. Envi­
ronmental Protection Agency (EPA), conducted between June
1969 and June 1970, provided the required data for an area
around East Helena, Mont., site of a lead smelter and slag
processing facility (11). Cadmium is one of the major pollu­
tants released from this smelter complex.

Environmental Concentrations of Cadmium. Average
cadmium concentrations in air and water for the United States
as a whole and for the Helena Valley and East Helena are
given in Table 1. Average cadmium concentrations in foods
are quite variable but usually less than 0.05 /lg Cd/g wet weight
(10)

Table II shows the cadmium concentration in items of se­
lected food categories given on a wet weight (/lg/g) basis. The
cadmium concentration values have been taken from a num­
ber of different source documents (7, 10, 12-17) as listed in
Table II. Table II also gives the daily intake of cadmium for
each of the major food categories with the daily cadmium in­
take value for all categories given at the bottom of the
table.

Because of differences in the amount of consumption of
various foods within a category, an average of the range of
concentrations of cadmium in foods cannot be used. This
becomes obvious when food categories are further broken
down into individual items and fresh vs. processed foods.

East Helena and Helena Valley figures are based on the
assumption that only 12% of the garden vegetables consumed
there are grown locally and that the other 88% of the diet is
shipped in from other areas.

Daily intake values given in Table II are based on a daily
food intake of 1.75 kg as compiled by the U.S. Department of
Agriculture (18) rather than 0.2-2.5 kg per day as usually re­
ported for the United States (7, 10, 16). Extrapolation from
intake values in Table II to those arising from intake of 2.0-2.5
kg per day gives the following daily intake of cadmium: aver­
age U.S., 128-160 /lg; Helena Valley, 170-113 /lg; and East
Helena, 222-278 /lg.

Table II. Average Daily Intake of Cadmium as a Function of Diet for the U.S. and the Study Site in Helena, Mont.
Consumption Cadmium

g/day conen Av Intake (JJ9/day)
Food edible range Helena east

category portions (",gIg wet wi) U.S. Valley Helena Refs

Meat. fish. poultry 245 0.03-0.054 11.9 123 15.5 7, 12, 13
Vegetables, potatoes 434 0.038-0.090 31.5 69.2 109.4 7, 10. 12, 14. 15
Fruits, juices 179 0.040-0.070 12.0 11.4 13.0 10, 15
Dairy products, eggs 486 0.021-0.028 13.3 133 13.3 16, 17
Grain products 177 0.026-0.211 21.8 21.8 21.8 14
Fats, oils (coffee, tea) 81 001-0.04 2.7 2.7 2.7 7
Sugars, sweeteners 149 0.04 6.0 6.0 6.0 7
Water and beverages 1270 0.01 12.7 12.7 12.7
Total from food 1751 99.2 1367 181.7
Total including water and beverages 111.9 149.4 194.4
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Table III. Source Data for East Helena Smelter Area 0) G (0
ASARCO Anaconda

Stack height 122m 36 m 0) GStack radius 2.44 m 1.38m
Stack gas velocity 8.2 mls 2.1 mls
Stack gas temperature 127°C 121 °c e G 0)Particulate emissions 56 gls 112 gls G GParticle size Unknowns Unknowns e G
Particle density Unknown b Unknown b

Cd concn in particulate 200-1000 200-1000 e (9
emissions ppm c ppm c

Plume rise parameters (0 0) 8 (0PKAPPAd 877 155
QKAPPAd 235 100 e (9
8 Simulations made for several particle diameters (0.1,1.0,5.0, 10.0.20.0 g

J1.). b Assumed to be 7 g/cm3. c 1000 ppm used in calculations. d Values de- e G 0) 8termined from consideration of stack gas velocity, stack radius. stack gas
temperature, wind speed and other factors and used to calculate increase in (0 0) G
effective stack height (plume rise) due to buoyancy of the plume (3).

0) e
Cadmium Standards. There are no standards set for

cadmium in food products or ambient air; however, a World
Health Organization Report on food additives proposed an
intake limit of 400-500 Ilg Cd per week (19). A threshold limit
value (TLV) of 100 Ilg/m3 of air is established for occupational
exposure to cadmium (20, 21). The maximum permissible
concentration of cadmium in drinking water is 0.01 ppm (10
Ilg/L) (22).

milu

Figure 2. Average air concentration of cadmium (5 Il) around East
Helena smelter (mg/m3 )

Figure 1. Average deposition of cadmium (5 III around East Helena
smelter (mg/m2/month)

Application

Atmospheric Transport Model (ATM). Input Data.
Input data necessary to apply the methodology to cadmium
release from the smelter complex in East Helena, Mont., were
obtained from the open literature. Source data were taken
from ref. 11. The two sources considered, the American
Smelting and Refining Co. (ASARCO) lead smelter and the
Anaconda slag processing facility, are located side-by-side in
East Helena. Table III lists source data.

8
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Meteorological data given in ref. 11 included monthly wind
rise data for six velocity groups ranging from 0 to 12.5 mis,
percent occurrence of stability classes A-F, average monthly
and yearly rainfall, and average yearly rainfall intensity.

Terrain surrounding the smelter complex was assumed to
be grassland with a surface roughness factor of 0.15 m (2).
Receptor points were uniformly spaced, eight each at distances
of 1 and 2 miles, and 16 each at distances of 4 and 8 miles, for
a total of 48.

ATM Output Data. Output from ATM includes wet and
dry deposition values and air concentrations of cadmium at
each of the 48 receptor points for each quarter of the year. Wet
and dry deposition values are nearly equal. Total depositions
and air concentrations of cadmium (51l particle) are computed
for each quarter, plus a yearly average, as a function of dis­
tance and direction from the smelter. In general, seasonal
deviation is less than 10% of the average. Yearly averages are
plotted in Figures 1and 2 to show spatial distribution. Values
are highest toward the east since the wind blows 45% of the
time from the WNW to WSW sectors. At a distance of 8 miles,
values to the east are five to eight times higher than values to
the west. Figures 3 and 4 show how air concentrations and
depositions of cadmium change as a function of particle size
and distance on a straight line east from the smelter complex.
The curves for 0.1-1l particles are not shown because they are
close to the ones for 1-1l particles. There is a decrease of one
to two orders of magnitude as the distance increases from 1
to 8 miles. It is apparent that the simulated values for cad­
mium deposition and air concentration are quite dependent
on the assumed particle size. At a distance of 1 mile east, de­
position of 20-1l particles is about 20 times as great as for 1-1l
particles. At 8 miles, there is less than a factor of 4 difference
since larger particles are depleted from the plume. At a dis­
tance of 1 mile east, there are more 20-1l particles per unit
volume of air than smaller sizes, whereas at 8 miles 5-1l par­
ticles are most abundant.

Comparison of ATM Output with Measurements. Partial
validation of ATM simulations for the smelter area is possible
through comparison of the results with data in the EPA report
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Table IV. Cadmium Concentrations in Area Around
East Helena

Figure 4. Deposition of cadmium around East Helena smelter as a
function of particle size and distance
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Figure 3. Air concentration of cadmium around East Helena smeller
as a function of particle size and distance

Cadmium concn

Measd Calcd

centrations in soil, grass, milk, and beef and current uptakes
of cadmium via the pathways considered. A ground deposition
of 861'g Cd/m2/day at 1 mile east of the smelter was obtained
from the ATM output for the East Helena simulation. This
ground deposition corresponds to an air concentration of 0.14
I'g/m3 for a deposition velocity of 600 m/day.

The model was run for two values 00 and 50 years) for the
half-time of cadmium in subsurface soil pool and pasture soil
(9).

A literature survey was made to find reasonable values for
all TERMOD input parameters and to ensure that the cal­
culated transfer coefficients were reasonable. The only pa­
rameter not specifically calculated for cadmium or verified
to apply to cadmium was the coefficient associated with
transfer from soil surface to subsurface soil pool. A value of
0.0693 dar I was assigned to this coefficient. A sensitivity
study was conducted to determine the importance of this
parameter to model calculations. It was found that model
calculations are relatively insensitive to this parameter.

The model simulation began with cadmium present only
in the air. Buildup of cadmium in other compartments (from
initial values of zero) was calculated as a function of time after
this constant cadmium concentration appeared in air. Cad­
mium concentrations in these compartments were also cal­
culated as a function of time after an impulse source of cad­
mium was in the air.

TERMOD Output Data. Equilibrium concentrations in

(J I) (see Table IV). Within a radius of 1 mile of the smelter
measured cadmium depositions ranged from 1 to 4 mg/m2/

month. Simulated results at 1 mile east of the smelter ranged
from 0.7 mg/m2/month for a 1-1' particle to 15 mg/m2/month
for a 20-1' particle. Thus, simulated results for 1-10-1' particles
compare favorably with experimental data. Within 60 square
miles around the smelter, levels of 0.1-1 mg/m2/month were
measured. At a distance of 8 miles east, the simulated results
were 0.1-0.3 mg/m2/month for 1-10-1' particles. Measured
24-h average air concentrations of cadmium at various loca­
tions within East Helena ranged from 6.0 to 29.0 I'g/lOO m3,

whereas simulated results at a distance of 1 mile east ranged
from 3.0 to 7.0 I'g/100 m3 for 1-20-1' particles.

Thus the ATM appears to be giving reasonable results for
cadmium concentrations in the area surrounding the East
Helena smelter. These data may be used to estimate annual
additions to the soil or depositions on crops at specified lo­
cations within an 8-mile radius.

Terrestrial Transport Model (TERMOD). Starting with
given cadmium ground deposition rates, obtained from
monitoring data for the U.S. and from the ATM output for
East Helena, TERMOD simulated cadmium intake by the
average U.S. adult and by an East Helena adult. Pathways
considered were air inhalation, milk, beef, and solid-food
consumption, and direct deposition on truck crops (uptake
of truck crops is after washing and removal of inedible por­
tions (23). The model applies only for soil concentrations of
cadmium <10 ppm. Crop production is reduced for higher soil
concentrations (9).

TERMOD Input Data. The input to the model is a constant
ground deposition rate of 15 I'g Cd/m2/day which corresponds
to an average air concentration of 0.025I'g/m3 and a deposition
velocity of 600 m/day. The air concentration is a typical value
for areas near large Cities in the U.S. (7). Therefore, model
predictions are for current, equilibrium (background) con-

Deposition
(mg/m2/

month)

Air concn
(l'g/100
m3)

1-4 (1 mile radius
of smeller)

0.1-1 (within 60 sq
miles around East
Helena)

6-29 (within East
Helena)

0.7-15 (1-20-1' particles
1 mile east of smelter)

0.1-0.3 (1-10-1' particles
8 miles east of smelter)

3-7 (1-20-1' particles 1
mile east of smelter)
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8 Deposition rates in J,Lg/m2/day.

Table V. Equilibrium Cadmium Concentrations in
Various Compartments

Equilibrium conen (ppm)

10-yr half-lime 50-yr half-time
In soli In soli

15 8 86 8 15 8 86 8

1870
103
126

15
3 c

2115.0

326
18
22

2.6
0.5 b

369

384
103.1
114.6

13.2
3 c

618

Intake (J1g/day)

10-yr half-time 50-yr hail-time
In soli In soli

15 8 86 8 15 8 86 8

67
18
20

2.3
0.5 b

108

Pathway
or

compartment

Subsurface soil pool
Surface food
Beef
Milk
Air inhalation
Total

8 Deposition rates in ,ug/m2/day. b Air concentration 0.025 J,l9/m3. C Air

concentration 0.14 J,L9/m3.

Table VI. Equilibrium Intakes by Reference Man

0.40
7.45
2.92
6.65
0.017
0.40

0.07
1.30
0.51
1.16
0.003
0.07

0.40
1.55
2.64
1.38
0.011
0.34

0.07
0.27
0.46
0.24
0.002
0.06

Compartment

Surface food
Subsurface soil pool
Grass
Pasture soil
Milk
Beef

various compartments resulting from ground deposition rates
of 15 and 86 ",g Cd/m2/day are shown in Table V.

Equilibrium intakes by reference man (24) for an air con­
centration of 0.03 ",gm/m3 and constant ground deposition
rates of 15 ",g Cd/m2/day and 86 ",g Cd/m2/day are shown in
Table VI.

Comparison of TERMOD Output with Measurements. A
ground deposition rate for cadmium of 1-4 mg/m2/month or
30-133 ",g/m2/day occurred on a 1.5-sq-mile area around the
East Helena industrial complex. Equilibrium uptake rates and
plots given here apply for a deposition rate of 15 ",g/m2/day.
Thus, TERMOD predicts an equilibrium uptake of cadmium
by a "fencepost" reference man (24) in East Helena of
[(30-130)/151 X 100~ 200-950 ",g/day for a lO-year half-time
in soil and [(30-130)/15] X 370 ~ 740-3200 for a 50-year
half-time in soil. The range calculated from food concentra­
tions was 197-811 ",g/day for an average East Helena adult
with 876 as the reasonable, maximum daily uptake. The cor­
responding equilibrium subsurface soil pool concentration
would be [(30-130)/15] X 0.27 = 0.54-2.3 ppm for a 10-year
half-time in soil and [(30-130)/15] X 1.30 = 2.6-11 ppm for
a 50-year half-time in soil. Note that the model will not apply
for cadmium concentrations in soil> 10 ppm (9). The ground
deposition rate of 86 ",g Cd/m2/day calculated by the ATM
falls about midway in the range determined by actual mea­
surements. Such a deposition rate corresponds to an air con­
centration of 0.14 ",g Cd/m3 for a deposition velocity of 600
m/day.

Calculation of Limiting Air Concentration

A limiting air concentration for the maximally exposed
individual in the area surrounding the smelter complex in East
Helena, Mont., is calculated based on the following data and
assumptions (see previous discussion and refs I, 7-9, 10):

1. 100% of diet obtained locally
2. 2100 g Cd/day in diet from 0.14 ",g Cd/m3 in air = 15000

",g Cd/day in diet from 1 ",g Cd/m3 in air (50-year cadmium
half-time in soil, Table VI)

3. selected limit = 200 "g Cd/g wet weight of kidney cortex
in 50 years

4. total weight of kidneys = 300 g
5. concentration in kidney cortex = 1.5 X concentration in

total kidney
6. half-time of cadmium in body = 38 years
7. fraction of cadmium from air to blood = 0.25
8. fraction of cadmium ingested to blood = 0.05
9. fraction of cadmium from blood to kidney = 0.33.
Inhalation and ingestion of food are the routes of exposure

considered since cadmium concentrations in water were low
(Table I) for the Helena area (9, 11). Therefore Equation 9
in ref. 1 was used with the transfer coefficient from air to
water,{Aw, set equal to zero:

where QI> = 200 ",g/g wet weight kidney cortex = 4 X 104 ",g
in total kidneys (from 3,4, and 5 above), VA = 20 m:l/day (23),
fn = 0.08 (from 7 and 9 above), fn = 0.016 (from 8 and 9
above), fApMp = 15000 ",g/day m:l/",g (from 2 above), and f
= 1.2 X 10" days (based upon simple exponential retention
with T = 50 years). Thus,

GA = 1.3 X 10-2 "';
m

The limiting concentration calculated above represents a
cadmium concentration in air believed by us to be low enough
to prevent a cadmium related health effect to persons re­
ceiving continuous exposure at that level in the study area for
a 50-year period. It is a conservative estimate when applied
such that if the maximally exposed individual is protected,
all others will also be protected. The maximally exposed in­
dividual as applied here to derive the limiting air concentra­
tion is assumed to breathe only air containing the maximum
concentration of cadmium and to eat food produced only at
the site of maximum cadmium deposition. The assumption
regarding food is especially significant since according to the
above calculations, more than 95% of the cadmium in kidneys
is due to ingestion of food. Less conservative limiting con­
centrations can be calculated if justified by site characteristics.
For example, the proportion of total diet produced at the point
of maximum exposure (12%) can be considered as in Table II.
In this case the limiting air concentration would become about
0.1 g Cd/m3.

The calculated value of 0.013 ",g Cd/m:l is near the average
urban concentration of 0.02 ",g Cd/m" in air in the U.S. (Table
I) and about 5-20% of levels actually measured in East Helena
(0.06-0.29 ",g Cd/m"). Thus depending primarily on patterns
of food consumption and in some cases water consumption,
existing urban levels of cadmium could be too high. Even at
the higher concentration of 0.1 ",g Cd/m", which is corrected
roughly for food grown outside the study area, the levels
measured in East Helena at the time of the EPA study (J 1)
appear to be too high. Thus the composite hazard index
methodology as applied here predicts that appreciable long­
term health effects may occur in the East Helena population
if the higher levels of exposure (>0.1 ",g Cd/m3) continue for
long time periods. If such a methodology were to be applied
for standard setting in more general cases, we believe it would
be preferable to apply the more conservative limit (i.e., 0.013
",g Cd/m3) since changes in food consumption could be par­
tially offset by significant cadmium concentrations in
water.

The methodology could also be applied to an occupational
setting. In most cases of occupational exposure, inhalation is
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the exposure route considered in deriving threshold limit
values (TLV). In such a case we set fAF = 0 and obtain CA ~

2 !'g Cd/m3. Cadmium intakes are likely to be much greater
in some occupations because the TLV for industrial exposure
in the United States is 100 !,g/m3 for cadmium fumes (20,21).
If we assume an inhalation rate of 10 m3/8 h working day and
that 25% of the inhaled cadmium is absorbed, we can arrive
at a daily intake value of 250 !,g. Based on our analysis, we
could judge an occupational exposure of this magnitude to be
of extreme significance and the TLV itself much too high.
Assuming an excretion rate of 0.005%/day and 224 work­
days/year along with the above assumptions, the necessary
cadmium concentration in industrial air for exposed workers
to accumulate a critical cadmium concentration in renal cortex
of 200 !,g/g wet weight through inhalation would be 6.5 !,g/m3

for a 30-year occupational exposure. For a 50% pulmonary
absorption .it would be 3.3 !,g/ma Recently, the American
Conference of Governmental and Industrial Hygienists
(ACGIH) has recommended a reduction in the TLV for cad­
mium to 50 !,g/m:J (21). The ACGIH recommendation was set
to avoid pulmonary effects and did not consider long-term
cadmium damage to kidney tissue. An examination of daily
intake values that will result in renal damage indicates that
the 50-!,g/m3 occupational exposure level could produce
critical levels of cadmium in kidney tissue even without con­
sideration of other exogenous sources of cadmium.

Conclusions

Application of the composite hazard index assessment
methodology to cadmium release from a smelter complex in
East Helena, Mont., illustrated the usefulness of the approach.
The methodology can be applied to other sites and other
pollutants in a similar manner by developing site specific in­
formation for parameters of the transport models incorpo­
rated into the methodology. When sufficient information is
not available, the structure of the methodology provides
guidance on needed information such that expenses for a
particular study can be minimized.

For application to single pollutants, further development
of the methodology does not appear necessary and application
is straightforward. Application of the formulation for multiple
sources also appears practicable. However, application of the
formulation for multiple pollutants must, in most cases, await
better information on pollutant interactions and biological
effects. It is important to identify examples of conjoint ex­
posures where enough information is available to test the
methodology for multiple pollutants.

The composite hazard assessment methodology described
herein can be developed to provide a comprehensive approach
for development of standards.

Literature Cited

(1) Walsh, P. J., Killough, G. G., Rohwer, P. S., Environ. Sci. Tech­
nol., 12,799 (1978).

(2) Mills, M. T., Reeves, M., "A Multi-Source Atmospheric Transport

Model for Deposition of Trace Contaminants", ORNLINSF/
EATC-2,1973.

(3) Culkowski, W. V., Patterson, M. R., "A Comprehensive Atmo­
spheric Transport and Diffusion Model", ONRL/NSFlEATC-17,
1976.

(4) Killough, G. G., McKay, L. R, "A Methodology for Calculating
Radiation Doses from Radioactivity Released to the Environment",
ORNL-4992, 1976.

(5) Booth, R S., Kaye, S. V., Rohwer, P. S., "A Systems Analysis
Methodology for Predicting Doses to Man from a Radioactively
Contaminated Terrestrial Environment", Proceedings of Third
International Symposium on Radioecology, AEC-CONF-710501,
1971.

(6) Booth, R. S., "A Systems Analysis Model for Calculating Radio­
nuclide Accumulation Between Receiving Waters and Bottom
Sediments, Environmental Toxicity of Aquatic Radionuclides:
Models and Mechanisms", p 133, Ann Arbor Science, Ann Arbor,
Mich., 1976.

(7) Friberg, L., Piscator, M., Norberg, G. F., Kjellstrom, T., "Cad­
mium in the Environment", 2nd ed., Chemical Rubber Co.,
Cleveland, Ohio, 1974.

(8) Kjellstrom, T. A., Nord. Hyg. Tidskv., 53, 111-19 (1971).
(9) Walsh, P. J., Killough, G. G., Parzyck, D. C., Rohwer, P. S., Rupp,

E. M., Whitfield, B. L., Booth, R S., Raridon, R J., "CUMEX-A
Cumulative Hazard for Assessing Limiting Exposures to Envi­
ronmental Pollutants", ORNL-5263, 1977.

(10) Fulkerson, W., Goeller, H. E., Eds., "Cadmium, the Dissipated
Element", ORNLlNSF-EP-21, 1973.

(11) Environmental Protection Agency, "Helena Valley, Montana,
Area Environmental Pollution Study," AP-91, 1972.

(12) Ishizaki, A., Fukushima, M., Sakamoto, M., Jpn. J. Hyg., 25,
207-22 (1970).

(13) U.S. Dept. of Commerce, Washington, D.C., "Statistical Ab­
stracts of the U.S., National Data Bank and Guide to Sources",
1974.

(14) Schroeder, H. A., Nason, A. P., Tipton, I. H., Balassa, J. J., J.
Chronic Dis., 20, 179-210 (1967).

(15) Underwood, E. J., Ed., "Trace Elements in Human and Animal
Nutrition", 3rd ed., p 267, Academic Press, New York and London,
1971.

(16) Murthy, G. K., Rhea, U., Peeler, J. T., Environ. Sci. Technol.,
5,436-42 (1971).

(17) Ratu, R., Sporn, A., Nahrung, 4,25-31 (1970).
(18) U.S. Dept. of Agriculture, Agricultural Statistics, "Total and per

Capita Civilian Consumption of Foods, 1954-1970", pp 48, 203, 205,
206,259,287,588, GPO, Washington, D.C., 1971.

(19) World Health Organization, "Evaluation of Certain Food Ad­
ditives and the Contaminants Mercury, Lead, and Cadmium",
WHO Tech.-Rep. Ser. 505, 1972.

(20) American Conference of Governmental and Industrial Hy­
gienists, Cincinnati, Ohio, "Documentation of the Threshold Limit
Values for Substances in Workroom Air", 3rd ed., 1971.

(21) American Conference of Governmental and Industrial Hy­
gienists, Cincinnati, Ohio, "LTV's for Chemical Substances and
Physical Agents in the Workroom Environment with Intended
Changes for 1973", pp 12,36,1973.

(22) Dept. of Health, Education, and Welfare, Washington, D.C.,
"Public Health Service Drinking Water Standards", PHS Pub. No.
956,1962.

(23) Little, P., Martin, M. H., Environ. Pollut., 3,241-54 (1972).
(24) International Commission on Radiological Protection, "Report

of the Task Group on Reference Man", ICRP Pub. No. 23, Perga­
mon Press, New York, N.Y., 1975.

Received for review August 1, 1977. Accepted January 13, 1978.
Research sponsored by the Energy Research and Development Ad­
ministration under contract with Union Carbide Corp.

Volume 12, Number 7, July 1978 807



Worldwide Deposition of 90Sr Through 1976

Herbert W. Feely', Herbert L. Volchok, Edward P. Hardy, Jr., and Lawrence E. Toonkel

Environmental Measurements Laboratory, U.S. Department of Energy, New York, N.Y. 10014

• In 1976 the annual rate of deposition of 90Sr from atmo­
spheric tests of nuclear weapons reached its lowest value since
the systematic measurement of radioactive fallout began in
the 1950's. Thl! late 1976 Chinese tests may have contributed
about 9 kCi to the total of about 49 kCi deposited during
1976.

The past few years have seen a renewed public and scientific
interest in the fallout of the radioactive debris produced by
atmospheric tests of nuclear weapons. This interest has mainly
concerned environmental levels of the fission product, 131 I,
which has an 8.04-day half-life. This nuclide was studied less
intensely during the early years of fallout measurements,
however, than was the long-lived fission product, 9OSr, which
has a half-life of 28.6 years. Consequently, there is some merit
in considering the more complete historical record of depo­
sition of 90Sr in evaluating the relative significance of the
contribution by recent nuclear weapons tests to levels of en­
vironmental radioactivity.

The Environmental Measurements Laboratory (EML),
which prior to October 1977 was named the Health and Safety
Laboratory (HASL), has maintained a worldwide network of
samplers since 1957 to collect fallout to be measured for 9OSr.
Based upon data from this network, an estimate has been
made each year (l) since 1958 of the annual worldwide de­
position and of the cumulative deposit of 9OSr. The EML
network of samplers of 90Sr fallout grew during 1957-1964,
and included 142 sites in 1964,99 in the Northern and 43 in
the Southern Hemisphere. During 1964-1975 the network
gradually decreased in size, and in mid-1976 it was cut back
to 72 sites, 47 in the Northern and 25 in the Southern Hemi­
sphere. The samples are collected at these sites by exposing
either a steep-walled, stainless steel pot or a plastic funnel
which drains through a column containing Dowex-50 ion­
exchange resin. At the end of each month, the total material
collected in each pot and each exposed column of ion-exchange
resin is analyzed radiochemically for 9OSr. Starting with the
July 1976 sample, analyses have been made on quarterly
composites. The analyses are performed at contractor labo­
ratories using procedures similar to those used at EML (2).

Results

All of the detailed monthly precipitation and radiochemical
data accumulated since the inception of the EML pot and
column network have recently been tabulated (3).

Various methods for calculating the total fallout of 9OSr on
the surface of the earth from limited data were discussed by
Volchok (4). Some of these methods involve the analysis of
soil samples, while others involve the analysis of precipitation
samples. In some of these methods, the values of 9OSr per unit
area of the surface of the earth are averaged over each latitude
band, while in others the concentrations of 9OSr per unit vol­
ume of rainfall are averaged over each latitude band and this
average is multiplied by an assumed value of average annual
precipitation for the band. The differences between the results
given by the different methods were found generally to be
small. The approach used at EML assumes that our sampling
sites are representative, on the average, of the fallout in the
10 degree latitude band within which they are located. The
average quarterly 90Sr deposition (in mCi/km2) for each such
latitude band is multiplied by the area of the band (in km2)

to give the total quarterly deposition in that band. Values are

obtained for the unsampled polar areas north of 800 N and
south of 700 S by extrapolating a smoothly decreasing 90Sr
deposition to zero at the poles. Summing the calculated totals
for the 10 degree latitude bands gives the worldwide deposit
for each quarter. No attempt is made to correct for any pos­
sible bias in the amount of precipitation at the sampling sites
as compared to an assumed average amount of precipitation
for the latitude band in which they are located. Neither is an
attempt made to correct for any postulated oceanic effects on
local rates of deposition.

In general, hoth the annual and cumulative values of 90Sr
fallout calculated by this method have been in reasonably good
agreement with those determined by other measurement
programs (5, 6). Moreover, the 90Sr glohal cumulative deposit
calculated by this method is consistent with that expected
based on the estimated total production of 90Sr by all atmo­
spheric tests of nuclear weapons (7). Finally, the rates of 90Sr
deposition on the surface of the earth calculated by this
method have generally shown good agreement with the rates
of decrease of the stratospheric burden of 90Sr calculated by
programs in which stratospheric concentrations of radionu­
clides are measured (l, 7).

Table I contains the calculated annua1 90Sr deposition and
the cumulative deposit of 90Sr on the surface of the earth at
the end of each year, both within each hemisphere and
worldwide. The data presented cover the period from the
beginning of the EML pot and column program in 1958
through 1976.

Discussion

The worldwide fallout of 90Sr during 1976 was 49 kCi, with
27 kCi falling in the Northern, and 22 kCi falling in the
Southern Hemisphere. This was the lowest annual rate of 90Sr
deposition observed since the EML sampling network was
established in 1958, and was probably the lowest rate since the
atmospheric testing of megaton-yield nuclear devices was first
performed. As the data in Table I indicate, the annual rate of

Table I. Annual-Cumulative Worldwide 90Sr
Deposition, Megacuries

Annual deposition Cumulative depo.lt

Norther" Southern Northern South.rn
Hemisphere Hemisphere Tolal Hemisphere Hemisphere Total

Pre-
1958 1.7 0.6 2.3
1958 0.63 0.26 0.88 2.3 0.8 3.1
1959 1.05 0.18 1.24 3.3 1.0 4.3
1960 0.26 0.17 0.43 3.4 1.1 4.6
1961 0.35 0.17 0.52 3.7 1.3 5.0
1962 1.44 0.26 1.71 5.0 1.5 6.6
1963 2.62 0.31 2.93 7.5 1.8 9.3
1964 1.66 0.42 2.08 9.0 2.2 11.1
1965 0.77 0.36 1.13 9.5 2.5 12.0
1966 0.33 0.21 0.54 9.6 2.6 12.2
1967 0.17 0.11 0.28 9.5 2.6 12.2
1968 0.20 0.10 0.30 9.5 2.7 12.2
1969 0.15 0.14 0.29 9.4 2.8 12.2
1970 0.21 0.13 0.33 9.4 2.8 12.2
1971 0.19 0.15 0.34 9.3 2.9 12.2
1972 0.086 0.096 0.18 9.2 2.9 12.1
1973 0.032 0.031 0.063 9.0 2.9 11.9
1974 0.121 0.039 0.160 8.9 2.8 11.7
1975 0.058 0.034 0.092 8.7 2.8 11.5
1976 0.027 0.022 0.049 8.5 2.8 11.3
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Table II. Calculation of "Excess 90Sr" Deposition During Fourth Quarter of 1976

Northern Hemisphere Southern Hemisphere

Quarters of year

% of deposilion
90S, deposillon, during same

kCI Interval o' 1975
1975 1976 1976

% of deposition
90Sr deposition, during 8am.

kCI Interval of 1975
1975 1976 1976

1st
2nd
3rd
1st-3rd
4th-observed
4th-expected
"Excess 90Sr" during 4th quarter of 1976

21.0
23.8

9.4
54.2

4.1

6.2
6.2
4.4

Hi.8
10.2

1.3
8.9

30
26
47
31

248
31

13.8
7.9
5.4

27.1
7.1

4.8
2.8
6.8

14.5
7.1
3.8
3.3

35
35

127
53
99
53

deposition peaked in 1963, while the cumulative deposit of
90Sr peaked during the period 1966-1972. Since about 1971,
the 90Sr deposit on the surface of the earth has decreased as
its radioactive decay has exceeded the rate of deposition of
new 9OSr.

It is of interest to estimate the extent to which the three
announced atmospheric detonations of nuclear devices by the
People's Republic of China, during 1976 contributed to the
fallout of 90Sr during that year. No radioactivity was detected
by the EML surface air sampling program (8), which could be
attributed to the very low yield, 20 kilotons (kt) test of January
23, 1976. During October-December 1976, easily measurable
concentrations of short-lived fission products were intercepted
by the surface air sampling program. Based on nuclide ratios,
as well as on the fact that the highest concentrations were
intercepted during October 1976, all or most of these fission
products were attributed to the September 26, 1976 test,
which had a yield of 20-200 kt, and not to the November 17,
1976 test, which had a yield of 4 megatons (Mt). Presumably
almost all of the radioactive debris from the November 17 test
was injected into the stratosphere and did not enter the tro­
posphere in substantial amounts until the spring of 1977. On
the other hand, the debris from the September 26 test was
probably mainly injected directly into the troposphere, and
had largely been deposited on the'surface of the earth by the
end of 1976. If we assume that the September 26 test had a
fission yield of 100%, and that the 90Sr yield was 0.11 Ci/ton
of fission yield (9), we would conclude that this nuclear det­
onation produced between 2.2 and 22 kCi ofOOSr. Ifwe assume
that the fission yield was less than 100% or that some radio­
activity fell out locally, we would expect the total worldwide
fallout of OOSr from this test to be less.

In Table II we have summarized the data used in calculating
the amount of the worldwide deposit of 90Sr during the last
quarter of 1976 which can be attributed to the September 26
test (plus the November 17 test). We have used 1975 as a basis
for comparison because no atmospheric tests of nuclear
weapons were performed during that year. In the Northern
Hemisphere the deposition of 90Sr during the first three
quarters of 1976 amounted to 31% of that which had occurred
during the first three quarters of 1975. We assume that in the
absence of the September and November 1976 tests, the de­
position of 90Sr in that hemisphere during the last quarter of
1976 would also have been 31% of the deposition which oc­
curred during the last quarter of 1975: 1.3 kCi. Instead, 10.2
kCi were deposited, giving an "excess 90Sr" deposit of 9 kCi,
which we attribute to the late-1976 tests.

If we apply this same approach to the 90Sr data for the
Southern Hemisphere, we estimate that instead of an ex­
pected 3.8 kCi, about 7.1 kCi were deposited in that hemi­
sphere during the last quarter of 1976, giving an "excess" of
3 kCi. There are several reasons for not believing that this
"excess 9OSr" was produced by the late 1976 tests, however.
During October, November, and December 1976, radioactive
debris (and specifically 95Zr) attributable to the late 1976 tests

was intercepted by the EML surface air sampling program at
all of its Northern Hemisphere sampling stations, from Bar­
row, Alaska to Balboa, Panama, but at none of its Southern
Hemisphere sampling stations, from Guayaquil, Ecuador to
the South Pole Station. Further, in the Southern Hemisphere,
only the first two quarters of 1976 experienced deposition
rates of 90Sr that were low (35%) compared to those which
prevailed during 1975. The third quarter as well as the fourth
experienced rates of deposition that were rather high when
compared to the 1975 rate. Thus, the processes that produced
the "excess 90Sr" in the Southern Hemisphere were already
operating during the third quarter of 1976, prior to the late
1976 nuclear tests. Finally, excess 90Sr in the Southern
Hemisphere was deposited in about equal amounts north of
300 S and south of 300 S. Had its source been the troposphere
of the Northern Hemisphere, we would expect it to be de­
posited preferentially north of 300 S. We believe, therefore,
that the approximately 3 kCi of "excess 9OSr" estimated for
the Southern Hemisphere are indicative of the uncertainty
in this type of calculation. We conclude that the total world­
wide deposit of 90Sr attributable to the late-1976 nuclear
weapons tests was about 9 kCi, with an uncertainty of perhaps
±50%. This amount of 90Sr is within the range expected for
an event with a total yield of 20-200 kt.

The deposition rate of 90Sr during 1977 was considerably
higher than the 1976 rate as radioactive debris from the No­
vember 1976 test reentered the troposphere from the strato­
sphere and was deposited on the surface of the earth. Pre­
liminary measurements suggest that the deposition rate
during 1977 was slightly higher than during 1975. The year
1976, however, had the lowest deposition rate of 90Sr since the
systematic measurement of such deposition was begun, and
perhaps a fifth of this was contributed by the late 1976
tests.
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Chemiluminescent Reactions of Oxygen Atoms with Reactive Hydrocarbons (HC)
II. Basis for Reactive HC Monitor at 3064 A
Barbara B. Krieger\ Ramesh C. Chawla2, and Ralph H. Kummler*

Department of Chemical and Metallurgical Engineering, Wayne State University, Detroit, Mich. 48202

• The chemical mechanism for the production of OH(A2~
- X2n) emission observed in reactive hydrocarbon instru­
ments is demonstrated for the prototype olefin, ethylene. The
mechanism is studied in a discharge-flow tube reactor at 1 torr
total pressure, and the data are consistent with the mechanism
CHO' + 0 ~ OH(A2~) + CO, where CHO' is either elec­
tronically or vibrationally excited CHO. This mechanism will
be operative in all reactive hydrocarbon-oxygen atom systems,
and it produces a rotationally cold OH(A2~). A reactive hy­
drocarbon analyzer (RHA) is constructed to observe emission
from paraffins, lower olefins, and benzene, and the emission
correlates well with the group reactivity scale of Dimitriades
and also with the rate constants for the rate-determining step
in the proposed kinetic mechanism. Our RHA has an ultimate
sensitivity of better than 6 ppb ethylene equivalent concen­
tration at 4.5 torr total pressure and a linear response to at
least 1000 ppm.

The suggestion was made in our earlier work (l) (Part I)
that reactive hydrocarbons (HC) could be monitored using
near ultraviolet or near infrared emission from OH (A2~),

OH(X2n) or 02(1~) associated with oxygen atom attack on
the reactive hydrocarbon. It was therein suggested that the
observed chemiluminescence could be a direct measure of the
classical reactivity and that conditions might be found under
which a "reactivity" detector for hydrocarbons in atmospheric
air masses as well as automotive exhaust gases could be de­
veloped. In this context, the word "reactivity" refers to the
atmospheric group reactivity scales, such as those proposed
by Heuss and Glasson (2), Glasson and Tuesday (3), Darnall
et al. (4), Dimitriades (5), Altshuller (6), and Altshuller and
Bufalini (7). A common feature of these scales involves the
rate of HC reaction in the atmospheric photochemical cycle.
These suggestions in Part I have now been verified (8, 9), and
it is quite clear that a very sensitive device can indeed be
constructed.

While it is not necessary to know the detailed reaction
mechanism for operation of a reactive hydrocarbon analyzer
(RHA), that knowledge is imperative to a correct interpreta­
tion of field data and to the design of operating conditions for
RHA's required to meet the diverse needs of ambient air as
well as automotive exhaust monitoring. Even for ambient air
monitoring, measurements made in air masses characterized
by early times in the photochemical oxidation mechanism
must emphasize the highly reactive olefins, whereas mea­
surements made in air mz.sses late in the photochemical cycle
must emphasize the less reactive hydrocarbons (l0, 11).
Hence, the design of RHA's must be based on specific chem­
ical kinetic data if they are to be used for valid hydrocarbon
control strategy decisions covering the diverse needs of the
country. We shall show in this work that the observed inten­
sity of OH(A2~ - X2n) can be strongly correlated with the
rate constant (and the HC concentration) for the rate-deter­
mining step in the 0 + HC reaction mechanism, or under

I Present address, Department of Chemical Engineering Benson
Hall, University of Washington, Seattle, Wash. 98105. '

2 Pres."nt address, Department of Chemical Engineering, Howard
Umverslty, Washmgton, D.C.

other operating conditions, it can be a measure of the total
reactive hydrocarbon concentration.

As can be seen in Figures 1 and 2, the RHA concept is based
on the observed intense emission at 3064 A(and 6128 A in the
second order) in the chemiluminescent spectrum of a variety
of hydrocarbons resulting from oxygen atom attack at pres­
sures of about 1 torr and contact times of a few milliseconds.
The first order peak is at 3064 Areproduced in higher reso­
lution in Figure 3 from reactions of 0 +C2H4 and 0 + C2H2.
It is well established (12, 13) that this emission is due to the
transition OH'(A2~) ~ OH(X2n), with a lifetime of6 X 10-7

s (14).

Experimental

The mechanism studies reported herein employed the same
equipment as described in Part I (1), except that Canberra
photon counting detection was employed using a thermo­
electrically cooled RCA C31034A photomultiplier. A detailed
description of this equipment and the results has been given
in ref. 15.

Relative reactivity studies were performed in the discharge
flow system shown schematically in Figure 4. The concept and
apparatus have been described in more detail elsewhere
(16-18). Molecular oxygen was discharged in a Broida cavity
at 2450 Hz using a Raytheon PGM 19 (l00 W) series Micro­
wave Power Generator. Tests with O2in either helium or argon
in the discharged gas stream gave a background signal much
higher than that for a pure O2discharge in our experimental
configuration. As Fontijn and Ellison (8) suggested, we found
that O2 reduces the absolute signal. However, further work
showed that we could improve our signal-to-noise ratio and
therefore measure lower concentrations of hydrocarbons if a
pure O2 discharge system was employed. The discharged
oxygen was passed into a cylindrical brass reactor through a
Teflon tube with a multiperforated exit stream. This per­
mitted excellent mixing with the test gas in such a way that
the reaction took place near the quartz window observation
port. The inside diameter of the reactor was 3.8 cm, and typ­
ical gas velocities were 5-7 m/s using a Welch Duo-Seal Vac­
uum Pump Model 1376. An RCA C31025C uncooled photo­
multiplier tube at 1000 V was used to measure the intensity
of the signal as a current via a Kiethley 414S Picoammeter,
and recorded on a Texas Instrument Servo/riter II chart re­
corder. A Baird Atomic UV-7 A optical filter with peak
wavelength of 3059 Aand a bandwidth at half of peak trans­
mittance of 250 A± 50 A, was used to determine the OH(A2~)
emission at 3064 A. This filter permitted integration over the
entire A2~ - x2n OH transition, regardless of the rotational
excitation of the emitting species.

The test gas consisted of a mixture of N2and low concen­
trations of hydrocarbons which were prepared in the labora­
tory with a ±1% accuracy. All gases were obtained from Linde
division of Union Carbide. Hydrocarbons had a purity of 99%,
or greater, except for methyl acetylene (96%) and ethyl acet­
ylene (95%). Nitrogen was 99.9% pure, and oxygen and helium
were 99.5% pure.

The optimum signal for ethylene occurred at a total pres­
sure of 4.5 torr and 40% discharge power; the lowest back­
ground signal occurred at a molecular oxygen pressure of be­
tween 1.5-2.0 torr. Under these conditions the introduction
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Figure 1. Intensity vs. wavelength spectrum for 0 atoms reacting with trans~utene
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Figure 2. Intensity vs. wavelength spectrum for 0 atoms reacting with acetylene, benzene, and ethylene

of our gas in N2 rather than air should have little effect. These
operating conditions were employed for all of the relative re­
activity measurements.

Linearity tests were conducted for N2-C2H4 and N2-C4Hs
mixtures. Relative intensity studies were conducted for a se­
ries of HC all at concentrations of 1000 ppm. The latter con­
centration is not meant to be representative of actual moni­
toring conditions, but rather ensured that all HC could be
detected while also remaining in a linear region even for the
most reactive HC.

Formation of Electronically Excited OH* (A 2~)

Evaluation of Potential Mechanisms. A number of
mechanisms have been suggested to explain OH(A2~) emis­
sion in a variety of systems. We have examined each of these
mechanisms using the energetics as displayed in Figure 5, the
kinetics as obtained from the literature and interpreted via
a computer simulation of our experimental apparatus, and a
variety of experiments performed to evaluate the potential
mechanisms for producing the OH(A2~) state, 93 kcal/gmol

above the OH(X2 ll) state.
CH + O2~ CO + OH till° = -158 kcal/gmoi (1)

Becker et al. (13) have compared the spectra generated by
o + C2H2and 0 + C2H4• They support Reaction 1 in the 0 +
C2H2 system, but they note that a different mechanism must
be operative in the C2H4 system because, as illustrated in
Figure 3, the rotational spectrum of OH(A2~) produced by 0
+ C2H2 is "hot", while the rotational spectrum produced by
0+ C2H4 is "cool".

In the present work, there were also several factors that
suggested that this is not the production mechanism for ro­
tationally cold OH' in 0 +ethylene. First, the 3064 Aemission
appears with almost equal intensity in a molecular oxygen
discharge or an N2 discharge with NO added, so that O2 does
not play an important part in the production of OH' in olefin
systems. Molecular oxygen was added to the N2 discharge
system and did not decrease or increase the 3064 Aint~nsity
significantly until concentrations (about 200 Ii) were suffi­
ciently large to cause electronic quenching of Oli', as is con-
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Figure 3. Comparison spectra of OH(O. 0) band observed in this work
from 0 + C2H. and 0 + C2H2 reactions
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Figure 4. Schematic of chemiluminescence reactor and detection
systems for relative reactivity studies

sistent with ref. 12. Secondly, the olefin + 0 atom reaction is
known to yield far less CH than the acetylene system. The
work of Kanofsky et al. (22) indicated a yield of less than 5%
of CH2 in the ethylene-O atom system, which suggests the
yield of CH would be even smaller.

H + O(+M) - OH(+M) -102 kcal/gmol (2)

In 0 + HC systems, a large concentration of H is produced;
hence, reactions of H must be considered. From Figure 5 it can
be seen that the only other ground state reaction besides Re­
action 1 with sufficient energy to populate this state is Reac­
tion 2.

The rate constant for this two-body reaction to produce
OH(A) has been determined by Ticktin et al. (23) to be 3 ±
1 X 10-21 ccls at 1 torr total pressure, which is much too small
to make this reaction important in 0 + HC systems. In addi­
tion, we have reacted H + 0 in our experimental system under
conditions in which both [H] and [OJ exceed their respective
values in the 0 + HC system. From the very low resulting
intensity of the 3064 Aemission in the H + 0 (+M) experi­
ment, shown in Figure 6, Reaction 2 can be ruled out as the
source of electronically excited hydroxyl emission in this
system.

QH lR) SPEC I Afl

!NT[NSI n vS wAVELENGTH
C): H'O) A: O'C~

+: O'I12CO X: H·O·1'1

3000.00 3100.00 3200.00 3300.00
WAvELENG TH. ~

Figure 6. Intensity vs. wavelength spectrum for reaction of 0 + H2CO
and 0 + C2H. to produce OW in N2 discharge system; reaction of H
+ 0 3 to produce OW; reaction of H+ 0 + M to produce OW
Base for each successive plot offset by 50 intensity units

In any system containing O2and 0, the reaction 0 + O2 +
M produces 0 3. Hence, reactions of Hand 0 3 should be con­
sidered. However, the reaction of H + 0 3 is not sufficiently
exothermic to directly produce OH in the A2'};, state. There­
fore, this reaction can only participate indirectly via Reaction
4 through the production of OH(X2~, v < 0). Furthermore,
the addition of O2to this system reduces rather than enhances
the observed emission intensity, as this mechanism would
suggest.

H + 0 3 - OH + O2 -77 kcal/gmol (3) OH(v =6) + OH(v =6) - OH + OH(A) (4)
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Broida (24) suggests that

OHt(v ~ 6) + OHt(v ~ 6) = OH*(A2~) + OHI

(6)

kcal/mol

-42

-73

Net -115

o + H2CO - CHO + OH (8) -28

o + CHO - OH + CO (6) -73

o + C2H4 - CHO + CH3 (7)

0+ CHO - OH + CO (6)

lCHO*j
CHOt + 0 - OH* + CO, Ml > 93 kcal/mol

considerations in the reaction of either vibrationally excited
CHOt or electronically excited CHo*(A2AH) with 0 atoms,
Le.,

Net -101

The energies of the above reactions are sufficient to cause
the OH*(I, 0) transition observed by Becker et al. (13) in the
ethylene system. Hence, even though the CHO fragment will
not carryall of the exothermicity of Reactions 7 or 8, a high
probability of excitation of OH* should exist nonetheless. This
was well below the -158 kcal/mol occurring in the CH + O2
reaction which is postulated to produce rotationally "hot"
OH*. The OH(A2};, v = 1) state requires -103.2 kcal/mol to
populate it. As previously noted, the intensity of the cold
OH(O, 0) band decreases with addition of O2 (12). This is
consistent with the destruction ofCHO by O2, which is a rel­
atively fast reaction (k = 5.7 E - 12 cc/molecule s (29)], even
when CHO is in the ground state. Our finding, that small
concentrations of O2have little effect, is also consistent with
the competition of 0 + CHO with O2+ CHO which occurs in
this system (29). Large concentrations of O2do have the im­
portant effect of depleting CHO, as previously discussed.

The above mechanisms for the production of OH*(A2};)
were all included in a computer model (15) of the reacting
system. The relative rates of Reactions 1, 2, and 4 discussed
above are compared with and without O2 in results of the
computer model, illustrated in Table I. As discussed by
Krieger (15), it can be readily shown that each mechanism is
a minor contributor to the population of the OH*(A2};) state
in HC systems compared to Reaction 6. The predicted in­
tensity due to the 0 + CHO* reaction is linear in the initial
HC concentration, as observed, and the system can be ini­
tiated by either C2H4 or H2CO, according to the Niki mech­
anism (33-36) as experimentally observed in Figure 6.

Our conclusion is that a likely candidate for production of
OH*(A2};) is the reaction of CHO* + 0 - OH + CO, (6.H =
-103 kcal/gmol for OH in the ground state). This mechanism
would fit the experimental evidence and is sufficiently ener­
getic to produce rotationally "cold" OH* (v :5 1), as found in
the 0 + C2H4 reaction system. .

The Astate of CHO* is described by Herzberg (26) as a bent
configuration of the formyl radical as opposed to the linear
configuration of the ground state. This explains the rather low
energy of an electronic state, 9294 cm- 1 (~26 kcal). There is
some experimental evidence for the existence of this state of
CHO* in 0 + C2H4 systems as indicated by the infrared
spectra of the 0 + C2H4 and 0 + H2CO reactions done by
Kadaj (27) and in the 0 3 + C2H2 work of Hansen and Pitts
(28). The emission at 1.07 " (9294 cm- 1) is observed by Kadaj
(27) for 0 + C2H4 and 0 + H2CO, but not in H + H2CO sys­
tems. The excited CHOt (or CHO*) could be formed from the
reactions appearing below. If the reaction energies based on
ground state heats of formation are summed, we obtain the
necessary 93 kcal/mol for the OH* production in each case:

(5)

8.00 16.00 14.00 32.00 40.00 48.00
DNDT C2H4

Figure 7.lntensily vs. ethylene flow rate (dnldt) in "mol/min for reaction
of 0 + C2H. to produce OW
8IJmollmin = 100 ppm for conditions of this experiment. Contact time, approx.
1 ms; O2 partial pressure, 930 j.I.; oxygen atom partial pressure, 27 J.I.

OH chemiluminescence in the near infrared has been ob­
served in 0 3 + olefin systems (25). Experiments performed
under Reaction 1 preclude this mechanism from being a
substantial contributor here.

Proposed Mechanism. In first trying to postulate another
mechanism for the production of OH* in the 0 +C2H4 system,
there are several experimental results that must be correctly
accounted for. One is the high intensity OH* emission from
the H2CO + 0 reaction system. The two 3064 Apeaks with
their respective experimental conditions are also shown in
Figure 6. Since the OH* emission spectrum is similar in both
reaction systems, the precursor in the chemiexcitation reac­
tion step appears to be common to both C2H4 +0 and H2CO
+0 mechanisms. Secondly, the quantum yield of the emission
step is only 10-5 by comparison of absolute emission levels
with the initial reaction rate of 0 + C2H4 and about the same
in the formaldehyde system (15). This suggests that either the
production step of OH* or its precursor has a low probability
of occurring, or that the precursor has a high probability of loss
due to a competitive path. Third, the intensity of the emission
is linear in hydrocarbon concentration as illustrated in Figure
7. Fourth, O2 quenches, rather than enhances, the intensi­
ty.

A mechanism for the production of rotationally cold OH*
that agrees with the experimental findings and energetic

is the method by which OH* is created in his H + 0 3 system.
For the same conditions as in the 0 + HC measurements, the
emission from OH*(A2};) at 3064 Awas observed from the
reaction of H + 0 3, and its spectrum is compared with those
from 0 + HC and H + 0 in Figure 6. The 3064 A emission
generated by H + 0 3 is characterized by an elevated rotational
temperature, similar to that observed by Broida (24), but
djfferent from the rotationally cold peak observed in the 0 +
HC system. We have also monitored the OH(X2ll, v = 4 - 9)
concentration in the 0 + HC systems (15). The predicted rate
of OHt (v ~ 6) + OHt (v ~ 6) at our experimental concen­
trations of 1010 molecules/cc can be ruled out as producing the
observed OH*(A2};) concentration (15).
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Table I. OW Production Mechanism (Time = 2 ms)

Initial concentrations:

[C2H.Jo = 3.3E + 13 molecules/cc
[M] = 3.1E + 16 molecules/cc (total pressure)

[02] = 3.3E + 15 molecules/cc (100 IJ. O2)

k, ~~t: (~OCo.'}_O;Reaction molecular units

H+O+M-OW+M 1.6E - 37" 3.0E + 06
H+03 -OW+02 2.6E - 17 1.1E + 06

CH + O2 - OW + CO 1.0E-15 5.1E + 07
OHI + OHI - OW + OH 1.0E - 13 5.2E + 07

[CHOII +o-ow+co 1.0E - 12 7.7E + 10
CHO·

OW - OH + hv 1.7E + 06 7.7E + 10

• 1.6E - 37 ;; 1.6 X 10-37. b 0.001 %of the rate constant for the overall reaction (30).1 Vibrational excitation.

Table II. Chemiluminescent Response of Hydrocarbons

Without 02
rale (cc 5)-1 Ref.

3.6E + 06 (23)

1.2E + 03 (30)·

2.3E + 04 (31)

1.2E + 08 (32)

9.0E + 10 This
work

9.0E + 10 ( 14)

• Electronic excitation.

Hydrocarbon

Class V, reactivity· = 14.3
Ethylene
Propylene
Butene-1
cis-2-Butene
trans-2-Butene
Butene-2 (isomer unknown)
Isobutene
1,3-Butadiene
Propadiene

Class IV, reactivity = 9.7
Toluene

Class III, reactivity = 6.5
n-Butane
n-Heptane
Isooctane

Class I, reactivity = 1.0
Ethane
Propane
Benzene
Methane
Acetylene
Methyl acetylene
Ethyl acetylene C

k, eels

8.1 X 10-'3
3.7 X 10- 12

3.8 X 10- 12

1.7 X 10- 11

2.3 X 10- 11

2.0 X 10- 11

2.0 X 10- 11

2.0 X 10- 11

Unavailable

6.1 X 10- 1•

2.7 X 10-"
1.3X 10-'3
9.1 X 10-"

9.1 X 10-'6
1.5 X 10-"
1.6X 10-"
1.7 X 10-''­
1.6 X 10-'3
2.1 X 10-'2
2.1 X 10-'2

Ref.

37
37
37
37
37
8

37
37

38

37
37
8

37
37
38
37
37
39
39

100.
102.
56.
82.
74.

142.

1.0
2.3
8.1
0.04

195.
149.
180.

13089 a

100.
104.
91.

94.
78.

113.
48.

29.

6.
10.
10.

3.0
7.0
3.0

<0.01

"Fontijn and Ellison (8). Table I (relative to ethylene = 100). b Reactivity of classes and numbers as suggested by Dimitriades (5). C Rate constant unavailable.
estimated to be same as that for methyl acetylene.

Relative Reactivity Measurements

In all HC + 0 systems, CHO' (' refers hereinafter to either
vibrational or electronic excitation) is produced to some extent
via

0+ HC - R I , + R2'

followed by the extremely rapid radical reactions summarized
by

[
RI .

0+ -",-nCHO'
R2,

Thus, the intensity of the emission at zero reaction time in the
system should be proportional to the rate constant for the rate
limiting step, which is always 0 + HC, to the initial hydro­
carbon concentration and to n, the number of CHO' radicals
produced per molecule of HC.

Therefore, we would first expect that a plot of intensity vs.
k for HC with the same value of n at constant HC concentra-
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tion would be linear with a slope (on log-log paper) of unity.
Sample data are tabulated in Table II and are plotted in
Figure 8. Rate constants for 0 atom attack on HC have the
dimensions of cc/molecule s and are taken from Herron and
Huie (37) except as noted. As illustrated there, the paraffins
and simple olefins do indeed fall on a straight line with a slope
of 1.1 verifying the concept. However, the variation in inten­
sity for different olefins is much smaller compared to the wide
range of their rate constants with oxygen atoms. As shown by
Kanofsky et al. (22), not all of the products of the 0 + HC
reaction lead to radical formation. In fact, some of the adduct
formed in the initial attack of oxygen atoms on hydrocarbon
leads to stabilized products while the rest give radicals which,
in turn, lead to CHO' formation. Thus, the effective rate
constant for CHO' formation is kn. For higher olefins, more
steps are required to produce nCHO' and if part of the
product in each step is stabilized, the final production of
CHO' would be smaller, thereby reducing n. Thus, the ef­
fective rate constant is much lower than the elementary rate
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a linear relationship as illustrated for ethylene and trans- 2­
butene in Figure 9. We do not see evidence for oxygen deple­
tion over the range of the present experiments. Therefore, the
relative reactivity scale proposed at the concentration of 1000
ppm should be concentration independent.

Acetylene gives a large signal, but it is well established that
C2H2 does not produce significant quantities of CHO. Hence,
to obtain correlation with phenomenological photochemical
reactivity scales, a simple subtraction mechanism such as that
suggested by Fontijn and Ellison (8) must be employed to
obviate the C2H2 signal. Ifgood spectral resolution is obtained
in this subtraction process, other hydrocarbon signals should
be unaffected by the subtraction of acetylene. However, in­
strument noise could somewhat degrade the sensitivity we
report here.

In our instrumental configuration, we could detect methane
which, of course, is normally considered to be photochemically
unreactive. Nonetheless, CH4 has a definite reaction rate with
o atoms producing CH3 and OH. Hence, it should appear on
a sensitive reactivity scale despite the fact that i will have
negligible reactivity. At a concentration of 1000 ppm, methane
gives a signal 2500 times less than that for ethylene.

By using ppb mixtures of hydrocarbons in nitrogen, an es­
timate of the ultimate sensitivity of the instrument was made.
A 557 ppb ethylene in N2 mixture gave a signal-to-noise ratio
of better than 100. From these data the sensitivity of the in­
strument was projected to be better than 6 ppb ethylene.
Thus, the projected sensitivity of the instrument in the lower
ranges, suitable for ambient air monitoring, and the experi­
mental data in the higher ranges suitable for auto exhaust
monitoring, makes such an instrument very useful for various
needs of reactive hydrocarbon measurements.

In unpublished work (40,41), we have examined the spec­
tral region around 3000 Aand find no competing emission
from common compounds such as NH3, CO, NO, N02, and
N2H2. Substituted hydrazine compounds do exhibit emission
at 3064.

I
RATE CONSTANT VS. INTENSITY
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Figure 8. Rate constant vs. intensity of chemiluminescence at 3064
Afor 0 atom attack on He, corresponding to Table 11
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Figure 9. Intensity vs. concentration for ethylene and trans-2-butene
at 3064 A

constant for higher olefins than it is for the lower olefins,
thereby reducing the difference in their potential to produce
CHO'. Also, olefins react sufficiently rapidly in both the ex­
perimental apparatus and the atmosphere such that their
effect is essentially independent of the rate of reaction. As
suggested by Fontijn and Ellison (8), this effect can be used
to selectively deplete the more reactive HC before detection,
which would reduce their apparent signal. Our system behaves
more like a stirred tank reactor; therefore, we integrate over
the entire reaction time domain. When that domain is suffi­
ciently long, the entire HC is consumed. Hence, for those
hydrocarbons above a certain reactivity level on the reactivity
scale, the only difference in intensity would be due to the
different values of n.

Secondly, we have examined the intensity-concentration
relationship for individual hydrocarbons. We expect and find

Discussion

The important role of the CHO radical in 0 + ethylene
chemiluminescence has a considerable impact upon the pro­
posed detection devices for reactive hydrocarbons (I, 2). There
are two generally accepted mechanisms described in Figures
10 and 11 for low-pressure oxygen atom attack on olefins. The
thrust of both mechanisms suggests that CHO is formed in all
o + HC (including CH4 + 0) as well as 0 + RCHO reaction
systems. An analysis (I5) of the kinetics of such systems in
reactive hydrocarbon detectors shows that the first step in the
reaction sequence is rate limiting. All loss reactions of the
radicals are very fast, causing steady state concentrations to
occur. Thus, the steady state value of the intensity of the
chemiluminescence should be proportional to the rate con­
stant for 0 + HC as well as the HC concentration. Both

Figure 10. Simplified flow diagram for low-temperature 'straight chain
hydrocarbon oxidation
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Figure 11. Alternative model for He oxidation through aldehyde inter­
mediate mechanism

functional relationships for our RHA configuration have been
. demonstrated in this work. Thus, we conclude that the com­
mon feature in 0 atom oxidation of HC will be the eventual
production of CHO', which at short times is linearly related
to the effective rate constant for the rate-determining step as
well as linearly related to the concentration, as suggested in
Part I.

The data and the analysis also suggest that the choice of
residence time in the RHA can be guided by kinetic consid­
erations to measure either hydrocarbon reactivity suited for
urban atmospheres at short times or total hydrocarbon con­
centrations applicable to downwind rural areas at long resi­
dence times. The calibration of the instrument to achieve ei­
ther of these objectives must be done at a specific total pres­
sure and O2 concentration to yield meaningful data.
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Biological Growth on Activated Carbon: An Investigation by
Scanning Electron Microscopy

Walter J. Weber, Jr.·, Massoud Pirbazari, and Gail L. Melson

Environmental and Water Resources Engineering, The University of Michigan, Ann Arbor, Mich. 48109

• The physical and structural characteristics of biological
growth on activated carbon in water and wastewater treat­
ment applications are examined by scanning electron mi­
croscopy. An effective technique for fixing, dehydration,
drying, and examining bio-coated granular materials is de­
tailed. Micrographs illustrating a variety of bioforms are
presented. These micrographs clearly demonstrate an eco­
system including bacteria and bacteriovorous protozoans. The
micrographs also demonstrate that the biofilm is not uniform,
but is comprised of a loosely knit matrix.

Biological growth on activated carbon in water and waste­
water treatment applications is an expected consequence of
the favorable environment provided by this material. The
surfaces of activated carbon are excellent for colonization by
microorganisms. Its adsorptive properties serve to enrich
substrate and oxygen concentrations (1), the craggy surface
provides recesses that are sheltered from fluid shear forces (2),
and the variety of functional groups on the surface can en­
hance attachment of microorganisms (3).

The effects of such growth have been variously reported as
advantageous (1, 4-7) and disadvantageous (8, 9) to the pri­
mary adsorptive function of the carbon. It has been demon­
strated clearly, however, that under proper conditions of de­
sign and operation, biological activity in activated carbon
systems can improve removal of certain types of water and
waste components and can prolong periods between required
regenerations of the carbon (1).

Despite extensive observations of such growth, its nature
and extent of coverage of pore openings have been matters of
speculation. The objective of this paper is to demonstrate that
scanning electron microscopy can be used to observe the
physical rei tionships between the carbon and its attached
growth, as well as the types and structural characteristics of
organisms that colonize carbon particles.

Materials and Methods

Granular activated carbon particles (Filtrasorb 400, Calgon
Corp.) from two different sets of experiments involving bio­
logical growth were examined by means of a scanning electron
microscope. The first set of experiments employed a com­
pletely mixed batch (CMB) reactor to contact the carbon with
chemically coagulated and settled raw sewage from the Ann
Arbor Sewage Treatment Plant. After 17 days, the carbon
particles were removed and fixed according to methods de­
scribed below. In the second set of experiments, an ex­
panded-bed continuous flow reactor, operated at 2 gpm/ft2

(0.08 m3/min-m2), was used to contact carbon with a 5-ppm
solution of humic acid (Aldrich Chemicals, Inc.) in glass-dis­
tilled water buffered with potassium phosphate. After 10 days,
abundant growth was evident, and particles were removed and
fixed for observation.

Preparations were fixed by the method of Karnovsky (10).
The carbon particles were immersed for 2 h in 2% parafor­
maldehyde-2.5% glutaraldehyde solution in 0.1 M sodium
phosphate buffer at pH 7.3. A 3-h postfixation followed,
using 1% OS04 in 0.1 M sodium phosphate buffer at pH 7.3
(11). Subsequently, dehydration was accomplished by rinsing
the particles in graded ethanol (50, 70, 80, 90, and 100%).

Samples were prepared for critical point drying in a 1:1100%
ethanol-amylacetate solution, and stored overnight in amyl­
acetate.

A DCP-1 critical point dryer was used for drying the fixed
particles (12). The particles were then mounted on aluminum
stubs and coated with 100 Agold in a glow-discharge coateI'
to minimize charging and increase the conductivity of the
biological material. The final two steps were carried out as
precisely as possible after critical point drying to avoid rehy­
dration and consequent damage to the fixed biological growth.
For controls (activated carbon particles without attached
growth) the fixation, dehydration, and drying steps were un­
necessary; these unprocessed particles were glued to the stubs
and gold coated prior to observation. AJOEL JSM-U3 scan­
ning electron microscope operated at an accelerating voltage
of 15-25 keV was used for observing the specimens.

Results and Discussion

The scanning electron microscope has several advantages
over the conventional light microscope, including greater
magnification, increased depth of field, and higher resolution.
The most striking feature of a scanning electron micrograph
is the resulting three-dimensional image, which is invaluable
for studying topographic and structural features.

For effective observation of microorganisms by electron
microscopy, it is necessary to first kill the organism rapidly
to reduce swelling or shrinking. Paraformaldehyde, a low
molecular weight compound, accomplishes quick kill because
of rapid cellular penetration. Glutaraldehyde forms crosslinks
with proteins in the cell membrane, forming a rigid network
that preserves fine structures. The liquid portion of the
membrane is fixed by the OS04 (13). Dehydration and re­
placement of ethanol by a nonpolar solvent such as amylace­
tate further preserve the fine cell structure since nonpolar
solvents freeze more like an amorphous glass than a rigid ice
crystal (14). In the critical point drying process, the sample
is first rapidly frozen by replacing the amylacetate with liquid

Figure 1. Scanning electron micrograph of surface of activated carbon
(Filtrasorb 400) without biological growth. X440
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CO2. Then, under pressure, the temperature is gradually in­
creased to the critical pressure, at which point the densities
of the vapor and liquid phases of the CO2 are equal. Problems
associated with air drying, such as disruption of cellular
structures caused by surface tension, are thus circumvented,
and the stability of the fixed structure is ensured (12). It is
essential that great care be exercised in handling, fixing, de­
hydration, drying, and coating the samples, since fragile bio­
logical materials are easily damaged, and artifacts or unrec­
ognizable features may result.
. The surface of a particle of activated carbon free of bio­

logical growth is shown in Figure 1. The obvious holes
(",,50-100 Il), crevasses, and ridges are sites where organisms
would be shielded from shear forces, providing a favorable
environment for growth.

Figures 2-4 show carbon samples that had been exposed to
the coagulated-settled raw sewage in CMB reactors. The
predominant organisms in these micrographs are probably
stalked protozoans, more specifically, in Figures 3 and 4, cil-

Figure 2. SEM of activated carbon exposed to coagulated-settled raw
sewage for 17 days in CMS
Attachment site for stalked protozoan is evident. X1700

Figure 3. SEM of activated carbon exposed to coagulated-settled raw
sewage for 17 days in CMS reactor
Size of the bacteria ("" 1 p. in length, located directly below spherical protozoan)
can be compared to stalked protozoan (~16 J.1 in diameter). X2500
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Figure 4. SEM of activated carbon exposed to coagulated-settled
sewage for 17 days in CMS reactor
Stalked protozoan is anchored to carbon surface, but is not itself in contact with
carbon. X1800

iates. The size of the organism in Figure 2 is 23 X 3.6 Il, com­
pared to an average of about 1.2 Il for the bacteria scattered
on the surface. The attachment site for the stalk of the pro­
tozoan can be seen and appears to be a sturdy, gelatinous
structure. The spherical ciliate in Figure 3 has a diameter of
about 16 Il. A bacterial colony with an average cell size of about
1.6 Il is clearly visible below the sphere. Figure 4 shows a
similar ciliate (16 Il diameter). The most striking feature of
this micrograph is the floating nature of the organism tethered
to the carbon surface by a thin (0.8 Il) stalk. The survival of
these stalked protozoans in the turbulent CMB reactor
demonstrates how firmly the organisms attach to the carbon
surface, despite the known effects of fluid shear forces (2) and
high flow rates (15) on the thickness and density of a biological
slime mass.

Figures 5-7 are micrographs of carbon particles taken from
the expanded-bed reactor experiments. One feature of Figures
5 and 6 is the excellent resolution, which emphasizes the rough
and porous texture of the activated carbon particle surface.
Micropores of less than 0.05 Il diameter can be seen. The

Figure 5. SEM of activated carbon exposed to 5-ppm solution of humic
acid for 10 days in expanded bed reactor
Notice spongy, porous texture of carbon surface and rod-like bacteria (~1-2

p. in length). X4000



Figure 6. SEM of activated carbon exposed to 5-ppm solution of humic
acid for 10 days in expanded bed reactor
Again, very porous texture of carbon surface is evident. Clump of bacteria in
foreground shows beginnings of slime matrix. X6820

rod-like bacteria are about 1.31l in length. Organisms of this
size could grow in the larger macropore openings at the ex­
ternal surface of the carbon, thereby limiting access of ad­
sorbates to the internal micropore surface area.

The bacteria colonizing the surface produce slime, as seen
in Figures 6 and 7. That many aquatic bacteria secrete cap­
sules is well known, the most notable species being Sphrae­
tilus natans, but also certain Myxobacteria. The polysac­
charide slime matrix allows attachment to the substrate as
well as other cells. The nonhomogeneous nature of this cov­
erage is evident.

The appearance of stalked protozoa indicates a more ad­
vanced microbial colonization of the carbon surface. The es­
tablishment of an ecosystem including bacteria and bacter­
iovorous protozoans is evidence of improved mineralization
of organics, as well as nutrient regeneration. These types of
processes, which are basic to trickling filter wastewater sys­
tems, could be quite advantageous to the performance of ac­
tivated carbon systems, providing an additional means for
removal of biodegradable organic substances in both waste­
water and water treatment applications.

Summary and Conclusions

Bioactivity on carbon is ubiquitous in water and wastewater
treatment systems. The surface of carbon offers an attractive
environment for colonization. It is clear from previous work
that such bioactivity can significantly affect the performance
of adsorption systems, and it is thus necessary that it be
quantified and properly accounted for in the design and op­
eration of adsorption units.

The present work, while not elaborating the full range of
character and quantity of growth to be expected for the wide
variety of organic substrates encountered in such applications,
does describe and illustrate an effective method for studying
bioactivity on carbon utilizing scanning electron microscopy.
Micrographs such as those presented herein can provide much
needed insight. It is clearly possible with the technique that
has been described to observe both the complex nature of
carbon surfaces and the character of biogrowth developed
thereon.

The nonhomogeneous nature of the surface coverage indi­
cated by the results of the present work suggests that precise
quantification of the interplay between attached biological

Figure 7. SEM of activated carbon exposed to 5-ppm soiution of humic
acid for 10 days in expanded bed reactor
Nonhomogeneous coverage of carbon surface and porous tangled nature of slime
matrix are clearly evident. X2800

growth and the diffusional transport processes associated with
adsorption may not be straightforward.
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Statistical Models for Ambient Concentrations of Carbon Monoxide,
Lead, and Sulfate Based on the LACS Data

George C. Tlao· and Steven C. Hillmer

University of Wisconsin, Madison, Wis. 53706

• An analysis of pollutant data gathered in the Los Angeles
Catalyst Study is presented. The ultimate purpose is to use
the data to determine any increase or decrease in the observed
emissions since the introduction of the catalytic converter. An
empirical model describes the observed pollutant concen­
trations as a function of wind speed, wind direction, traffic
counts, and the speed of traffic. Therefore, the analysis takes
into account varying traffic patterns and meteorological ef­
fects upon the observed pollutant concentrations. The em­
pirical model helps determine any trends in the data after
adjusting for changes in the traffic and meteorological con­
ditions.

This paper presents a statistical analysis of the Los Angeles
Catalyst Study (LACS) data covering the period June 1974
through November 1976. Our main objective is to assess the
effects on the atmospheric concentration of various pollutants
due to the introduction of the catalytic converter.

The catalytic converter was adopted by American auto­
mobile manufacturers on new cars since the fall of 1974. It was
designed to reduce the emission of carbon monoxide (CO) and
hydrocarbons (HC). Also, new cars equipped with the con­
verter must run on unleaded gasoline so that its use should
lead to reduction in the lead (Pb) emissions. However, tests
have shown (l) that the converter increases the emissions of
sulfuric acid which reacts in the atmosphere to form sulfate
(S04). To study the environmental impact of the catalyst, four
air monitoring sites (A, B, C, and D), two on each side of the
San Diego Freeway (see Figure I), were established by the
Environmental Monitoring Support Laboratory of the En­
vironmental Protection Agency. Data on a number of pollu­
tants including S04, CO, and Pb and meteorological variables
such as wind speed and wind direction have been collected
since June 1974 (2). Also, traffic counts and speeds have been
measured since September 1976.

This paper reports our preliminary findings on the daily 4-h
afternoon (3-7 p.m.) S04 readings (from two different sam­
pling equipment, the hi-volume and the membrane samplers),
the 24-h hi-volume S04 readings, hourly CO readings, and the
4-h afternoon hi-volume Pb readings. Hourly wind speed and
wind direction data for the entire period and the available
hourly traffic counts and traffic speed for the period Sep­
tember 1976 through November 1976 will be used in our
analysis.

We first present an empirical-mechanistic model relating
the CO readings at site C to wind speed, wind direction, traffic
counts, and speeds. The model is used to assess the trend in
CO emissions since June 1974. We then analyze the 4-h hi­
volume Pb data. In particular, the model developed for CO
is extended to the Pb data for assessing the trend. Finally, a
preliminary analysis of the 4-h hi-volume, 4-h membrane, and
the 24-h hi-volume S04 data will be given.

Principal Findings. Our principal findings are as fol­
lows:

CO. There appears to have been a decrease in CO emissions
from 1975 to 1976.

Pb. There was a steady decrease in Pb emissions from 1974
to 1976. At site C the average 3-7 p.m. concentration level is

•

Figure 1. Simplified map of air monitoring sites

about 60% higher on the weekends than that for the week­
days.

SO4. The background level (from sources other than the
freeway) of S04 decreased from 1974 to 1976. The across the
freeway difference of the 4-h hi-volume readings decreased
from 1975 to 1976. The across the freeway differences for both
the 4-h membrane and the 24-h hi-volume readings increased
from 1975 to 1976. The 4-h hi-volume data appear to be
measuring something different from the 4-h membrane data.
Further research seems necessary to determine the cause of
this discrepancy.

Analysis of CO Data

As an initial step in the analysis of the various pollutant
data, we have employed the available readings to calculate
monthly averages for different hours at various sites. In
computing monthly averages, extreme observations were
eliminated according to the following procedure. For a par­
ticular month,let Y be an observation, Y be the average.. and
s the estimated standard deviation of Y. If IY i - Y I> 3 S, Y i

will be excluded and then Y and s recalculated. The process
will be repeated until all observations fall within Y± 3 s.

CO data consist of hourly readings at sites A and C. As a
preliminary step in our analysis, monthly means of the daily
4-h (3-7 p.m.) averages were determined. They are shown in
Figure 2(i), (ii) for sites Aand C, respectively. The 4-h readings
are of particular interest since, during the afternoon hours,
the wind is usually blowing in a direction roughly perpendic­
ular to the freeway (2, 3) so that the difference in readings
between sites across the freeway should reflect contributions
from the freeway traffic.

From Figure 2(i), (ii) we can make the following observa­
tions. The behavior of CO is markedly seasonal, being higher
in the winter months than in the summer months. Thus, any
trend analysis must make proper allowance for the seasonal
effect. The level at site C is considerably higher than that at
site A. At site A the level is particularly low in the summer
months, about 0.5 ppm. Since we are mainly interested in the
freeway contribution of CO, in what follows we will concen­
trate our analysis on the downwind site, C.
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Various models describing the ambient concentrations of
CO have been proposed (3-7). These studies show that two
major factors influencing the behavior of CO are traffic and
the wind. They must be appropriately taken into account in
studying the effect of the catalytic converter. We have avail­
able hourly readings of wind speed and wind direction for the
entire period, and traffic counts and traffic speeds for the
period September through November 1976. In what follows
we built an empirical-mechanistic model (8) that relates the
diurnal behavior of the CO concentrations at site C to the wind
and traffic. The model will then be used to assess the trends
in CO emissions.

Motivation for Model. Figure 2(iii) gives the average
diurnal curves of CO at site C computed from the following
three data periods: summer weekday: Mondays-Thursdays,
June-October 1975; summer weekend: Sundays, June-Oc­
tober 1975; and winter weekday: Mondays-Thursdays, De­
cember 1974-ApriI1975. The Friday figures are excluded in
our definition of "weekday" because the diurnal pattern is
somewhat different from those of Mondays-Thursdays, es­
sentially due to changes in traffic pattern. For the same rea­
son, we only use the Sunday figures for the "weekend". The
model developed later in this section could equally well be
used for the Friday and Saturday CO data. These three
diurnal curves illustrate that the behavior of CO changes from
weekday to weekend and from summer to winter. The summer
weekday curve has two peaks that roughly correspond to the
morning and afternoon rush hours. In contrast, the summer
weekend plot fails to have these peaks. The diurnal behavior

of CO also changes from summer weekday to winter weekday,
the most notable change being the absence of a peak corre­
sponding to the morning rush hours in the winter.

In Figure 2(iv) the dotted line gives the diurnal pattern of
the average counts of vehicles passing the monitoring sites on
weekdays. The figures shown are average counts for each hour
of weekdays (Monday-Thursday) obtained during the period
September 1976 through November 1976. Since this is the
only period for which traffic data are available and the traffic
patterns in Los Angeles are not expected to vary much over
time, we will for the moment assume that the figures shown
are applicable to the entire period (June 1974-November
1976) under study.

Comparing the diurnal pattern of the weekday counts with
that of the summer weekday CO, we observe that the counts
do not seem to reflect the magnitude of CO during the evening
rush hours. A possible reason for this is the increase in traffic
congestion during that time. The solid curve in Figure 2(v)
shows the diurnal pattern of the traffic speed for weekdays.
Notice the two dips during the morning and the evening rush
hours and the difference in magnitude between them. Thus,
there is a large volume of traffic moving very slowly during the
evening rush hours, and the vehicle counts do not accurately
reflect the density of the traffic.

Traffic Density. To more appropriately reflect the situa­
tion, we consider the traffic density (TD) defined as

TD = number of vehicles passing sites per· hour
average speed per hour
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Table II. Assessment of CO Trend

June 1975-0ct. 1975 weekdays (M-R)

a 1.90 0.14
b 0.035 0.005
Wo 3.27 0.13
K 0.0241 0.00096

June 1975-0ct. 1975 Sunday
a 1.79 0.23
b 0.013 0.011
Wo 2.54 1.11
K 0.0190 0.0016

Dec. 1974-Apr. 1975 weekdays
a 1.42 0.17
b 0.029 0.006
Wo 2.89 0.26
K 0.0228 0.0010

is proportional to emissions and hence will playa crucial role
in determining if there have been significant changes in
emissions over time.

However, before we use the model (Equation 1) for trend
assessment, it is important to verify that it can in fact account
for the changes in the observed behavior of CO from weekday
to weekend and from summer to winter. For this purpose, we
have employed the three sets of CO average readings shown
earlier in Figure 2(iii), the corresponding WS.L averages, and
the TD values given in Figure 2(iv).

The parameter estimates are shown in Table I. The actual
CO readings and the predicted values are plotted in Figure
3(ii)-(iv). It seems that the model (Equation 1) produces very
close agreement between the actual and the predicted in all
three cases. Notice from Table I that for the weekend the es­
timated emission constant K is considerably lower than those
for the weekdays. This is perhaps due to the fact that CO
emissions may also depend on the driving mode (in particular,
accelerations and decelerations), which is very different be­
tween weekdays and weekends.

Evaluation of Trend. Our main objective is to assess the
effect of the catalytic converter on ambient CO concentra­
tions. This can be done in terms of the model (Equation 1)
ideally by allowing the parameter K to depend on the fraction
of vehicles equipped with catalytic converters. Since precise
estimates of the fractions of catalyst cars are not available, we

Table I. CO Model Test Fits

Sid errorEstimate

Parameters EsUmata Sid error

a (ppm) 1.71 0.076
b 0.026 0.002
Wo(mph) 2.93 0.098
K, (/191m') 0.0195 0.0006
K2 (/191m2) 0.0235 0.0008

K3 (1l9 /m2) 0.0245 0.0007
K, (/191m2) 0.0196 0.0008
Ks (/191m2) 0.0209 0.0006
(1, 0.68
(12 0.88
(13 0.66
(1, 0.90

(15 0.63

Parameter

Summer 74
Winter 74-75
Summer 75
Winter 75-76
Summer 76

Period

which is a measure of the intensity of traffic around the sites
(in units of vehicles per mile). The solid line in Figure 2(iv)
shows that the diurnal pattern of TD for weekdays seems to
match the CO pattern much better than the vehicle counts.
In addition, for the weekends, the diurnal pattern of TD
shown by the dashed line in Figure 2(iv) also correlates with
that of CO given in Figure 2(iii). From the above discussion
it appears that the observed concentrations of CO are ap­
proximately proportional to TD.

Wind Vector. Another major factor influencing the pollu­
tant readings is the speed and direction of the wind. Data on
wind speed and wind direction are available on an hourly
basis. Following ref. 3, we have decomposed the observed
hourly wind vector at site A into two components: one that is
perpendicular to the freeway (WS.L) and the other parallel
to it (WSII)' The positive directions for the two components
are shown in Figure 1. Specifically, let WS be the wind speed
and WD the wind direction. (WD = 0 when the direction is
due north). Then, since the freeway is situated at approxi­
mately 145° from the" north, we have

WS.L = WS· cos (WD - 235°)

WSII = WS· sin (WD - 235°)

The diurnal patterns of WS.L for the summer months
(June-October 1975) and the winter months (December
1974-ApriI1975) are plotted in Figure 2(vi). We observe that
the WS.L in the winter is lower than that in the summer. In
particular, for the winter, from midnight to 9 a.m. the WS .L

is negative so that the wind is blowing away from site C. The
WS.L for the same hours in the summer months is nearly zero.
This change in the WS.L from the summer to the winter could
explain the absence of a peak in CO during the morning rush
hours in the winter [see Figure 2(iii)J. Therefore, it appears
that seasonal changes in WS.L may account for the observed
changes in the diurnal behavior of CO from the summer to the
winter.

To determine more precisely the effect of WS.L on CO, we
have divided all the available hourly WS.L readings into in­
tervals of 0.5 mile per hour. For each interval we have calcu­
lated the average of the corresponding CO readings. These
averages are plotted in Figure 3(i). Observe that a convenient
way to characterize the dependency of CO on WS.L is to take
CO proportional to the dispersion factor e -b(WS.l - Wo)', where
band Wo are two appropriate constants.

CO Model. The above considerations have led us to con­
sider the following tentative model for the diurnal behavior
of CO at site C:

COt = a + K· TD,· e-b(WS.l'-Wo )' + at (1)

where COt =the observed CO for site C at h~ur t, TD t =the
traffic density at hour t, WS.Lt = the perpendicular compo­
nent of the wind vector at hour t, at =an added error term for
hour t= a = a parameter measuring the background CO, K
= a parameter proportional to emissions, and e-b(WS.l'- W,)'

= a diffusion factor involving the perpendicular wind com­
ponent and two parameters band WOo

Given a set of data on CO, WS.L' and TD, the parameters
can be estimated by employing standard nonlinear proce­
dures. Specifically, on the assumption that the errors at's are
independently and normally distributed with mean zero and
variance (12, (a, K, b, and Wo) are estimated by minimizing the
sum of squares of the at's with respect to these parameters
simultaneously.

Testing the Model. The model (Equation 1) is useful for
our purposes because of the following reasons. It is a relatively
simple model with only four parameters to be estimated from
the data. It takes into account the effects of the traffic and the
wind. The parameter K has an important interpretation. It
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shall proceed with a trend analysis by investigating possible
changes in the value of K over different time periods.

As a first attempt, the model (Equation 1) has been used
for evaluation of trends as follows. We divided the entire time
span of the data into the following five periods: June 1974
through October 1974, November 1974 through April 1975,
May 1975 through October 1975, November 1975 through
April 1976, and May 1976 through October 1976. This division
roughly corresponds to the "summer" and the "winter", and
each period is of sufficient length to allow for an appreciable
increase of catalyst equipped cars. The emission parameter
K was allowed to vary from period to period, but the other
parameters, <>, b, and Wo, were constrained to be the same for
all five periods. The weekday data were employed in esti­
mating the parameters. Within each period we calculated the
24 hourly averages of CO and WS.l for each of three consec­
utive two-month segments. (For the first period, we took av­
erages for June, then July and August, and finally September
and October.) The CO and WS.l averages for all five periods
together with the averages of the available weekday TD were
then employed to estimate the parameters <>, b, Wo, K I. ... ,

K 5 where Kj is the emissions parameter in period j for j = 1,
... ,5. In addition, we used a weighted least-squares estima-

tion procedure to allow for possible changes in the variance
from period to period. The parameter estimates are given in
Table II.

Consider the changes in the emission parameter Kover
these five periods. We see from Table II that the estimated K
decreased between the first and the second winters, and also
between the second (1975) and the third (1976) summers. This
can be associated with the increase in the number of catalyst
cars. On the other hand, the increase in K between the first
and the second summers, from 0.0195 to 0.0245, is somewhat
surprising. This anomaly may very well be due to the fact that
the same TD data were used for all five periods. While the
traffic pattern is not expected to vary much over time in Los
Angeles, because of the energy crisis, the (estimated) total
traffic volume did show a slight dip in 1974, from 182 500 in
1973 to 180 000 in 1974 and to 182 500 in 1975. These are es­
timated daily traffic totals near the sampling sites obtained
from the State of California Department of Transportation
publications "Traffic Volume on California State Highways"
for 1973, 1974, and 1975. Thus, there was an increase of about
1% from 1974 to 1975. In the meantime, a major change in the
speed limit occurred around January 1975, from 70 to 55 mph,
representing roughly a 20% decrease. Since TD is the ratio of
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Figure 4. (i)-(iv): Monthly means of 4-h hi-vol afternoon readings of Pb for various sites. (v)-(vii): Comparisons of weekday and weekend Pb

traffic counts over average speed, the density figures used in
the estimation contain a considerable upward bias for the first
period and could account for most, if not all, of the increase
in K from 1974 to 1975.

Conclusions. We have developed a model that relates the
observed behavior of CO at site C to traffic density and the
perpendicular wind component. The most important con­
clusion to be drawn from this model is that CO emissions
dropped by about 15% from the summer of 1975 to the sum­
mer of 1976 and for the winter of 1974-75 to the winter of
1975-76.

Analysis of Pb Data

We now give a preliminary analysis of the lead readings. The
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Pb data consist mainly of the 4-h afternoon hi-volume read­
ings from June 1974-0ctober 1976. Hi-volume readings for
four morning hours were also collected during the period June
1974-January 1976. (Samplers operated 6-10 a.m. from June
1974 to January 1975 and 8-12 a.m. from January 1975
through January 1976.) To begin with, we consider the
monthly means of the weekdays (Monday through Thursday)
afternoon readings. These monthly averages for sites A
through D are plotted in Figure 4(i)-(iv), respectively. It is
clear that the levels at sites C and D are much higher than
those at A and B. Also, in the summer months there is very
little Pb at these latter sites, As in the case of CO, we shall
concentrate our analysis on the downwind sites, C and D.

For both site C and site D, the level of Pb in the summer



values are about 60% higher than the weekday values. This
increase on the weekend is somewhat puzzling since there is
a decrease in traffic density from weekday to weekend [see
Figure 2(iv»).

Now, recall from Figure 2(v) that the speed of the traffic
decreases drastically during the weekday afternoon rush
hours. However, we see from the dotted line in the same figure
that such a decrease does not occur on the weekend. This
would explain the observed weekday to weekend difference
if emissions of Pb varied proportionally with the speed of
traffic. This theory is partially supported by a comparison of
the weekday vs. weekend monthly means of the morning Pb
readings shown in Figure 4(vii). Specifically, we observe from
Figure 2(v) that, in the morning, the difference between
weekday and weekend speed is smaller than that in the af­
ternoon. At the same time Figure 4(vii) indicates that there
is no real difference between the weekday and weekend
morning Pb readings. In fact, it has been reported in ref. 9 that
Pb emissions do tend to vary proportionally with the traffic
speed.

Analysis of S04 Data

Data on S04 consist mainly of daily 4-h afternoon (3-7 p.m.)
readings from the hi-volume sampler and the membrane
sampler, and the daily 24-h hi-volume readings.

Analysis of Monthly Means. The monthly averages of the
4-h hi-volume readings at sites A-D are shown by the solid
lines in Figure 5(i)-(ivl, respectively. From these plots we
make the following observations. At each location there ap­
pears to have been a decrease in the S04 readings from 1974
to 1976. The monthly means at the sites C and D downwind
from the freeway are higher than those for the upwind sites
A and B, indicating a contribution of S04 from the freeway
traffic. The freeway contribution is, however, very small when
compared to the average level of S04 across these four
sites.

Next, the monthly means of the 4-h membrane data for sites
A and C are given by the dotted lines in Figure 5(i), (iii).

Table IV. Assessment of Pb TrendTable III. Simple '-Tests to Compare Summer Means
of Pb, 1974-1976

No. o'
Year Mean SO observallons

May-October. Site 0

1974 5.30 1.20 68
1975 4.49 0.79 84
1976 4.11 0.92 76

Ye8r. I-Statistic 51g level

1974-1975 4.75 0.000

1975-1976 2.79 0.006
1974-1976 6.59 0.000

No. o'
Year Mean SO observations

May-October, Site C

1975 6.76 1.40 84
1976 5.80 1.44 76

Ye.r. I-Statlsllc 51g 'evel

1975-1976 4.28 0.000

months appears to have steadily decreased from 1974 to 1976.
Table III shows that these decreases are statistically signifi­
cant.

Extension of CO Model to Pb Data. The model (Equation
1) developed for the hourly CO data can be readily extended
to the 4-h Pb readings. This is achieved by summing the
righthand side of Equation lover the four afternoon hours to
obtain

19 " 2Pb" = a' + K' I: (TD)rrb(WSu-Wo ) + a,' (2)
'=16

where t' stands for a particular day, (TD)r is traffic density
at hour t on day t', WS~, is perpendicular wind speed at hour
t on day t', a,' is the error term for day t', a' is a parameter
measuring the background, K' is a parameter proportional to
Pb emissions, and band Wo are, as before, parameters mea­
suring effect of the wind.

Evaluation of Trend in Pb Emissions. Model 2 has been
used to assess the trend in Pb emissions in a manner similar
to that for the CO data. Specifically, we divided the time span
of the data into the same five periods as was done in the case
of CO. The daily 4-h (3-7 p.m.) afternoon Pb readings from
June 1974 through October 1976, the corresponding hourly
WS.L for the four afternoon hours, together with the (same)
average TD figures for these 4 h were then employed to esti-
mate the parameters «, b, Wo, K;, , K~. Here, K; measures
the Pb emissions for period j, j = 1, ,5. In an initial fitting
a' was found to be insignificant and hence ignored in our final
estimation. The parameter estimates of b, Wo, K [, ... , Ks for
sites C and D are given in Table IV.

We observe that for both sites there was a decrease in Pb
emissions. This is probably due to an increased use of un­
leaded gasoline. Also, the estimated values of the emission
constant at site D are lower than those at site C. This seems
reasonable because site D is situated farther from the freeway
and a part of the lead particles will settle on the ground before
reaching D.

Comparison of Weekday and Weekends. As reported
earlier in ref. 3, we have found that the afternoon Pb readings
are substantially higher in the weekends than during the
weekdays. The monthly means of both the weekday and
weekend afternoon Pb readings for sites C and D are plotted
in Figure 4(v), (vi), respectively. It is clear from these figures
that there is a considerable difference; for site C the weekend

Period

Summer 75

Winter 75-76

Summer 76

Summer 74

Winter 74-75

Summer 75

Winter 75-76

Summer 76

Parameter. Estimate

Site C

b 0.013

Wo{mph) 2.28

K3 (l'gfm 2) 0.00640

K. (l'gfm2 ) 0.00514

Ks (l'gfm2 ) 0.00514

"3 1.25

". 1.19

"s 1.44

Site D
b 0.020

Wo(mph) 2.45

K, (Jlgfm2 ) 0.00507

K2 (l'gfm2 ) 0.00428

K3 (l'gfm2 ) 0.00454

K. (l'gfm 2) 0.00416

Ks (l'gfm 2) 0.00378

", 1.00

"2 1.53

"3 0.50

". 0.76

"s 0.99

Sid error

0.002

0.40

0.00023

0.00025

0.00025

0.002

0.19

0.00013

0.00021

0.00013

0.00016

0.00016
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Figure 5. (i)-(iv): Monthly means of 4-h hi-vol and membrane afternoon readings for SO. for various sites. (v), (vi): Monthly means of 24-h hi-vol
readings of SO.

Similar to the 4-h hi-volume data, at both sites the level de­
creased from 1975 to 1976. Finally, the monthly means of the
24-h hi-volume readings at sites A and C are shown in Figure
5(v), (vi). Again the level of S04 at both sites decreased during
the data period.

Comparison of Hi-Volume and Membrane Readings.
It is of interest to compare the 4-h hi-volume and membrane
readings. Figure 5(i), (iii) shows that while the seasonal pat­
terns of these two readings are similar, the hi-volume means
are consistently higher than the membrane means. For further
comparison, Figure 6(i), (ii) shows, respectively, for sites A
and C, the scatter plots of the daily 4-h membrane vs. hi­
volume readings. We observe that for site A the points Tall
close to a line with a slope approximately equal to 1 and an
intercept of about 4Ilg/m3. On the other hand, for site C the
points are again close to a line but having a slope of about 0.8
and an intercept of 7.7 Ilg/m3. These figures strongly suggest
that the membrane and the hi-volume readings are system­
atically biased and that the nature of the bias is different at
different sites.

Across the Freeway Differences. We next consider the
monthly means of the across the freeway difference (C-A) of
S04 for the 4-h hi-volume, the 4-h membrane, and the 24-h
hi-volume readings. There are plotted in Figure 6(iii)-(v). We
observe that the 4-h hi-volume readings indicate a decrease
in the across the freeway differences from 1975 to 1976; on the
other hand, the 4-h membrane readings indicate that there
was an increase in the across the freeway difference from 1975
to 1976; and the 24-h hi-volume readings also show an increase
from 1975 to 1976. These observations are partially confirmed
by the t -values given in Table V for comparing the overall
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means of the across the freeway differences (C-A) for the
months June through October between 1975 and 1976. Spe­
cifically, the t-values indicate that the increase in the 4-h hi­
volume readings and the decreases in the other two mea­
surements are real.

The sample means and standard deviations given in the
table also show that for each year, the across the freeway dif­
ferences in the 4-h hi-volume readings are considerably larger
than those for the other two. Thus, both in terms of the level
and the trend, the 4-h membrane measurements and the 24-h
hi-volume measurements are in close agreement, but they are
incompatible with the 4-h hi-volume readings.

A Conjecture. The preceding analysis raises a number of
perplexing questions. First, how can we account for the dis­
crepancies between the different methods of measuring S04?
Second, which, if any, of the methods are giving correct pol­
lutant readings? These questions must be answered before
any conclusions about trends in the across the freeway dif­
ference can be made.

According to ref. 10, S02 can react on filters used in the
hi-volume sampler to form S04, and this may be a reason for
the observed discrepancies. One possible theory that could
explain what we have observed runs as follows: the 4-h hi­
volume difference (C-A) is mostly S04 formed by S02 reacting
on the filter. This artifact formation progresses more quickly
at site C in the afternoon because of exposure to additional
chemicals from the freeway. The artifact formulation does not
occur on the membrane filter. After a sufficiently long time
the artifact formation of S04 will be about equal at sites A and
C so that the 24-h hi-volume difference represents largely
contributions from the freeway. Although this theory could



hi-vol

JJg/m 3

hi-vol

jJ9/m3

48. 48.

)J9/ml48.24. 36.
(ii) Site c.

0.0

5.0

• 2

2.5

..
xx3 x

:5 Zx) 2
Jlt3UZ2Jl4x IUZ

JJJl3 23Z2
.227352 2

x4Z3Jl II
xZ" X

• 3

o.

membraneL...L-__-'--_----'__--'-__~

24.

36.

12.

membrane

2.5

0.0

48.

5.0

.,........
.. ZZ211

•• 4- J.
II; _3Z_ 2. _
-ZJ4411;3

Z 1t3211ll. 2
1I,_.Z2. _

2_233._ II.

35322
.u

O. 12. 24. 36.
(i) SitE:' A.

~

12.

36.

24.

5.0

2.5

0.0

1/15 1/16
(tii) Monthly l'JIf'itns of 4-hr. hi-vol.

504 (C-A).

1/75 1/76
(iv) Monthly lIWitns of 4-hr. membrane

504 (C-A).

1/75 1/76
(v) Monthly means of 24-hr. hi-vol.

504 (C-A).
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explain to a certain extent the observed discrepancies, further
research seems needed to determine the precise nature of
these two sampling methods.

Conclusions. We can tentatively conclude from our anal­
ysis that there is a substantial difference between the 4-h hi­
volume and membrane 804 readings; and from the available
data, there is a small amount of 804 being contributed from
the freeway traffic.

Summary

We have illustrated for the CO data that a simple model
involving the wind speed and traffic density can, to a good
approximation, describe the behavior of the pollutant near
the freeway. This model has been used in assessing changes
in CO and Pb emissions since the introduction of the catalytic
converter. A decrease was found in both CO and Pb emissions,
which can probably be attributed to the increased number of
catalyst equipped cars on the freeway. There is an increase in
Pb emissions from the weekday to weekend. This increase is
probably due to the increased speed of the traffic on the

weekend. In our analysis of the 804 data, there is a discrep­
ancy between the 4-h hi-volume readings and the 4-h mem­
brane readings. A plausible explanation seems to be that there
is an artifact formation on the hi-volume filter causing the
discrepancy, but much further research is needed to determine
the precise nature of these two sampling techniques.

Nomenclature

IX = a parameter reflecting background pollution
at = normally distributed error
b = diffusion parameter
K = emissions parameter
TD = traffic density, vehicles per mile
Wo = diffusion parameter
WD = wind direction, degrees from north
WS = wind speed, mph
WS.L = component of wind vector perpendicular to the

freeway, mph
WSII = component of wind vector parallel to the freeway,

mph

Table V. Comparing Means of Across the Freeway Differences Between 1975 and 1976

June-Oc'. 187S June-Oct. 1878

No. 0' No. of
Mean SD ob. Mean SD ob.

4-h hi-volume 5.11 4.45 143 2.22 3.74 133
4-11 membrane -0.40 1.82 36 1.00 1.56 119

24-h hi-volume -1.32 1.54 123 0.45 1.80 125

Dmerenee 187$-1978

'-Value S'g leve'

5.86 0.0000
-4.15 0.0001
-8.28 0.0000
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Effects of Sulfur Dioxide in Air on the Fruit Fly, Drosophila melanogaster
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• Four isofemale lines of Drosophila melanogaster were
examined in long-term low-level sulfur dioxide fumigation
studies. Continuous fumigations of developing larvae (0.7
ppmfll days; 0.4 ppmf10 days) resulted in large significant
increases in developmental time and decreases in survival.
Fumigation of adults (0.7 ppm/4 days) demonstrated no
consistent effect on subsequent fecundity. Fumigation of
prepupae and pupae (0.4 ppm/4 days) resulted in decreased
survival. All of the above experiments showed differential
effects in the experimental lines. The magnitude of these ef­
fects, together with the pervasive evidence of genetically
controlled differential response, suggests that sulfur dioxide
in air may have important effects on insect populations.

This investigation concerns chronic sulfur dioxide fumi­
gation of various life stages of the fruit fly, Drosophaa mela­
nogaster. Its purpose is to provide a preliminary evaluation
of the potential impact of sulfur dioxide in air on insect pop­
ulations.

Though this problem has received little attention in the
past, the small amount of available data suggests that insects
may be adversely affected by ambient sulfur dioxide levels and
that these effects may have ecologically and economically
important consequences.

In the only previous experimental study that has attempted
to assess the effects of chronic exposure, honey bee (Apis
mel/itera) colonies were fumigated for a 14-week period at
sulfur dioxide concentrations ranging from 0.5 to 3 ppm (1).
Reductions in total colony weight gain, which might be taken
as a measure of overall colony success, were approximately
35% at each of the sulfur dioxide treatment levels. Further,
measurements made within the hive bodies indicated that
sulfur dioxide levels were uniformly lower, by as much as 90%
than the nominal treatment concentration, which suggests
that honey bees may be affected by rather low sulfur dioxide
levels.

Field observations further indicate the sensitivity of insects
to sulfur dioxide air pollution. Several studies have linked the

phenomenon of industrial melanism, the spread of dark or
black forms of normally light colored cryptic moths in areas
subject to industrial pollution, to elevated sulfur dioxide levels
(2-5). Though best known as an example of on-going evolu­
tion, the shift to melanic forms has been so rapid in many
species as to suggest radical alteration of the environment, and
may imply less spectacular but more ecologically important
effects on other insect species. This view is supported by
several observers who have noted elevated populations of
herbiverous insects, coupled with reduced parasitism levels,
in areas subject to sulfur dioxide stress (1, 6, 7). It is well
known that insecticide stress may, through destruction of a
key insect parasite or predator, cause population explosions
of herbiverous insects (8), and it would appear that sulfur
dioxide may act in a similar manner.

Experimental

Given the absence of any significant body of existing data,
the orientation of the present study was extensive rather than
intensive. Four isofemale lines (lines initiated from single wild
caught females) (9) of D. melanogaster which had earlier been
shown to be genetically different with respect to body weight
and adult high-level sulfur dioxide (500 ppm/2.5 h) tolerance
as reflected by percentage mortality (10) were included to
assess the importance of genetic variability in low-level fum­
igation responses. The four lines were designated 1, 5,10, and
14. Lines 1 and 5 consisted of relatively heavy flies that showed
high adult sulfur dioxide tolerance, whereas lines 10 and 14
comprised relatively light flies that showed low adult sulfur
dioxide tolerance. Further, the experiments encompassed
different combinations of the four life stages (eggs, larvae,
pupae, and adults) to assess effects over the entire life cycle.
All fumigations took place in a Conviron plant growth
chamber (Model E8H; Controlled Environments Inc., Pem­
bina, N.D.) modified for air pollution studies, and were per­
formed under conditions of 25 DC temperature, 70% relative
humidity, and 18-h photoperiod. Controls were maintained
under the same conditions in a Jamesway incubator (Model
252B; Butler Mfg. Co., Jamesway Division, Fort Atkinson,

828 Environmental Science & Technology 00 13-936XI78/0912-0828$01.00/0 © 1978 American Chemical Society



400

20,.

o Itne I
• line 5
o line 10
• line 14

16'2

~

>
c
1
u 100

way analyses of variance. The independent variables of both
analyses were line, sex and treatme'nt. In the analyses in­
volving productivity the data were 10garithmicaUy trans­
formed because the experimental stocks were known to differ
in productivity. Therefore, equal effects take the form ofequal
percentage reductions in productivity, which are rendered
additive by a log transformation (14).

Replicates in the second experiment consisted of the pa­
rental flies used in experiment 1, which had been transferred
to fresh media. Thus, this experiment assessed the effects of
fumigation of adults on subsequent adult fecundity. AU rep­
licates, therefore, consisted of 25 pairs of 5-7-day-old flies.
Adults were aUowed to lay eggs far 2 days, then discarded.

Productivity and developmental time were determined and
analyzed as in experiment 1, with the exception that a 5-day
counting period was used.

The third experiment concerned mainly the effects of
fumigation on larvae. Replicates were set up as in experiment
1, but both experimental and control replicates were kept in
the control chamber for a period of 2 days to minimize effects
on adults and eggs, Following this, the experimental flies were
put in the fumigated chamber. Two days later (day 4) all pa­
rental flies were discarded. Experimental replicates were then
fumigated on additional 8 days (10 days total). Based on the
results of experiment 1, this and the subsequent fumigation
were carried out at a sulfur dioxide concentration of 0.4 ppm.
Productivity and mean emergence time were determined and
analyzed as in experiment 1.

The fourth and final experiment examined effects on pre­
pupae and pupae. Each replicate consisted of 40 pairs of 7­
10-day-old adult flies. (This age difference from experiments
1 and 3 is due to an equipment failure which forced a 7-day
postponement of this experiment), Adults were allowed to lay
eggs for a period of 36 h, then discarded. Larvae were aUowed
to develop an additional 5!j2 days (at which time almost all
larvae had reached the prepupal or pupal stage) before the
experimental replicates were placed in the experimental
chamber and fumigated for a period of 4 days, in the same way
as in experiment 3.

Productivity and developmental time were determined and
analyzed as above with the exception that counting was done
for 4 days at 12-h intervals.

Results

In experiment I, fumigation greatly increased develop­
mental time and decreased productivity (Figure 1). This ex­
treme increase in developmental time was responsible for
fumigation being terminated after 11 days.

'00

~
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Figure 1. Total cumulative emergence curves of experiment 1(adults
+ eggs + larvae, 0.7 ppm/11 days). Each curve represents mean of
three replicates

Wis.). Temperature and relative humidity conditions in the
two chambers were continuously recorded by built-in hy­
grothermographs. Equivalence of temperature and relative
humidity was further verified prior to the initiation of each
experiment, through the use of a YeUow Springs Instrument
Co. telethermometer (Model 44TD) and an Abbeon hy­
grometer (Model AB167).

Because the flow rate of air through the fumigation chamber
was relatively high (approximately 350 cfm), the desired sulfur
dioxide concentrations were obtained by introducing pure
anhydrous sulfur dioxide at low flow rates (3-'7 cc/min). This
gas was injected on the negative side of the fan which moved
air through chamber, through a Teflon tube built into the
chamber for this purpose. This approach is similar to that
described by Setterstrom and Zimmerman (1 I).

Sulfur dioxide concentrations were continuously monitored
by a Meloy Laboratories flame photometic sulfur hydrocarbon
analyzer (Model SH202) and recorded by a Leeds and Nor­
thrup Speedomax W recorder. The sample air was drawn from
the chamber through a 4-ft length of 1/4-in. Teflon tube in­
serted through an instrument port in the side of the fumiga­
tion chamber.

Prior to the initiation of experiments, the fumigation
chamber was set up to maintain a concentration of 0.7 ppm
sulfur dioxide. After an initial 72-h period of equilibration,
measurements of sulfur dioxide concentration were made with
the gas delivery tube in five locations, corresponding to the .
four corners and center of the 61 X 122 cm floor area of the
exposure chamber. AU measurements were taken at a height
of 15 cm above the floor. Concentration varied less than 0.05
ppm over the floor of the chamber. As a further check for
lateral concentration gradients, all exposures were carried out
using three blocks of four bottles (one per strain), which were
placed in three corners of the fumigation chamber. This pro­
cedure likewise showed no evidence of lateral concentration
gradients.

The standard rearing container consisted of a %-pint milk
bottle containing 30 mL of a dead yeast medium (12). The
medium was selected because it provides adequate nutrition
for D. melanagaster in the absence of yeast growth, which
might weU be inhibited by sulfur dioxide. Since it was felt that
sulfur dioxide might influence the pH of the medium and thus
indirectly affect Drosophila development, six bottles con­
taining medium, but no flies, were fumigated for a period of
8 days at a concentration of 0.4 ppm sulfur dioxide. Surface
pH values as well as pH values of homogenates of the medium
were measured at the end of fumigation. All six bottles showed
pH values of 4.5, the same as that of unfumigated medium. All
bottles were fitted with loose cotton stoppers which prevented
the escape of flies but aUowed rapid gaseous diffusion. Dif­
fusion calculations indicate that these stoppers would allow
equilibration of sulfur dioxide concentration between the
bottles and the chamber within a few minutes (13).

The first experiment was designed to assess the effects of
fumigation over the entire life cycle. Each replicate consisted
of 25 pairs of 1-3-day-old flies placed in a lh-pint bottle.
Control and experimental replicates were put in their re­
spective chambers for a period of 4 days, after which the adults
were removed. Experimental bottles were fumigated for an
additional 7 days (11 days total). Throughout this 11-day
period a concentration of 0.7 ppm sulfur dioxide was main­
tained in the experimental chamber.

The number of progeny of each sex were counted every 24
h for a period of 7 days following onset of emergence in a given
bottle. These counts were used to calculate productivity (total
number of flies of a given sex produced) and mean develop­
mental time. The day the experiment was initiated was taken
as day 0 in the calculation of developmental time.

These two variables were then analyzed in separate three-
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Table I. Results of Three-Way Analyses of Variance of Productivity a

Experiment 1 Experiment 2 Experiment 3 Experiment 4

Source of variation <II MS MS F MS F MS F

Main effects
Lines 3 30.333 13.83 b 14.479 11.83 b 44.012 7.33 b 46.853 37.17 b

Sex 1 3.731 1.70 2.822 2.31 1.320 0.22 1.649 1.31
Treatment 1 226.926 103.47 b 0.218 0.18 278.449 46.35 b 40.724 32.31 b

2-Way interactions
Lines X sex 3 0.421 0.19 0.286 0.23 0.756 0.13 0.100 0.08
Lines X treatment 3 6.231 2.84 10.624 8.68 b 46.656 7.77 b 13.711 10.88 b

Sex X treatment 1 6.300 2.87 0.006 0.01 5.498 0.92 1.026 0.81
3-Way interactions

Lines X sex X treatment 3 0.451 0.21 0.449 0.37 2.561 0.43 0.639 0.51
Residual 32 2.193 1.224 6.008 1.260

• Experiment 1(adults + eggs + larvae. 0.7 ppm/l1 days). experiment 2 (adults. 0.7 ppm/4 days). experiment 3 (larvae. 0.4 ppm/10 days). and experiment 4
(prepupae + pupae, 0.4 ppm/4 days). Since the same basic experimental design was used in all experiments, the sources of variation and degrees of freedom
(dl) are the same in all cases· p < 0.001.

Table II. Results of Three-Way Analyses of Variance
of Developmental Time a

Experiment 1 Experiment 3

Source o' variation <II MS F MS F

Main effects
Lines 3 2.752 16.38 b 5.286 30.16 b

Sex 1 0.102 0.61 0.014 0.08
Treatment 1 221.124 1315.79 b 390.091 2225.88 b

2-Way interactions
Lines X sex 3 0.052 0.31 0.053 0.53
Lines X 3 1.456 8.66· 1.882 10.74·

treatment
Sex X 0.226 1.35 0.022 0.12

treatment
3-Way interactions
Lines X sex 3 0.020 0.12 0.021 0.12

X treatment
Residual 32 0.168 0.175

• Experiment 1 (adults + eggs + larvae. 0.7 ppm/11 days) and experlmenl
3 (larvae. 0.4 ppm/l0 days). Since the same basic experimental design was
used in both cases, the SOll'"ces of variation and degrees of freedom are the same
lor both analyses.· p < 0.001.

The analyses of productivity and developmental time
presented in Tables I and II demonstrate that the effects of
fumigation on both developmental time and productivity are
highly significant and that developmental time in the exper­
imentallines was differentially affected by fumigation.

Behavioral observations made during the course of fumi­
gation indicated that the activity levels of the developing
larvae were very low. Drosophila larvae, under normal con­
ditions, are very active and feed constantly. In the case of the
fumigated replicates the larvae appeared torpid and were
observed to feed only sporadically. This was assumed to be the
proximate cause of delayed development. It is also of interest
to note that activity and feeding rate increased to apparently
normal levels within 24 h after the experimental replicates
were transferred to the control chamber.

The results of the second experiment are summarized in
Tables II and III. The effect of fumigation on adults, as evi­
denced by subsequent productivity, is at best equivocal. The
ordering of the lines with respect to productivity was different
(Table III), but no overall reduction in productivity, which
might be indicative of some sublethal damage to adult females,
was observed. As might be expected, fumigation of adults had
no effect on development time of larvae, and these data are
therefore not presented.
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Table III. Mean Productivity Values and Their Standard
Errors a

Experiment 2 Experiment 4

Control Experimental Control Experimental

Line SE SE SE SE

1 263.0 4.4 233.3 7.7 174.0 3.0 179.3 10.0
5 241.3 24.8 246.0 7.5 259.0 7.4 229.0 4.0

10 216.3 5.6 285.7 10.2 314.3 8.9 196.7 9.5
14 212.7 18.4 185.3 8.3 304.3 10.7 265.0 13.2

• Experiment 2(aduhs. 0.7 ppm/4 days) and experiment 4(p<epupae + pupae.
0.4 ppm/4 days). Each value is based on three replicates.

Figure 2 displays the cumulative emergence curves resulting
from experiment 3. As in the first experiment, fumigation both
increased developmental time and decreased productivity.
These results are shown to be highly significant in the analyses
of variance shown in Tables I and II. In addition both devel­
opmental time and productivity in the experimental lines were
differentially effected by fumigation.

It may be noted that the emergence curves for the experi­
mentals (Figure 2) in this experiment extends over a 9- rather
than a 7-day period. This is because large numbers of appar­
ently viable pupae were present in the experimental replicates
of lines 1 and 14. Emerging flies were therefore counted for an
additional two days to better determine total emergence. The
analyses of variance presented in Tables II and III are based
on a 7-day counting period. However, it is apparent that the
reduced 7-day productivity of lines 1 and 14 is largely an
illusion created by an extreme increase in developmental time.
Behavioral observations indicated that, as in the first exper­
iment, delayed development was caused by drastically reduced
larval activity levels.

The results of Experiment 4 are summarized in Tables II
and III. With the exception of line I, fumigation significantly
decreased pupal survival and differentially affected the ex­
perimentallines. Fumigation had no effect on developmental
time, and these data are therefore not presented.

Discussion

The suflur dioxide/exposure time combinations considered
in these experiments are severe in that though similar con­
ditions have been observed in ambient air (15), they are ex­
tremely uncommon (16). However, the responses observed
here indicate ways in which sulfur dioxide could affect insect
populations, and the magnitude of the responses suggests that
effects on natural populations might be expected at more



Figure 2. Total cumulative emergence curves of experiment 3 (larvae.
0.4 ppm/10 days). Each curve represents mean of three replicates
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and may have already evolved resistance. Thus, these species
might be at a competitive advantage in the presence of this
gas and could displace other less objectionable species in areas
newly subjected to sulfur dioxide stress (8).

On a more positive note, Drosophila melanogaster responds
readily to selection in the laboratory. One might therefore be
able to select strains sensitive to sulfur dioxide (or other pol­
lutants) which could find use as bioindicators.

Though this study has identified potential effects of sulfur
dioxide on insect populations, the broader question of what
response one might expect in an insect population exposed to
a given level of sulfur dioxide remains unanswered. In a nat­
ural population one finds a mixture of individuals at different
life stages. Sulfur dioxide concentrations vary both spatially
and temporally and are, in general, lower than those consid­
ered here. Other factors such as varying temperature and
humidity and possible interaction of sulfur dioxide with other
pollutants further complicate the situation. None the less, the
magnitude of the responses observed here strongly suggests
that sulfur dioxide may have ecologically significant effects
on natural insect populations.

commonly occurring sulfur dioxide concentrations and ex­
posure times.

In the fumigations involving developing larvae (experiments
1 and 3), the same general effects of increased development
time and decreased survival were observed. Further, the same
general behavioral pattern of reduced activity in the presence
of sulfur dioxide followed by greatly increased activity and
growth upon cessation of fumigation was present in both cases.
The larvae of some insect species might be able to simply re­
duce their activity level during periods of high sulfur dioxide
concentration and thus avoid any ill effects (as was apparently
the case in lines 1 and 14 in experiment 3). Many insect
species, however, exploit ephemeral resources (rotting fruit
in the case of Drosophila) which place a premium on rapid
development, and any increase in developmental time would
expose most insects to increased risk of mortality due to such
factors as parasitism or predation (8, 17).

Likewise experiment 4, which involved a 4-day exposure of
pupae, decreased survival by an average of 17%. Mortality
factors that cause on the order of 5-10% mortality late in the
life cycle (i.e., the pupal stage) have been shown to have sig­
nificant effects on the dynamics of insect populations (J 7) and
4-day periods during which sulfur dioxide concentrations may
average 0.1-0.2 ppm are by no means unknown.

The results reported here also indicate that genetic con­
stitution is an important determinant of response to sulfur
dioxide. This is suggested by the presence of a significant lines
X treatment interaction in all but one analysis. The reactions
of a given line are not consistent from experiment to experi­
ment. This is reasonable because the experiments considered
different treatments both in terms of life stages exposed and,
in experiment 1, sulfur dioxide concentration. Further, such
variability in the responses of different life stages is in
agreement with other studies of stress reactions in Drosophila
(9).

The presence of genetic variability suggests that one might
expect sulfur dioxide resistance to evolve in insect populations
exposed to this gas. Such evolutionary responses could be of
ecological importance. Undesirable species such as houseflies
(Musca domestica) are routinely found in urban situations
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• Prudhoe crude oil enriched with a number of polycyclic
aromatic hydrocarbons was added as' a dispersion to a con­
trolled ecosystem enclosure suspended in Saanich Inlet,
Canada. Concentrations of various aromatics were determined
in water, zooplankton, oysters, and bottom sediments. Initial
water concentrations of the lower weight aromatics, naph­
thalenes and anthracene, were 10-20 )lg/L, whereas the initial
concentrations of benzo(a)pyrene, benz(a)anthracene, and
f1uoranthene ranged from 1 to 6 )lg/L. These concentrations
decreased at an exponential rate due to evaporation, photo­
chemical oxidation, microbial degradation, and sedimentation.
Only naphthalenes were significantly degraded by microbes
with removal by this process of up to 5% per day from the
water. Sedimentation and photochemical oxidation were re­
sponsible for the decrease in concentrations of the higher
weight aromatics.

This paper summarizes an experimental study of the fate
of a number of polycyclic aromatic hydrocarbons of increasing
molecular weight in a controlled ecosystem enclosure. The
hydrocarbons included naphthalene, methylnaphthalenes,
dimethylnaphthalenes, anthracene, f1uoranthene, benz(a)­
anthracene, and benzo(a)pyrene. Prudhoe crude oil was en­
riched with these aromatics and added as a dispersion to a
quarter-scale enclosure (ca. 2 m diameter and 15 m deep­
60000 L). After oil addition, water, sediment, zooplankton,
and oysters in the enclosures were analyzed for the various
hydrocarbons. A second experiment involved adding radio­
labeled benzo(a)pyrene to an enclosure to allow quantification
of hydrocarbon products.

The changes in the concentration of the different hydro­
carbons in water are a reflection of the action of evaporation,
biological degradation, photochemical oxidation, and ad­
sorption to living or dead particles with subsequent sedi­
mentation. Using the results of our experiments we have at­
tempted to evaluate the importance of these processes as it
affects different types of aromatic hydrocarbons.

Experimental

Polyethylene enclosures (ca. 2 m diameter and 15 m deep)
were filled with 60 000 L of water from Saanich Inlet which
is located in western Canada. Naphthalene (1 g), 1-methyl­
naphthalene (1 g), 2,3-dimethylnaphthalene (1 g), anthracene
(1 g), f1uoranthene (0.5 g), benz(a)anthracene (0.5 g), and
benzo(a)pyrene (0.2 g), all from Aldrich Chemical Co., were
dissolved in 100 g of Prudhoe crude oil (kindly donated by W.
Cretney from Environment Canada, British Columbia).
Prudhoe crude oil appears similar to other crudes, e.g., Kuwait
and South Louisiana; therefore, the amounts of naphthalene,
1-methylnaphthalene, 2,3-dimethylnaphthalene, f1uoran­
thene, benz(a)anthracene and benzo(a)pyrene contributed
by the 100 g of crude oil would be 80, 300, 10,0.2, and 0.1 mg,
respectively (1-3). A dispersion of this oil with its spiked
compounds was formed by mixing the oil with 1 L of acetone,
0.5 L of ethanol, and 40 L of seawater. This dispersion was

stirred for 24 h and then pumped through a diffusion ring
throughout the top 10 m of the water column. One liter of
acetone and 0.5 L of ethanol were pumped into a control en­
closure. In a third enclosure 10 mCi of (G,3H) benzo(a)pyrene
(20 mCi/mM-Amersham) and 72 mg of benzo(a)pyrene (Al­
drich Chemical Co.) were dissolved in 6 L of acetone, then
mixed with 20 L of seawater, and the dispersion pumped
through the diffusion ring into the top 10 m of the enclo­
sure.

Water samples were collected by a pump from three depths
with a peristaltic pump through a flexible tube. Some water
samples were also collected with a Niskin water sampler.
Hydrocarbon concentrations were the same with both col­
lecting methods, suggesting that the tubing was not adsorbing
significant amounts of the hydrocarbons. Samples of bottom
sediment were collected by pumping through flexible plastic
pipes permanently connected to the bottom of the enclosure.
Zooplankton samples were collected with a 50-em-diameter,
200-)lm mesh net.

For bioaccumulation studies a cage with oysters (Crassos­
trea virginica) was suspended at 7 m in the oil-treated en­
closure. At various time intervals, oysters were removed for
analysis or depuration work. For depuration studies oysters
were removed from the polluted enclosures and placed in a
second cage suspended in outside "clean" water.

For microbial degradation studies, water was collected from
3 and 7 m in the oil treated and control enclosures. Radiola­
beled hydrocarbons (14C) dissolved in 2 IlL of acetone were
added to 100-mL water samples in 250-mL flasks capped with
silicone stoppers. After incubation for various time intervals
at the in situ temperature (12 ·C) in the dark, the respired
14C02 released after the addition of acid was collected on
filters soaked with phenethylamine and counted. A more de­
tailed description of the method is given by Hodson et al. (4).
To determine if any chemical degradation to CO2 occurred,
5 mg of mercuric chloride was added to some samples. Four
samples were run for each time interval. The radioactive hy­
drocarbons used with 2-methylnaphthalene-8- l4C (7.98
mCi/mN-California Bionuclear Corp.), 14C-1-naphthalene
(3.67 mCi/mM-Amersham), anthracene-9,1O- 14C (33 mCil
mM-California Bionuclear Corp.), 14C-12-benz(a)anthracene
(48 mCi/mM-Amersham), benzo(a)pyrene-3,6- 14C (21
mCi/mM-Amersham).

For adsorption studies the radiolabeled hydrocarbons were
added to 100-mL water samples. Concentrations of naph­
thalenes, anthracene, benz(a)anthracene, and benzo(a)pyrene
were 25, 25, 10, and 3 )lg/L, respectively. After incubation for
3 h at the in situ temperature, the water was filtered onto a
OA-)l filter (Nucleopore Co.). The particles were washed off
with a stream of filtered seawater and then filtered again. The
second filtration was necessary because hydrocarbons not
associated with particles collected on the first filter. Hydro­
carbons not associated with particles were not removed by the
washing procedure. Most detrital particles and phytoplankton
cells washed off the first filter, but up to 20% of the free bac­
terial cells could not be removed.
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to determining total radioactivity, filters were also extracted
with methanol:benzene (1:2 v!v). This extract was concen­
trated to a small volume under nitrogen in the dark, added to
a silica gel thin-layer plate (Merck Co.), and run in a solvent
system (ethanol:benzene, l:9 v!v) to separate degradation
products from the benzo(a)pyrene. Benzo(a)pyrene and 3­
hydroxybenzo(a)pyrene and benzo(a)pyrene-l,6-dione were
used as standards. The hydroxy benzopyrene and quinone
were provided by A. R. Patel through the National Cancer
Institute Carcinogenesis Research Program.

For radioautographic studies (G, 3H) benzo(a)pyrene (25
Ci/mM-Amersham) was added to water samples. A two-step
filtration was carried out as described above, and filters from
the second filtration were stained with a general bacterio­
logical stain (3% Erythrosin B in 5% phenol solution). After
several washes, slides were dipped in Kodak NTB-2 emulsion
as described by Paerl and Goldman (5). After exposure and
development, filters were examined with phase optics at
1200X to determine which particles contained radioactivi­
ty.

Analysis. Water samples were extracted with hexane (J.
T. Baker-spectral grade), and an ultraviolet spectrophoto­
metric method (6) was used to quantitate naphthalene,
methylnaphthalenes, and dimethylnaphthalenes. Earlier
experiments in these enclosures showed that determination
of naphthalenes by gas-liquid chromatography agreed with
results obtained by the ultraviolet method (3). The sensitivity
of the ultraviolet method was 0.5 ILg/L for each of the various
naphthalenes. To determine polycyclic aromatic hydrocar­
bons, other than naphthalenes, hexane extracts were con­
centrated to dryness under nitrogen and dissolved in 10 ILL
of methanol. Anthracene, fluoranthene, benz(a)anthracene,
and benzo(a)pyrene were measured by passing 5 ILL of the
methanol solution through an assembled liquid chromato­
graph equipped with a fluorometric detector (Fluoromoni­
tor-American Instrument Co.). The sensitivity of the method
was 0.01 ILg!L for anthracene, fluoranthene, and benzo(a)­
pyrene and 0.02 ILg!L for benz(a)anthrane. A standard curve
was prepared for each compound. The chromatograph was
equipped with a LiChrosorb RP-2 (Merck) column (25 em
long and 2.0 mm i.d.). The sample was eluted with three sol­
vent mixtures added sequentially (solvent I-methanol:water,
1:1; solvent 2-methanol:water, 2:3, solvent 3-methanol:
water, 3:2).

The concentration of total hydrocarbons in the water 1 day
after the addition of oil was obtained using an infrared ab­
sorption procedure (8). One-liter samples were acidified with
1 mL of sulfuric acid (50%) and extracted with 20 mL of car­
bon tetrachloride (Burdick and Jackson, analytical grade).
Absorbance at 2930 em-I was compared to a calibration curve
constructed for solutions of the Prudhoe crude oil in carbon
tetrachloride.

The procedure used to analyze volatile aromatic hydro­
carbons in seawater using helium partitioning gas chroma­
tography has been described (9). Data obtained from the gas
chromatograms were treated according to the method of
McAuliffe (IO) to calculate aromatic concentrations.

Animal tissues were homogenized in a blender for 2 min.
Sediment samples were mixed with an equal volume of water.
One milliliter of tissue or sediment slurry was saponified with
0.5 mL of 4 N NaOH by heating at 95°C for 2 h. The sample
was mixed with 5 mL of hexane. The hexane extracts were
analyzed by either the ultraviolet spectrophotometric method
(for naphthalenes) or liquid chromatography (anthracene,
fluoranthene, benz(a)anthracene, and benzo(a)pyrene). Be­
tween 90 and 95% of the selected aromatics was recovered
when sediment and animal tissues were spiked with these
compounds.

For the radiolabeled benzo(a)pyrene experiment, water was
collected from the following depth intervals: 0-5, 5-10, and
10-13 m. Four liters of water were passed through a glass fiber
filter. The filter was added to a liquid scintillation cocktail
(Aquasol-New England Nuclear) and counted (Beckman
Model LS 100C liquid scintillation counter). The values ob­
tained were assumed to be total counts in the water. Separate
extractions of the water with benzene indicated that glass fiber
filters removed 70-90% of the radioactivity in the water.
Benzene extracted benzo(a)pyrene, hydroxy derivatives, and
quinones when these were added to water samples. In addition
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Figure 3. Benz(a)anthracene and benzo(a)pyrene from 3- and 7-m
water

Results

The addition of a dispersion of 100 g of Prudhoe crude oil
to the top 10 m of the water column resulted in small oil slicks
on the surface which gradually disappeared over 10 days. After
1 day the nonvolatile hydrocarbon concentration at 7 m by the
infrared method was 280 /LglL. The concentrations of volatile
aromatic hydrocarbons, namely, benzene, toluene, ethyl­
benzene, xylene, and trimethybenzenes, were 1700, 1500,300,
540, and 1500 /LglL, respectively. No other measurements were
made of total nonvolatile or volatile hydrocarbon concentra­
tions. In similar experiments with fuel oil, volatile hydrocar­
bons were not detected after 3 days (11).

The concentrations of naphthalene, methylnaphthalenes,
dimethylnaphthalenes, anthracene, fluoranthene, benz(a)­
anthracene, and benzo(a)pyrene on day 1 were 11, 19, 16, 18,
6.2,3.1, and l.l/LglL, respectively. The concentration of each
hydrocarbon decreased at an exponential rate during the
following 17 days of the experiment (Figures 1-4, Table I).
Naphthalenes increased slightly in surface waters on day 6
(Figure 1), which may be due to more of these components
dissolving in the water from the surface slick. A liquid chro­
matogram of a day 3 water sample from 7 m is shown in Figure
5 where the concentrations of anthracene, fluoranthene,
benz(a)anthracene, and benzo(a)pyrene were 7.3, 4.9, 3.9, and
1.5 /Lg/L, respectively. Use of the high-pressure liquid chro­
matograph with a fluorescence detector allowed separation
and detection of these polycyclic aromatic hydrocarbons in
water, sediment, zooplankton, and oysters during the course
of the experiment. The time for the hydrocarbons to decrease
to 50% of their original values, i.e., half-life, was 3-4 days in
water from 3 m and 4-6 days in water from 7 m. By day 17 all
of the spiked hydrocarbons were below the level of detection
in water from 3 m.

A phytoplankton bloom, predominantly centric diatom
species, with an initial chlorophyll-a concentration of 19
/Lg-atomslL, and a phytoplankton carbon concentration of 3
mglL was captured in the enclosure. This bloom rapidly de­
pleted nutrients, and the phytoplankton sank to the bottom

Hydroxylated
derivative. and

quinone.
(~g/L)

0.08
0.05
o
0.01
0.01
o
0.1
0.1
0.02
0.2
0.1
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0.1
0.1
0.02
0.07
0.05
0.04
0.02
o
o

0- 3mwoter
6- 7mwoter
0- 12 m water

Total
benzo(a)pyrene

and
degradation

Sample depth products Benzo(8)pyrene
(m) (~g/L) (~g/L)

0-5 1.4 1.2
5-10 1.3 1.1

10-13 0.1 0.1
0-5 1.1 0.7
5-10 0.9 0.6

10-13 0.2 0.2
0-5 0.9 0.5
5-10 0.9 0.6

10-13 0.4 0.2
0-5 0.9 0.3
5-10 0.7 0.5

10-13 0.6 0.4
0-5 0.4 0.2
5-10 0.3 0.2

10-13 0.3 0.2
0-5 0.2 0
5-10 0.6 0.4

10-13 0.4 0.3
0-5 0.1 0
5-10 0.2 0.1

10-13 0.2 0.2
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Table I. Addition of 3H-Benzo(a)pyrene to an
Enclosure-Concentration Changes of Hydrocarbon
and Degradation Products
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Figure 4. Changes in f1uoranthene concentration with depth and
time

of the enclosures, which resulted in a large decrease in chlo­
rophyll-a in the water of both control and treated enclosures.
Similar cycles of centric diatom blooms, depletion of nutrients,
and subsequent sinking of the phytoplankton are a normal
summer feature of Saanich Inlet (12). Hydrocarbons associ­
ated with the phytoplankton are carried to the bottom sedi­
ments by this sinking process. Analysis of fluoranthene in
water from 3, 7, and 12 m showed the path of fluoranthene
through the water column. On day 1 fluoranthene was 6.2 /LglL
at 3 m but decreased to 2.8 /Lg/L by day 3 with subsequent
increase in the water from 7 and 12 m and eventual incorpo­
ration into the sediment (Figure 4 and Table 11).

0- Benz(o)onthracene
in 3m water

0. - Benz(o)onthracene
in 7m water

D - Benzo(o)pyrene
in 3m water

• - Benzo(a)pyrene
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Figure 6. Microbial degradation of '''C-l-methylnaphthalene (25 !"g/l)
in oil-treated and control enclosures
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Microbial Degradation. The rate of microbial degradation
was evaluated by the addition of l4C-labeled hydrocarbons
to water samples from the enclosures and later measurement
of l4C02 produced. Radiolabeled benz(a)anthracene and
benzo(a)pyrene were not degraded in water in the dark from
either the treated or control enclosures. Anthracene was not
degraded in the control water but slowly degraded (0.02 !"g/
L/day) in water from the treated enclosure. No degradation
was observed in mercury treated controls. As a result of adding
oil to an enclosure, radiolabeled naphthalene and methylna­
phthalene were degraded on day 3 at a rate of approximately
0.4 !"glL/day (Figure 6; only the degradation of methylna­
phthalene is shown, but very similar curves were obtained for
naphthalene). If the amount of unlabeled methylnaphthalene
in the water (12 !"glL) is taken into account, the calculated
degradation rate is 0.5 !"glL/day. Assuming a uniform rate
throughout the enclosure, then 30 mg of methylnaphthalene
would be degraded to CO2 in one day. On day 3 there was ap­
proximately 600 mg of methylnaphthalene in the water of the
oil-treated enclosure. Thus up to 5% of the naphthalenes in
the water could be degraded daily. Water in the control en­
closure showed an initial lag in the degradation of naphthalene

co9
Benz(a)anthracene

~cx59
~Benzo(a)pyrene

~uoranthene
~

Q:::):)--e-
80 Anthracene

60
(J)
U
C
(J)
uen
~ 40
0
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LL.

(J)
> 20
~
Q)
a:

0 10 20 30

Retention time (minutes)

Figure 5. liquid chromatogram of 7-m water on day 3

Photochemical Oxidation. The importance of photo­
chemical oxidation can only'be inferred from our results. The
higher weight polycyclic aromatic hydrocarbons, in particular
benzo(a)pyrene and benz(a)anthracene, are susceptible to
photooxidation (13). The short wavelengths required for
photooxidation of these compounds penetrate only a few
meters in the ocean, and should be even more attenuated in
the presence of a phytoplankton bloom. The experiment with
tritiated benzo(a)pyrene suggests that photooxidation of this
compound was important in the top 5 m (Table I). On day 4,
30% of the radioactivity collected in the upper 5 m of the en­
closure was due to benzo(a)pyrene. On thin-layer plates the
remaining radioactivity was collected in the area of quinones
and more polar compounds. Benzo(a)pyrene accounted for
the majority of the radioactivity in bottom waters and sedi­
ments. Approximately 40% of the benzo(a)pyrene in the wa­
ters of the oil-treated enclosures was recovered in the sedi­
ment, suggesting that no more than 50% of the benzo(a)pyrene
could have been photooxidized (Table III).

Table II. Aromatic Hydrocarbons in Bottom Sediments from Oil-Treated Enclosure

Naphthalene Methylnaphthalenes Dlmethylnaphthalenes

Amtln Amt In Amt In
Time after 011 Conen sedlmenl Cone" sedlmenl Conen sediment

addilion (day.) ("gIg) (rng) ("gIg) (mg) ("gIg) (mg)

2 70 28 71 28 169 68
4 15 9 22 13 66 40
7 5 3 5 3 22 12

10 7 6 10 9 30 26
14 2 2 3 3 6 7
17 <0.5 <1 <0.5 <1 <0.5 <1

Anlhraeene Fluoranthene Benz(a )anthraeene Benzo( a )pyrene
Amt In Amt In Amtln Amtln

Cone" sediment Cone" sediment Conen sediment Conen sediment
("gIg) (rng) ("gIg) (rng) ("gIg) (rng) ("gIg) (mg)

2 <0.2 <0.1 <0.2 <0.1 <0.4 <0.2 <0.2 <0.1
4 1.8 1.1 2.4 1.4 2.2 1.3 0.8 0.5
7 5.3 2.9 4.4 2.4 5.4 3.0 2.1 1.2
10 3.5 3.1 2.8 2.5 3.8 3.3 1.3 1.1
14 5.1 5.6 6.2 6.8 10.0 11.0 4.9 5.4
17 8.4 11.8 10.0 14.0 24.0 33.6 6.0 8.4
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Table III. Total Amount of Aromatic Hydrocarbons in
Bottom Sediments and Water

and methylnaphthalene, but after incubation with the labeled
hydrocarbons for 72 h the amount degraded was nearly the
same as in the oil-treated enclosure (Figure 6).

Sedimentation and Adsorption Studies. Determination
of the concentration and amount of the hydrocarbons in the
bottom sediments at various times after addition of oil allowed
us to evaluate the importance of sedimentation processes in
removing hydrocarbons from the water. Most of the naph­
thalenes, with a predominance of dimethylnaphthalenes,
appeared in early sediment samples, i.e., during the first 7
days, whereas the less soluble higher weight aromatics ap­
peared in later samples. A comparison between the amount
of hydrocarbon in the water column on day 1 (estimated by
assuming all of the hydrocarbon was in the top ten meters) and
the total collected in the sediment is shown in Table III. The
percent recovered in the sediment varied from 4% for an­
thracene to 39% for benzo(a)pyrene.

The hydrocarbons in the bottom sediments were presum­
ably carried there by particles originally in the water column.
Particles that could take up hydrocarbon included phyto­
plankton, detritus, and zooplankton. Zooplankton were
sampled on days 4 and 7. On day 4 the concentrations of an­
thracene, fluoranthene, benzo(a)pyrene, and benz(a)an­
thracene in a zooplankton sample, predominantly the copepod
Pseudocalanus minutus, were 3.3, 1.4, 0.3, and 1.2 Ilg/g, re­
spectively. These concentrations were less than those in the
bottom sediment after day 4 (Table II). After 9 days the
concentration of these compounds in zooplankton was below
detectable levels, i.e., less than 0.1 Ilg/g. The ability of cope­
pods and other zooplankton to degrade and discharge hy­
drocarbons may account for this decrease (14-16).

On day 5 a water sample from 12 m was analyzed before and

Hydrocarbon

Naphthalene
Methylnaphthalenes
Dimethylnaphtha-

lenes
Anthracene
Fluoranthene
Benz(a)anthracene
Benzo(a)pyrene

Estimated am! In
waler on day 1

(mg)

440
760
480

600
276
132
44

Total I"
sediment

(mg)

48
56

153

25
27
52
17

%
recovered In

sediment

11
7

32

4
10
39
39

after filtering through a glass fiber filter. Less than 100/0 of the
benz(a)anthracene and benzo(a)pyrene and 500/0 of the an­
thracene and fluoranthene passed through the filter. For
laboratory adsorption studies, radiolabeled hydrocarbons were
added to water samples collected from the control enclosure.
After a 3-h incubation period, 2% of the radiolabeled naph­
thalene and methylnaphthalene at a concentration of 25 Ilg/L
were taken up by suspended particles. The relative adsorp­
tions of anthracene (15 Ilg/L)' benz(a)anthracene (3 Ilg/L) , and
benzo(a)pyrene (2 Ilg/L) to suspended particles were 11, 59,
and 75%, respectively. Radioautographs with tritiated ben­
zo(a)pyrene added to water samples indicated that this hy­
drocarbon was associated with detrital particles rather than
with living phytoplankton cells. Under the microscope these
detrital particles appeared to be aggregates of dead phyto­
plankton cells and bacteria.

Hydrocarbon Uptake by Oysters. Oysters suspended' in
the oil-treated enclosure rapidly took up all hydrocarbons with
very high accumulation of naphthalenes (Table IV). For de­
puration experiments, oysters were transferred to water
outside the enclosure. Naphthalenes were rapidly released and
were not detectable after 23 days. There was a much slower
release of accumulated anthracene, fluoranthene, benz(a)­
anthracene, and benzo(a)pyrene. They were still present at
the end of the 23 days. Based on these depuration experi­
ments, calculated half-lives of the naphthalenes, assuming
exponential discharge, were 2 days; whereas for anthracene,
fluoranthene, benz(a)anthracene, and benzo(a)pyrene, the
half-lives were 3, 5, 9, and 18 days, respectively. Thus the
higher weight aromatics appear to persist for longer periods
than the lower weight naphthalenes. Other depuration studies
with mussels collected from oil-contaminated waters have
indicated the persistence of higher weight aromatics (17,
18).

Discussion

We propose that the primary processes effecting the con­
centration of the hydrocarbons in the waters of the enclosures
were evaporation, microbial degradation, sedimentation, and
photochemical oxidation. Based on the data presented here
and from other reported studies, we have attempted to eval­
uate the relative importance of these processes as they effect
the concentration of the different aromatics.

Most studies on evaporation have been concerned with
hydrocarbon losses from an oil slick. Hydrocarbons below CIS

(BP-270 ·C) volatilize in a few days from an oil slick (19-21).
In our experiments loss of naphthalenes from the upper wa­
ters, particularly naphthalene (BP-210 ·C) would be pre-

Table IV. Uptake and Depuration of Aromatic Hydrocarbons by Oysters from Oil-Treated Enclosure

7
7

23

Oyster Water
(~g/g) (~g/L)

Methylnaphthalenes
Oyster Wate,
(~g/g) (~g/L)

Dlmethylnaphthalenes
Oyster Water
(~g/g) (~g/L)

10
2

84
72

8
4

nd

8
3

56
36

1
2

nd

5
3

Naphthalene

30
12
1
2

nd a

Depurallon
Time 0' exposure time

(days) (days)

2
8
2
8
8

Anthracene Fluoranlhene Benz( a )anthracene Benzo(a )pyrena

Oyster
(~g/g)

2 5.6
8 ~5

2 1.2
8 0.4
8 23 0.1

a nd, not detectable, less than 0.5 ~g/g.

Water
(~g/L)

13
1

Oyster Water Oyster Water
(~g/g) (~g/L) (~g/g) (~g/L)

5.0 7.2 2.8 5.3
4.0 0.4 1.8 0.1
1.7 1.9
1.4 1.0
0.4 0.3

Oyster
(~g/g)

0.36
0.30
0.40
0.20
0.12

Water
(~g/L)

1.9
0.1
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dicted. Hydrocarbons in the C1S-C25 range (BP-250-400 ·C),
anthracene and fluoranthene in our experiments, are vola­
tilized from an oil slick only to a limited extent.

Microbial degradation was measurable only for naphtha­
lenes and anthracene in the oil-treated enclosure. Water from
the control enclosure required incubation with 14C-naph­
thalenes for 48 h before appreciable degradation occurred,
whereas in water from the oil-treated enclosure, measurable
degradation of 14C-naphthalenes took place within 4 h after
addition. An earlier hydrocarbon experiment showed marked
increases in microbial degradation rates of naphthalenes 3
days after hydrocarbon addition (7). Several studies have
shown higher numbers of oil degrading microbes in oil-pol­
luted areas relative to nearby "clean" areas (22, 23).

Photochemical oxidation, involving free radical addition
catalyzed by light or metal ions, appears to be an important
process in the destruction of oil slicks (21). Based on labora­
tory studies it appears that anthracene, fluoranthene,
benz(a)anthracene, and benzo(a)pyrene of the aromatics
studied in our experiments are subject to photochemical ox­
idation in slicks or near surface waters (13, 24, 25). Benzo(a)­
pyrene is the most susceptible of these compounds to photo­
oxidation, and the results of the experiment involving addition
of tritiated benzo(a)pyrene to an enclosure suggested that
photochemical oxidation was important in the surface waters.
Approximately 40% of the benzo(a)pyrene in the water was
recovered in the bottom sediments. Since microbial degra­
dation and evaporation were not important, it is suggested
that as much as 50% of the benzo(a)pyrene was photooxidized
during the 17 days of the experiment. It is probable that there
were losses to the side of the plastic enclosure and incomplete
recovery of hydrocarbon in the sediment so that photoox­
idation was less than 50%.

Sedimentation is important in carrying hydrocarbons from
both oil slicks and from the water to the bottom (21). Particles
such as fine-grained clays and detritus can adsorb dissolved,
dispersed, or particulate hydrocarbons (26-28). Experimental
oil spills have shown rapid hydrocarbon decreases in the water
after disappearance of the oil slick with increases of the aro­
matics in the sediments (29, 30).

In our experiments, naphthalenes, particularly dimethyl­
naphthalenes, were found in the bottom sediments during the
first 7 days, whereas the heavier weight aromatics were slower
to sediment. This suggests that the mechanisms for carrying
naphthalenes to the bottom were different than those of the
other aromatics. Soto et al. (31) showed active uptake of
nalJhthalene by phytoplankton. We suggest that naphtha­
lenes, but not the larger aromatic hydrocarbons, were actively
taken up by living phytoplankton cells which subsequently
sank to the bottom. Radioautographs with tritiated ben­
zo(a)pyrene indicated that this hydrocarbon, and presumably
other higher weight aromatics, were associated with detritus,
composed of clumps of dead phytoplankton cells and associ­
ated bacteria. These particles probably sank at a slower rate
than living phytoplankton cells. Figure 3 shows a large in­
crease in naphthalenes in 7-m water on days 3 and 4, which
was not observed with the other aromatics. Presumably this
increase was due to naphthalenes in surface water phyto­
plankton being carried to deeper waters. The lower concen­
tration of naphthalenes in later sediment samples (after 7
days) could be due to increases in the microbial degradation
rates of these compounds in sediment or bottom waters. Since
it appears that phytoplankton take up but cannot metabolize
naphthalenes (31), autolysis of the phytoplankton cells may
release naphthalenes that are degraded.

It is difficult to explain the loss of anthracene from the
enclosure. The rate of decrease in the water was very rapid
(Figures 1 and 2) with only small increases seen in the 7- and
12-m water samples between days 2 and 4. Other aromatics

increased on these days as particles with associated hydro­
carbons were carried to the bottom. Only 4% of the anthracene
in the water was recovered in the bottom sediments. The mi­
crobial degradation rate was very low for anthracene. With
a boiling point of 340 ·C, evaporation was not expected to be
important, although laboratory studies have shown up to 15%
loss of anthracene from solution (32). Possibly, photochemical
oxidation was extremely rapid for this compound.

Conclusions

Changes in the concentration of various fluorescent aro­
matics in water, sediment, zooplankton, and oysters from an
oil-treated enclosure were easily determined by using crude
oil enriched with the compounds of interest and a liquid
chromatograph with a fluorescence detector. The sensitivity
of the method allowed detecti'on of O.Ol/lglL of the individual
hydrocarbons.

Our results indicated that aromatic hydrocarbons have
short residence times, i.e., on the order of a few days, in marine
waters. For lower molecular weight aromatics, such as ben­
zenes, naphthalenes, anthracenes, and phenanthrenes, mi­
crobial degradation and ev.aporation are the primary removal
processes. The concentrations of higher weight aromatics, such
as chrysenes, benzanthracenes, and benzpyrenes, are primarily
effected by sedimentation and photochemical oxidation.
Because of their low solubility in water, the higher weight
aromatics are associated with particles in the water. After
sedimentation of higher weight aromatics, biological degra­
dation by interactions between macrofauna, meiofauna, and
microfauna of the sediment becomes an important factor in
their removal (23, 33). In studies now being conducted we are
adding bottom material collected from an oil-treated enclosure
to trays of marine sediments to determine rates of hydrocar­
bon degradation in the sediment. When oil from a spill is in­
corporated into fine sediments, it may persist for many years
with storms and tides sometimes causing resuspension of these
sediments with their associated hydrocarbons (34).

In open ocean areas with low concentrations of suspended
particles, rates of hydrocarbon sedimentation would be low,
but because of the clear waters, photochemical degradation
rates should be high. In the case of an oil spill, hydrocarbons
should continue to be found in the water as long as a slick
persists followed by rapid decreases in their concentration as
a result of the various natural removal processes.
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Rapid Weathering Processes of Fuel Oil in Natural Waters:
Analyses and Interpretations

Fritz Ziircher" and Markus Thiier1

Institute for Water Resources and Water Pollution Control, Swiss Federal Institute of Technology,
CH-8600 Diibendorf, Switzerland

• The fate-determining steps of weathering petroleum in the
aquatic environment were studied in model experiments.
Capillary column gas chromatography and infrared absorption
measurements showed different weathering processes for No.
2 fuel oil, depending on the turbulence and the level of sus­
pended solids (kaolinite) in water during experiments. Partial
dissolution, adsorption, dispersion, and agglomeration of No.
2 fuel oil initially occurred and resulted in the fractionation
of the original oil mixture. Alkylated benzenes and naphtha­
lenes were enriched in the water phase (up to 5 mglL), certain
aliphatic hydrocarbons above mol wt 250 were adsorbed onto
kaolinite (200 mg/kg), and oil droplets were agglomerated with
suspended minerals (20 g/kg) after increased turbulence. The
same fractionation pattern was observed for a ground water
oil spill, although the oil was already biochemically altered.

One would like to be able to characterize the processes that
influence the fate of oil in the aquatic environment. A number
of authors (l) have described various physical and biological
processes that contribute to the distribution and degradation
of petroleum products in the aquatic environment. Difficulties

. have arisen in determining the relative magnitude of the
various processes. Reliable information on the distribution
of oil components in aquatic environments is important be­
cause the more water soluble aromatic hydrocarbons, even in
minute concentrations, 'may have toxic effects on aquatic or­
ganisms (2).

1 Present address, CIBA-GEIGY AG, Environmental-Technology
Dept., CH-4000 Basel, Switzerland.

This work presents an analysis of the initial short-term
processes affecting the distribution of fuel oil in surface water
containing a suspended clay mineral. Processes studied in­
clude dissolution, suspension, agglomeration, and adsorption.
Evaporation was not studied, since surface oil spills generally
contribute less to oil pollution than continuous inputs from
diffuse sources (3).

Model experiments were done with No.2 fuel oil and water
containing suspended particulates. Then a comparison was
made of these model experiments and an actual case involving
polluted ground water.

Experimental

Model Experiments. A 250-mL erlenmeyer flask was filled
with distilled water containing sodium chloride (10-3 M) and
sodium bicarbonate to stabilize the pH at 7.5. To withdraw
samples, a V-tube was placed in the flask, with one end near
the bottom and the other end outside. Ten milliliters of No.
2 fuel oil were carefully placed on top of the water body with
a pipet, avoiding single oil droplets. The flasks were then
stirred with a magnetic stirrer at a constant speed (3 cycles/s).
Different flow conditions were achieved by changing the
length of the magnetic stirrer: 2 em for low intensity and 3 em
for high intensity (oil/water interface disrupted). Ten grams
per liter of kaolinite (0.2-2 I'm) with a relatively high specific
surface (10 m2/g) were used as the particulate material. Ex­
periments were performed for a period of 24 h at 20°C as
follows: I: oil/water without suspended solids, low stirring
intensity; II: oil/water with suspended solids, low stirring in­
tensity; III: oil/water with suspended solids, high stirring in­
tensity; IV: gasoline/water without suspended solids, low
stirring intensity.
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Samples of 50 mL were withdrawn through the U-tube and
ultracentrifuged (30000-g centrifugal force) for 30 min to
separate settlable, dissolved, and floating oil fractions. The
carefully separated sediment was allowed to dry at room
temperature and was then completely powdered by mixing
with the sarne amount of dry sodium sulfate. This powder was
transferred to a small chromatographic column (6 mm id., 80
mm height), and eluted with a minimal volume (2.5 mL) of
carbon tetrachloride for the quantification of hydrocarbons
by IR spectrometry. Recovery was between 80 and 90% when
compared to soxhlet extraction. For gas chromatographic
analyses, the sediments were eluted from the columns with
pentane.

The water phase was extracted in a separatory funnel with
carbon tetrachloride for IR analyses or with pentane for GC
analyses. The floating oil fraction was prepared by diluting
with carbon tetrachloride for IR analyses or with pentane for
GC analyses.

Samples from a ground water contaminated by an oil spill
were taken in the following manner: Before the excavator
reached the ground water table (4 m below surface), a soil-sand
sample was collected directly into an aluminum box. About
20 cm deeper the water sample was taken with an all glass
bottle. At the same level a sample of the oil film was collected.
For control, another water sample was taken from a digging

50 m downstream, with respect to the ground water flow. No
oil film could be observed.

The workup of these samples was the same as for the model
experiment except that the water/oil phases were separated
by settling instead of centrifuging.

Analytical

Infrared Measurements (IR). The hydrocarbon content
of the samples was determined by IR according to the API
method (4). The sum of the absorptions from wavenumbers
2850,2925,2870, and 2960 cm- 1 was compared with the cor­
responding sum from No. 2 fuel oil used as a calibration
standard. The detection limit was 0.5 mg fuel oil type hydro­
carbons per liter of water sample and 20 mg/kg dry sedi­
ment.

In addition to the IR, a Total Organic Carbon Analyzer was
used to quantify the soluble fraction from No.2 fuel oil. For
determination of alkylated benzenes the TOC values were
corrected by a factor of 1.1 for their carbon content.

Gas Chromatography (GC). Gas chromatography was
performed on a Carlo Erba gas chromatograph, equipped with
glass capillary columns (5), which had been purchased from
H & G Jaeggi, CH-9043 Trogen, Switzerland (50 m OV-lOl
and 56 m Ucon HB) or provided by K. Grob (20 m' SE-52). The
Grob splitless injection technique was used (6). The column
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Table I. List of Hydrocarbons Indicated In
Chromatograms

temperature was programmed at 3·/min from 30 to 250 ·C
(180· for Ucon HB). Peak identifications were based on re­
tention times and coinjection with standards.

Reagents. Reagents used were: practical grade pentane and
redistilled hexane; carbon tetrachloride, nanograde (Mal­
linckrodt, Inc., St. Louis, Mo.); anhydrous sodium sulfate,
dried, AR grade; and kaolinite (M. Miiller·Vonmoos, Institute
for Petrography, ETH-Ziirich).

Results

Model Experiments. The results of the model experiments
are shown in Figure 1. On the left, the separation of the hy­
drocarbon mixture by capillary GC is shown. The key com­
ponents that were followed in this study are listed in Table
I. The right side gives the corresponding IR spectra in the
C-H stretch region for the unseparated mixtures. The ab­
sorptions are indicative of CHa, CHz, and aromatic CH bands.
The original mixture of No. 2 fuel oil, which has a broad
boiling range of 170-350 ·C, is shown in chromatogram A. The
mixture is dominated by n-paraffins, isoparaffins, and
naphthalenes. This pattern was also found for the oil phase
separated in model experiments I and II (low intensity stirring
with and without suspended solids). As expected the IR
spectrum for No.2 fuel oil has only weak aromatic CH ab­
sorption since the aromatic content of No.2 fuel oil is less than
10% and the C-H stretch in aromatic compounds is normally
weak.

In contrast, the water phase of model experiments I-III gave
patterns dominated -by alkylated benzenes (peaks 1-7) and
naphthalenes (peaks 8--10). The aromatic character was
demonstrated by the IR spectrum. Absorption between 3100
and 3000 cm-1 can be attributed to hydrogen attached to ar­
omatic rings, and the shoulder at 2930 cm-1 (on CHz band)
to methyl groups bound to aromatic rings (7). It appears that
the amount and distribution of dissolved aromatic hydro­
carbons in water ranging from benzene to about Cz-naph­
thalenes depend on their concentration in the original mixture
(distillate fraction).

Figure 2 compares the water soluble aromatics originating
in gasoline and No.2 fuel oil. For this comparison we used a
GC column (Ucon HB) suitable for separation of alkylated
benzenes. Since the gasoline has a high aromatic content
(~30%), the GC chromatograms of gasoline (Figure 2a) and
of that portion of the gasoline dissolved in water (Figure 2b)
are similar (see Peaks 1-6). In contrast to water soluble parts
of No.2 fuel oil, benzene and toluene dominated in water
soluble fractions of gasoline, whereas C.-benzenes and
naphthalenes were found only in minute concentrations.
Qualitatively, the water soluble components of these two pe­
troleum products are similar. To quantitate the partial dis­
solution of No.2 fuel oil in distilled water, the saturation level

Benzene
Toluene
Ethylbenzene
m-Ip-Xylene
c>-Xylene
C3-benzenes
C.-benzenes
Naphthalene
Methylnaphthalenes
Crnaphthalenes
n-Alkanes Cll-e27
Famesane
Pristane
Phytane
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Peak no.

1
2
3
4
5
6
7
8
9

10
11-27

Fa
Pr
Ph

reached after 1 hat 20 ·C during experiment I was determined
by TOC: 5 mglL (±0.5). The saturation concentration of
gasoline determined by TOC and also found by gas chroma­
tography was: 200 mglL distilled water, 20 ·C, after 1 h (ex­
periment IV).

In experiment II, we were able to measure the maximum
adsorption capacity of kaolinite because of the large oil res­
ervoir that allowed each substance to have a maximum partial
pressure in water during the experiment. The saturation level
for aliphatic hydrocarbons in water fell below the detection
limit (10 "gIL) (chromatogram B, Figure 1). The distribution
and characterization of hydrocarbons on the solid surface are
shown in chromatogram C (Figure 1) and the corresponding
IR spectrum. In contrast to A, a drift to higher boiling hy­
drocarbons can be observed and is demonstrated by the in­
crease of n-alkane traces (No. 22-27). This agrees with the
Traube rule (8) that homologous series of organic substances
adsorb more rapidly from water with increasing molecular
weight. The IR measurement (C) shows further that
straight-chain structures dominate the adsorbed hydrocarbon
mixture because of the higher CHz/CHa ratio compared to the
IR spectrum A. The clay mineral contained about 200 mg
hydrocarbons per kg dry material after 10 h exposure in ex­
periment II. This hydrocarbon loading did not change even
after 100 h exposure time.

In experiment III the water/oil interface was disrupted by
the high stirring intensity (turbulence). Oil droplets were
dispersed and came into contact with the suspended kaolinite.
The resulting oil/particle agglomerates were still settlable.
Chromatogram D (Figure 1) of the agglomerated oil, separated
by centrifugation, is similar to that of the original No.2 fuel
oil mixture. Loss of highly volatile hydrocarbons at the be­
ginning of the chromatogram is mainly due to evaporation
during sample preparation (see experimental). The IR spec­
trum D does not differ from that of the original fuel oil A.
Quantitative IR measurements showed an oil load on kaolinite
of 20 g fuel oil per kg dry material after 20 h exposure time in
experiment III. This value is a hundred times higher than the
amount of hydrocarbons adsorbed out of solution.

Case Study. The analyses of the oil spill-contaminated
ground water showed a fractionation pattern (Figure 3) similar
to model experiment II. Because of the unknown history of
the spill, we were not able to identify a distinct type of pe­
troleum distillate that had been lost from tanks. We would
assume a mixture of No.2 fuel oil and gasoline type fractions.
Their boiling ranges overlap and give indications for the type
of oil only at the lower and upper end of the distribution. The
more volatile components, dominated by isoparaffins and
probably naphthenes (Figure 3a: gas chromatogram and IR
spectrum), could have originated from gasoline-type distil­
lates. The isoprenoids pristane (Pr) and phytane (Ph) are
common constitutents in fuel oil. The absence of the corre­
sponding n-alkanes (peaks 17 and 18) indicate a possible bi­
ological degradation of parts of the hydrocarbons (9).

The soluble aromatics (peaks 1-9) detected in the ground
water (Figure 3b) are the same as those demonstrated by
model experiment II. Biological degradation seems to be less
probable for dissolved aromatics than for n-alkanes. The al­
kylated benzenes and naphthalenes are mobile in the ground
water and therefore show a large spreading tendency. Analyses
of the ground water in other nearby locations again showed
these aromatic hydrocarbons, whereas no oil phase could be
detected.

The adsorption of aliphatic hydrocarbons on soil in the zone
with residual ground water saturation is shown in chromato­
gram 3c. High boiling hydrocarbons such as farnesane, pris­
tane, phytane, and series of n-alkanes above Czo have been
found. These results agree with those of model experiment II
where oil was allowed to stay in contact with slowly moving
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water containing mineral particulates. As approximated by
the model, we found about 80 mg hydrocarbons per kg dry soil.
The high pristaneln-heptadecane ratio indicates substantial
biological degradation (9).

Discussion

The analyses of model experiments and the ground water
pollution case have shown that mineral-oil products (No.2
fuel oil) do physically fractionate after contact with water. The
liquid phase and the solid phase control the distribution of oil
in the water column by dissolution, suspension, adsorption,
and agglomeration. These processes start from the beginning
of oil-water contact and are easily detectable within the first
hours. Under model conditions the saturation level for No.2
fuel oil in water was reached after 15 min of contact. The
amount of hydrocarbons adsorbed on kaolinite reached a
constant value within the first 10 h. Suspended oil in water

existed only during the intensive stirring period and acted as
a transition state for agglomerates. Within the first 5 h the
amount of oil (droplets) on settlable kaolinite particles in
experiment III exceeded threefold the values of adsorptive
loading. We therefore conclude that the fate of oil in the water
column is strongly directed by fast dissolution, adsorption,
dispersion, and agglomeration. These primary weathering
processes are followed by sedimentation, biochemical alter­
ation, etc.

The water-soluble aromatic hydrocarbons are ideal tracers
for the study of pollution because of their mobility and rela­
tively slow biological degradation (10). Therefore, it appears
that one- and two-ring aromatic hydrocarbons are found in
water samples due to dissolution of soluble petroleum frac­
tions. Our observations are in good agreement with results
from Boylan and Tripp (I I); they found principally the same
water-soluble fractions from two different crude oils (Kuwait
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and Louisiana). Jeltes and Tonkelaar (12) have measured
saturation levels of seven different oil products in water by
gas chromatography. They found predominantly aromatic
hydrocarbons in water extracts from No.2 "diesoline" fuel oil
(8 mg/L) and "super" gasoline (173 mg/L), which supports our
observations. Brown and Huffman (13) have also found one­
and two-ring aromatic hydrocarbons in subsurface seawaters
of tanker routes, but in contrast to the observations of Boylan
and Tripp (11) and our model experiments I and II, they
concluded that their source could not be shipped petroleum
with its one- to four-ring aromatic content. Harrison et al. (14)
have determined evaporation rates for isopropylbenzene
(cumene) and nonane by measuring the decreasing content
of these substances in spilled crude oil. They attributed the
faster loss rates of cumene to a higher solubility of nonane in
the oil phase. Since evaporation from an oil slick is in com­
petition with dissolution, our results would suggest that the
rapid loss of cumene, compared to nonane, is mainly due to
dissolution.

Kaolinite clay was used as a suspended solid for model ex­
periments II and III. Meyers and Quinn (15) have compared
the association of No.2 fuel oil with different minerals in sa­
line solutions at 25 ·C and found that minerals derived from
natural sediments behaved as the laboratory clay experiment

predicted. Their value for kaolinite fuel oil associates (162
mg/kg dry kaolinite) is in good agreement with our value.
Corresponding to this and the ground water pollution case
study, a similar hydrocarbon distribution was also found in
sediments from regions with known mineral oil discharge (16,
17). Sutton and Calder (18) found a solubility decrease of
n-paraffins in unfiltered seawater compared to distilled water.
Since the seawater had been spiked with alkanes and after­
ward filtered through a 0.45-l'm membrane before analyses,
we suggest that their observation was due to adsorption of
hydrocarbons on natural suspended solids rather than to
salting effects. Such adsorptions would also explain the in­
creasing discrepancy between measured and predicted salting
out parameters (18) with increased chain length of n-paraf­
fins.

From model experiment III and the discussion of Thiier and
Stumm (19), we would predict that oil layers from spills are
rapidly removed from flowing water (river, rough sea) by
dispersion followed by agglomeration with particulates. These
processes would promote the distribution of oil products in
the water column by subsequent dissolution, adsorption,
suspension, and sedimentation.

Since weathering processes do change the original oil mix­
ture' we would not support the interpretation of oil pollution
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cases by simple comparison of waterborne oil with common
oil products as suggested by Dell'Acqua et al. (20). Exclusively
in the case of dispersion and agglomeration, we found almost
the original paraffinic and naphthenic oil hydrocarbons in
"water samples" as in oil.

Conclusions

The fractionation of the original hydrocarbon mixture in
water into residual oil, dissolved, and solid surface-bound
fractions has been demonstrated in the model experiments
as well as in the ground water spill study.

From our observations we can conclude that dissolution,
adsorption, and agglomeration play an important role as initial
processes in weathering of oil in natural aquatic systems.
These processes seem to be rapid and instrumental in the
elimination of an oil phase because the fractionation pattern
of oil components is not changed by biological activity in the
examined ground water area. Dissolution of one- and two-ring
aromatic hydrocarbons in water always occurs independent
of the type of oil (fuel oil, gasoline, crude oil) and reaches a
saturation level depending largely on the one- and two-ring
aromatic content. These experiments permit distinction be­
tween two types of oil/solid associations. The adsorption of
higher boiling hydrocarbons (mol wt > 250) is dependent on
the character of the solid surface. In a water containing 20
mg/L suspended kaolinite, 4 /Lg hydrocarbons/liter could be
adsorbed. From analysis of sediments (3, 16, 17), it would
seem that the adsorbable amount of hydrocarbons in natural
systems would be even higher. The agglomeration depends
on the formation of dispersed oil droplets through water
turbulence and interfacial tension of the oil, and plays a
substantial role in oil sedimentation (19). The amount of oil
agglomerates in a water containing 20-mg/L suspended
kaolinite could reach 0.4 mg/L.

These experiments have shown that the understanding of
the fate of oil in natural aquatic systems will depend largely
on the use of proper sample preparation and on the subse­
quent analytical interpretation. For identification of petro­
leum products in case of water pollution, we no longer analyze
water samples without prior separation of particulates. Finally
the differentiation between dissolved, adsorbed, and collo­
idally dispersed oil is of great ecological importance, as sug­
gested by Blumer et al. (21): The water-soluble fraction is

CORRESPONDENCE

SIR: Calvert (1) has shown that [03][NO]l[NOz] from at­
mospheric measurements were generally higher than his es­
timates of k I /k 3 in his analysis of LARPP operation 33 data.
k I and k 3 are rate constants of the reactions that are primarily
responsible for the establishment of a photostationary state
ozone concentration in photochemical smog.

1
N02 +hv-NO+O

Calvert suggested this disagreement was the result of in­
homogeneity of the air with respect to those species. Seinfeld
(2) expanded this concept by defining a fictitious mixing
fraction, 1), which is defined at any point and may be charac­
terized by a probability density function. Assuming that 1) was

responsible for acute toxicity, but the interruption ofbiolog­
ical communication (chemotaxis) could possibly be caused by
fractions adsorbed on particulates and accumulated in the
sediments.
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normally distributed, he then showed the effects of changing
both the standard deviation of 1) and polluted parcel concen­
tration on the photostationary state relationship. The ap­
proach taken by Seinfeld illustrates quite well the effects of
inhomogeneity, but its usefulness for characterizing the at­
mosphere is somewhat limited since there is no single set of
concentrations that represents background air (parcell), and
no single set that represents recently polluted air (parcel 2).
This letter is intended to set forth an alternate means of
parameterizing the inhomogeneous character of ambient air
and to show some of the properties of this parameteriza­
tion.

When measurements are taken on board a helicopter, they
are spatial composites, not pollutant concentrations at a single
point. They are weighted averages over some finite distance.
The average rates of reactions of order greater than one are
not necessarily equal to the rates calculated from measured
(averaged) concentrations. The main reason for the apparent
deviations from photostationary state is believed to be that
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Figure 2. Estimated helicopter pattern average cQvariances of NO and
0 3 for LARPP operation 33
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(1)

-d~~31> = h3([03J(NOj> (2)

We are notable to know ([03J(NOj> directly from theLARPP
data since we do not know point concentrations, [03] and
[NO].

The point concentrations may be related to measured
concentrations by

the reaction of 0 3 and NO is slower than h3 ([03) > ([NO) >,
where ( >represents a spatia1Jy averaged quantity.

At any point, the rate of change of ozone due to Reaction
3 is

and the rate of change of the ozone averaged over some path
is

where [03!' and [NO)' are the deviations of point concentra­
tions from the measured values at any point along the path
of the measurement such that ([03]'> ,0 and ([NO]') = O.

Substituting Equations 3 and 4 into 2 yields:

-d ([03» = h3«([03]> + (03)')«[NOj> + [NO]'»
dt

= «[03!> ([NO)>> + «[03]) [NO)'>

+ « [NO] >(03)') + ([03!' [NO)') (5)

[03] = ([03]> + [03!'

[NO] = ([NO]> + [NO!,

(3)

(4)

0.10
0

0,10

• soo FT

\.
0600 FT
.6.400 FT

0.05 .200 FT 0.05

~

I~ ;r ~/~ J 0-~
-0.05

0-0-\ y. .-
-0.05----\

0
-0.10-0.10

6.0 12.0 14.0

Thus,

figure 1. Theoretical estimates of k,lk3• the ratio of N02 photolysis rate
constant to rate constant of NO-03 reaction at four anitudes for LARPP
operation 33 trajectory

Equation 5 may be simplified since

«[03]) ([NO]» = ([03!> ([NO!>

« [03]>[NO!,> = ([03!> ([NO)'> =0

«[NO]>[03)'> = ([NO]> ([03)') =0

Figure 3. Estimated helicopter pattern average ratios of cov (NO. 0 3)

to measured NO concentrations for LARPP operation 33

For LARPP operation 33. h tlh 3 was calculated at four al­
titude levels from 0700 to 1600 PST. The calculations were
similar to Calvert's (J) with the following exceptions. (a) The
estimated mixing depths and measured N02 concentrations
along the LARPP trajectory were employed to correct irra­
diances for N02 absorption (b) Calvert performed computa­
tions at three arbitrary choices of albedo (0. 0.25. and 0.5);
here, an albedo of 0.05 was used as suggested by Peterson (4).
(c) Calculation of hi was carried through for the case of at­
tenuation in the boundary layer and reflection at the ground.
rather than Calvert's correction of h I through multiplication
by the ratio of irradiances with and without attenuation and
reflection. (d) Temperatures along the trajectory at appro­
priate altitude and times were used to calculate h3. The re­
sulting hdh 3 values are shown in Figure 1.

Based on the estimated h l /h 3• the average cov (03, NO)
were calculated for nearly all helicopter patterns, as shown in
Figure 2. The most negative values occur in the morning in the
inversion or just below the inversion. Also, the average ratios
of the covariance to the NO concentration were calculated, as
shown in Figure 3. The ratio is particularly interesting since
it represents the contribution of inhomogeneity to the average
(measured) ozone concentration as may be seen from Equa­
tion 7. Since the covariance term is negative for most mea­
surements, the atmosphere is capable of maintaining a greater
mean photostationary state ozone concentration than a ho­
mogeneous system with the same mean N02 to NO ratio and
the same hdh3.

Several other items should be noted here. (a) If the atmo­
sphere were to be mixed to homogeneity, the average ozone
would not be reduced by cov (03, NO)/([NO» since the av­
erage NOJNO would increase to partially compensate for the
loss due to the mixing of 03-rich parcels with NO-rich parcels.

1.5

(7)

I I I I I

10 " 12 13 14 15 16
TIME, HOURS PST

hI ([03]> ([NO]> + cov (03, NO)

h3 ([N02!>

-d([03» = h3«[03]> ([NO» + ([03]'[NOj')) (6)
dt

The term ([03)'[NO)'> is the covariance of 0 3and NO along
the path of measurement, as pointed out by Martinez (3).
Equating the average rate of ozone consumption to the rate
of ozone formation by Reactions 1 and 2 (and letting
([03J'(NO!,> = cov (03, NO» gives the photostationary state
expression corrected for inhomogeneity:

~ 1.5-
N
.;!
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(b) Since the boundary layer was being mixed throughout the
day, which tended to reduce the absolute value of cov (Oa,
NO), and the covariance within the boundary layer ofthe at­
mosphere was reasonably stationary (no time trend), it must
be assumed that processes such as emission balanced the ef­
fects of mixing. Thus, it seems that cov (Oa, NO) was in sta­
tionary-state below the inversion base. (c) The estimates of
covariance are accurate to the extent that the measurements
equally weight the concentrations at all points along the
measurement path. This may not present a great problem
since the helicopters were moving at an air speed of about 31
ms- I .

Through this approach it is possible to characterize the
effects of inhomogeneity on photostationary-state through
a single, estimable parameter. Inhomogeneity was shown to
account for about 2 pphm of the ozone below the inversion
base and somewhat more in the inversion. A more detailed
discussion of the effects of inhomogeneity on measured pho­
toststionary-state ozone is presented by Feigley (5); the effects
of mixing, oxidation of NO, and emission of N02 on the co­
variance of NO and Oa were also considered.
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INDUSTRY TRENDS

The Du Pont Co.'s Applied Technolo­
gy section has formed a new manage­
ment consultant service to provide in­
depth compliance review of hazardous
materials handling and shipping.

Sierra-Misco, Inc. (Berkeley, CA)
resulted from a combination of Sierra
Weather Instrument Corp., and Mi­
crochemical Specialties Co. It offers
environmental products, including
meteorological and air pollution in­
strumentation.

The Maxima Corp. has been estab­
lished in Silver Spring, MD, as an in­
formation systems company special­
izing in marketing and training.
Among its fields of endeavor are en­
vironment and energy resources. De­
sign/operation of computer-based in­
formation is also offered.

The American Public Power Associa­
tion (Washington, DC) has reaffirmed
its support of the Clinch River (TN)
liquid metal fast breeder, and called
for provision of adequate funds for its
continuation.

Autotrol Corp. (Milwaukee, WI) will
provide Rotating Biological Contrac­
tors in support of municipal wastewa­
ter treatment (wwt) in Japan. Nippon
Autotrol (Tokyo) will do the actual
work.

Avco Corp. (Greenwich, CT) has es­
tablished a Fossil Energy Technology
Office at Everett, MA, to concentrate
on developing new coal-using pro­
cesses.

The Electric Power Research Institute
(Palo Alto, CA) announced that 150
U.S. utilities are sponsoring 468 re­
search projects in solar energy. Last
year, there were 245 such projects.

Stanley Consultants, Inc. will prepare
an environmental assessment study on
proposed water/sewer improvements
for Amman, capital of the Hashemite
Kingdom of Jordan.

The Texas Utilities Company System
has won the Edison Electric Institute's
Edison Award for innovative devel­
opment of lignite fuel resources for
electricity generation.
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Dahco Systems, Inc. (Atlanta, GA) has
an order for two Compact Cell Fabric
Filter units for coal-fired boiler emis­
sion control from Westpoint-Pepperell,
Inc. (Opelika, AL).

Zimpro Inc. has a one-year renewable
contract to supervise operations at the
Wausau (WI) Sewage Treatment
plant (9-mgd activated sludge).

Texas Instruments Inc. (Dallas) will
make a detailed analysis of the impact
of a proposed coal-fired electric gen­
erating complex near Colstrip, MT,
under a $471 657 contract with the
Bonneville Power Administration.

AD Svenska Fliiktfabriken announed
that its resource recovery system con­
cept will be used in the first commer­
cial resource recovery plant for Swe­
den. Startup, at Stockholm, is sched­
uled for 1980.

Deluxe Laboratories (Hollywood, CA)
is marketing a patented ion-exchange
technique for removing impurities
from photographic washwaters. Up to
65% of water and gas-heating re­
sources can be saved, Deluxe says.

Varian Associates (Palo Alto, CA) has
two Dept. of Energy (DOE) contracts
to improve direct solar-to-electricity
conversion, and to design/build an
experimental solar power unit for
utility use.

Mitsubishi Heavy Industries, Ltd.
(Tokyo, Japan) has completed ad­
vanced wwt facilities for a large
foundry west of Kobe. It will use Dow
Chemical's reverse osmosis permeator
module to treat 300 m3/d. Recycling
for nonpotable use is possible.

Progressive Equipment Co. (Bloom­
field, CT) will provide a Thermal Re­
ductor System to United Technologies
to dispose of plant waste and furnish
supplementary steam from waste
heat.

Lurgi (W. Germany) processing con­
cepts will be used to treat sludge for the
City of Frankfurt-am-Main. About
130 m3/h will be processed. The Lurgi
concept "won a cOqlpetition," ac­
cording to the company.

Natural Energy Corp. (Washington,
DC) has received Dept. of Housing
and Urban Development (HUD) ap­
proval for its most economical line of
collectors for solar hot water heating
for 10 northeastern states.

FMC Corp. will spend more than $7
million to reduce dust emissions "sig­
nificantly" from its elemental phos­
phorus plant at Pocatello, 10.

Midland-Ross Corp. (Cleveland, OH)
has completed installation of two fur­
nace systems for deactivating explo­
sives and detoxifying chemical muni­
tions in an environmentally safe man­
ner, for the U.S. Army at Tooele,
UT.

Royco Instruments Inc. (Menlo Park,
CA) has announced new, advanced
concepts and hardware for particle
monitoring and gas analysis. The key
is sophisticated new uses of existing
computer facilities.

The American Envirodyne Division of
Pettibone Corp. (Chicago) is installing
an odor and gaseous contaminant
abatement system at the U.S. Pipe &
Foundry Co. (Chattanooga, TN).

Wheelabrator-Frye, Inc. will provide
two electrostatic precipitators, worth
$6 million, to Toledo Edison Co., at
Oregon, OH. They are designed to
clean 460000 acfm at 320 0 F, with a
99.5% efficiency.

Research-Cottrell, Inc. will design/
construct an electrostatic precipitator
to remove fly ash from 248 000 acfm
of gas at the paper mill of Chesapeake
Corp. of Virginia, at West Point, VA.
Efficiency 99.2%; 350 of.

C-E Bauer (Springfield, OH) has de­
livered 60 .. Hydrasieve" screens to the
Western Regional Waste Treatment
Facility under construction at Dayton,
OH. C-E Bauer is an operating unit of
Combustion Engineering, Inc.

Andersen Samplers Inc. (Atlanta, GA)
was formed through the sale of the
sampler division of Andersen 2000 Inc.
to the former president of Andersen
2000. Among the products are envi­
ronmental samplers.
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Mercury analyzer
Mercury is measured by atomic ab­
sorption. Flow of the pump is regulated
by a screwdriver adjust on the side of
the instrument; calibration is pur­
ported to be simple and stable; the re­
corder output is standard. Sensitivity
is 0.01 /Lg on a scale of 0-0.28 /Lg full
scale. Perkin-Elmer 108

Portable pH meter
This model, Type 400, permits normal
and expanded scale operation for pH
and ion-specific measurements. Ex­
panded pH range is 0-1.4. Sensitivity
is 0.05 pH normal and 0.005 expand­
ed. Accuracy is 0.005 pH expanded.
Chemtrix 120

TOC analyzer
Continuously records total organic
carbon or total carbon in process or
wastewater streams. The system fea­
tures a high temperature, noncatalytic,
fixed-bed reactor that eliminates cat­
alytic poisoning. A sparge system re­
moves inorganic carbon when TOC
analysis is being performed. Seiscor

112

Remote wind sensor
The sensor detl;rmines wind velocity by
detecting the doppler shift in a scat­
tered acoustic signal. The sensor is a
portable and ground-level system.
Depending on the model, a continuous
record of the vector wind profile up to
200 or 500 m is possible. Xonics 106

Flocculant
This new liquid flocculant is designed
to replace lime and metal salts for­
merly used for flocculation and de­
watering of solids in industrial and
municipal wastes. Applications include
pulp and paper mill primary and sec­
ondary clarification and filter press
dewatering. Nalco Chemical 105

Need more information about any
items? Ifso, just circle the appropriate
numbers on one of the reader service
cards bound into the back ofthis issue
and mail in the card. No stamp is
necessary.

Flow meter
Directly measures the mass flow rate
of any liquid, multiple-phase systems,
pulsating flows and slurries by mea­
suring weight rather than volume of
flowing liquids; temperature, viscosity
and density need not be measured. The
unit has no moving parts. Micro
Motion 104

Head-space sampler for gc
Analyzes, semiautomatically, those
volatile components present in the gas
phase above the sample; the nonvola­
tile residue never reaches the gas
chromatograph injection system.
Samples can be either solid or liquids.
The sampler is thermostatically con­
trolled to better than 0.1 °C over the
temperature range 40-190 °C. Injec­
tion time is automatically controlled to
5 s. Perkin-Elmer 116

_..------------=

Rotary prefilter
This self-cleaning prefilter was de­
signed as a "roughing filter" in air
pollution control systems controlling
the release of large particles. Oil for
cleaning the filter is recirculated; the
cleaning cycle is timed and can be
started manually or automatically.
United Air Specialists 103

Strip-chart recorders
Recorders can be supplied with one or
two pens and with disposable ink car­
tridges or thermal marking systems.
Chart widths are 165 mm calibrated or
250 mm calibrated, depending on
model. Leeds & Northrup 101

Soil colorimeter
This battery-operated system for an­
alyzing soil nutrition factors includes
reagent systems for measuring nitrate,
phosphate and sulfate; an analog pH
meter; and a conductivity meter for
measuring dissolved salts. LaMotte
Chemical 102
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o Toxic Substances Control
Act: Overview

5 Speakers .
Length: 2 Hours, 40 Minutes

G. E. Schweitzer
Toxic Substences Control Act: Perspectives,
Problems. Opportunities

E. H. Blair
Role of Chemical Industry Under the Toxic
Substances Control Act

B. M. Vasta
Meeting Needs for TOXicological Information

H. P. Lau
The NIOSH Registry of Toxic Effects of Chemical
Substances

s. D. Murphy
University's Role in Implementation of the Toxic
Substances Control Act

PRICE: $19.95 (cassettes only)
(postpaid. includes printed copies of slides used)

o Methods for Risk Assessment
5 Speakers

Length: 2 Hours, 25 Minutes

E. I. Becker
Significance of Risk Assessment

N. Ashford
Risk Analysis in the Context of the Law

L. Benner, Jr.
A Risk Analysis Progress Report

W. D. Rowe
Assessing Risk to Society

C. R. Shaw
Toxic Substances Control - The Human Element

PRICE: $19.95 (cassettes only)
(Postpaid, includes printed copies of slides used)

o Biological Effects of
Environmental Pollutants

5 Speakers
Length: 2 Hours, 40 Minutes

D. B. Menzel
Extrapolation of Environmental Toxicology from
Animals to Man

W. Tyler .
Role of Nonhuman Primates in Environmental
Pollution Research

J. D. Mackney . .
Health Effects of Air Pollution: Controlled Studies in
Humans

J. F. Stara
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Biological Systems
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(Postpaid, includes printed copies of slides used)
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B. N. Ames
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W. G. Thilly
Gene Locus Mutagens: Human Health Hazards
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R. A. Hites
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V. A. Fassel
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(Postpaid, includes printed copies of slides used)
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H. H. Fawcett
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B.Carroll
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Whom

W. F. Malone
Occupational Cancer Control and Prevention

N. Meade
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W. S. Wood
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Carcinogen Exposure
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SOz monitor
By using the technique of gas mea­
surement-second-derivative ab­
sorption spectroscopy-trace concen­
trations (down to 0.005 ppm) of sulfur
dioxide in air can be measured. The
monitor measures S02 directly, in real
time, without the need for sampling
systems. Lear Siegler 133

Turbidimeter
The model provides rapid nephelo­
metric tests of water, sewage and in­
dustrial process nuids. The instru­
ment's sensitivity is 0.05 NTU
(nephelometric turbidity units) in the
0-1 range. Hellige 123

Boiler blowdown controller
The boiler system control maintains
optimum boiler water conductivity and
chemical treatment levels in steam­
generating systems; the controller
minimizes loss of water and energy­
concomitants of excessive blowdown.
Dexter Corp.jMogul Division 124

Digital thermometer
This portable thermometer is designed
for use under severe environmental
conditions; precision is ±O.I 0c.
Readout is in ei ther degrees F or C.
Temperature range of the unit is -100
to +200 °C (-150 to +400 OF). Doric
Scientific 125

Membrane filter bags
The filter matrix of these bags permits
particulate filtration on the surface of
the membrane, not through the cake
buildup that usually occurs on filter
felts and fabrics. Particulate release
and emission control characteristics of
these bags permit maximum air now
with minimum pressure drop; bag life
is extended. W. L. Gore & Associates

126

Hazardous wastes detoxifier
The apparatus detoxifies persistent
organic wastes by treating them in a
microwave plasma chamber. The unit
will handle materials at a rate of about
10-30 Ibjh. On-site decomposition
studies by a portable unit will be con­
ducted. Lockheed Missiles & Space

127
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Air pollution "outfit"
The system consists of a battery-op­
erated air sampling pump and colori­
metric tests for 14 air quality param­
eters, including ammonia, cadmium,
carbon monoxide, hydrogen sulfide,
nitrogen dioxide, ozone, and sulfur
dioxide. LaMotte Chemicals Products

128

Programmable multipoint sequencer
The unit can perform rapid analysis of
gas samples from 2-20 sources by
switching sequentially the sample
source into a single analyzer. In com­
bination with the continuous gas ana­
lyzer, the system can analyze a sample
point every 15 s. HNU Systems 129

Solar heat-transfer fluid
Characteristics of this fluid include
low-freeze point, superior heat-transfer
capability and corrosion inhibition.
The nuid permits the use of dissimilar
metals in the construction of solar
systems. It is available in 6-gal pails
and 55-gal drums. Drew Chemical

130

Personal sampler
This lightweight, battery-operated unit
is designed to collect samples of air­
borne dusts, organic vapors, toxic
metals, asbestos, and a variety of gases
fOl,lnd in the workplace. Interchange­
able sampling heads (options) permit
one vaccum pump to sample a range of
respirable air pollutants. Research
Applicance Co. 131

Digital data collector
The collector has its own built-in clock
and formatting logic. Data are broken
down by the printer into numbered
blocks of numerical records that can be
searched for rapidly. Precision Digital

132
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Thermal analyzer
This microprocessor-controlled in­
strument can conduct heat-flow dif­
ferential scanning calorimetry in
combination with thermogravimetry.
The unit can be connected to a variety
of electronic data processing equip­
ment. Mettler Instrument 138

Digital data recorder
It has a storage capacity of up to 64 X
1010 bits, and presents a histogram
analysis of stored data for CRT display
or a hard-copy listing, in seconds. Sun
Systems 114

Organic vapor dosimeter
The dosimeter meets the monitoring
requirements of the OSHA emergency
temporary standard for acrylonitrile.
It provides, according to the manu­
facturer, accurate monitoring at con­
centrations of less than I ppm. Abcor

liS

Subminiature recorder
This portable, four-channel recorder,
gathers information, unattended, for
periods of up to I week. The recorder
weighs less than I Ib and measures 4
in. X 3'/8 in. X 1.5 in. The unit is useful
in both industrial and environmental
applications. Ambulatory Monitoring

122

Ff-GCjIR
These Fourier transform spectrome­
ters are equipped with a gas chroma­
tographyjinfrared accessory for the
specific analysis of complex mixtures.
The FT spectrometer with GCjlR will
interface to a GC to achieve functional
group identification. Sensitivity is
better than lOng in the trapped mode.
Digilab 119

Compactor
This electrically operated unit can be
used for the disposal of hazardous,
low-level radioactive wastes. S&G
Enterprises 121

Plastic-barrel electrode
Performs reliably in general applica­
tions such as checking wastewater and,
water treatment processes or, in field
applications, in checking streams and
rivers. The electrode exhibits low drift
and fast response over a temperature
range of 10-80 °C. Corning Glass
Works 117

Chlorine residual analyzer
The unit, an amperometric instrument,
is designed to analyze continuously
free or total chlorine residual in water;
the wall-mounted recorder provides a
permanent record of the residual.
Capital Controls 118

Cascade impactor
The instrument is a 10-stage piezo­
electric particle cascade unit for the
measurement and analysis of aerosol
particles over a size range of 0.05-25
/lm. The instrument can be used in the
laboratory or in the field. California
Measurements 'III



LITERATURE

Pyrolysis. "Reactor" No. 39 explains
how pyrolysis-"Pyro-Processing"­
originally used to roast iron ore can be
used to solve sludge disposal problems.
Case histories are given. Zimpro 151

Humidity monitoring. Bulletin 3-120
fully explains the Model 220 Dew
Point and Temperature Monitoring
System. Accuracy is within 0.4 0c.
Self-standardizing; has alarm built in.
EG&G 152

Sewer improvement. Case history tells
how drastic sewer flow reduction could
be effected to a town's treatment plant
by grouting the entire sewer system.
National Power Rodding Corp. 153

Water quality. Bulletin 5500 describes
three water-quality monitoring in­
struments that can handle more than
20 parameters. Wet chemistry provi­
sion for handling complex samples.
Gam Rad, Inc. 154

Air cleanup. Catalog No. 097710 lists
a broad line of standardized compo­
nent parts for air pollution control
systems. Users can build own dust
control and other systems. The Kirk &
Blum Manufacturing Co. 155

Clean air pumps. Catalog provides in­
formation on DIA-PUMP clean air
pumps for industry. Chemical/petro­
chemical applications; environmental
and laboratory sampling. Air Control,
Inc. 156

Temperature controller. Data bulletin
describes Model 919 high-resolution
digital-setpoint temperature controller.
Eurotherm Corp. 157

Stack gas analysis. Application bro­
chure describes "Spherocarb," a
spherical, non-friable carbon molecu­
lar sieve that can separate permanent,
stack, and light hydrocarbon gases for
pollution analysis, and other purposes.
The Foxboro Co. 158

Absorbers and scrubbers. Data sheets
tell about S02 scrubbing with ammo­
nia, with subsequent fertilizer pro­
duction, and absorbing S02 with soda
ash. As much as 304000 acfm.
Swemco Inc. 159

Desalination. Brochure describes com­
pany's approach to desalination of
water, and capabilities in that field.
Ebasco Services, Inc. 160

Phenol removal. Form H-6001 ex­
plains how potassium permanganate in
a waste stream converts phenol into
non-toxic compounds permissible in
effluent water. Cost advantages are
listed. Carus Chemical Co. 161

Power transmission. Leaflet, "Trans­
mission Systems", describes the com­
pany's experience in their planning/
design, including environmental
studies and reports. Harza Engineer­
ing Co. 162

Spray booth controls. Bulletin PC-4
reviews ways to reduce paint-spray
booth emissions with increased effi­
ciency and decreased cost. Improving
waste treatment plant efficiencies is
also covered. Nalco Chemical Co.

163

Chloropesticides. Application Note
AN 176-22 tells how best to analyze
chloropesticides and PCB's in food,
particularly cheese. Hewlett-Packard

164

Lagoon sizing. Bulletin 320 tells how
to size lagoons for aeration for super­
primary domestic wastewater treat­
ment for populatio!1 of 750-500 000.
Data for 10, 15, and 20-ft depths.
Hinde Engineering Co. 165

Plume surveying. Company journal,
"Environmental Measurements," gives
methodology for complete quantifi­
cation of emissions from stacks, and
describes air monitoring at power
plants in Maryland. Environmental
Measurements, Inc. 166

Fluoride removal. Brochure tells how
a control system. (patent pending) will
reduce drinking water/wastewater
fluoride levels to EPA-standard of I
mg/L, and even much less. Andco
Environmental Processes, Inc. 167

Seepage control. Brochure tells how
bentonite can seal ponds, lakes, irri­
gation ditches, canals, dams, and the

like. There is 100% sealing action, ac­
cording to the company. Federal
Bentonite 168

Remote sensing. Catalog lists largest
(in U.S.) collection of instructional
aids for teaching earth sciences and
remote sensing. Wide use. Pilot Rock,
Inc. 169

Membrane filters. Bulletin helps to
select the exact membrane needed for
a given application and effective fil­
tration. A chemical compatibility
chart is provided. Schleicher &
Schuell, Inc. 170

Slurry control. Bulletin 4000 tells how
to monitor and control industrial slurry
densities for a wide range of suspended
solids in liquids. National Sonics Di­
vision, Envirotech Corp. 171

Employee protection. Bulletin 5000-0 I
lists numerous products for personal
protection, environmental surveillance,
hazard control, and emergency care in
the workplace. Mine Safety Appli­
ances Co. 172

Aeration. Brochure, "Dome Diffuser
Aeration System," describes an acti­
vated sludge process. Norton Co. 173

Analysis preparation. Literature re­
view gives over 100 references for 50
application areas for "Uniseal" liquid
pressure equipment for preparation of
inorganic and organic materials for
analysis. Columbia Organic Chemi­
cals Co., Inc. 174

Steel industry ape. Brochure discusses
specific installation and results of air
pollution control (apc) equipment at
three steel mills. "Bahco Air Treat­
ment-Solving Environmental Prob­
lems for the Steel Industry" is the title.
Bahco Systems, Inc. 175

Need more information about any
items? Ifso, just circle the appropriate
numbers on one of the reader service
cards bound into the bac.k ofthis issue
and mail in the card. No stamp is
necessary.
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E~aporati~e gas cooling. Brochure
describes gas cooling for municipal
waste incinerators, cement plants, lime
kilns, copper smelters, and many other
facilities. Sonic Development Corp.

176

Filter precoat. Bulletin WC-151 de­
scribes high-quality filter precoat
materials as important aids for sus­
pended solids removal and, in some
cases, ion exchange. Ecodyne Corp.

177

Spectrophotometers. Series of bro­
chures and reports describes the
"57-Series" of high-performance
spectrophotometers for precise quan­
titative analysis. One offers turbid
sampling ability. Perkin-Elmer Corp.

178

Radioacti~e mineral finding. Brochure
describes geophysical survey capability
for reliable detection/location of ra­
dioactive minerals. Mapping software
is also available. Texas Instruments
Inc. 179

Oily wastewater. Bulletin PC-5 will
increase understanding of how prob­
lems of oily wastewater arise, and how
it is treated. Oil reuse possibilities are
discussed. Nalco Chemical Co. 180

Pumps. Catalog describes 20 plunger
and piston pumps for petroleum and
industrial use. Another catalog offers
pumps for the well servicing industry.
Gaso Pumps, Inc. 181

Technical books. Company offers price
list and titles for technical books fea­
turing chemical analysis, organic/
inorganic chemistry, and related
subjects. Sadtier Research Laborato­
ries, Inc. 182

Water disinfection. Brochure, "Dis­
infect with ESCOZONE" discusses
advantages of ozone over chlorine for
making water safe, especially for bot­
tled water, beverage water, fish
hatcheries, and food processing. Til
Industries, Inc. 183

Corrosion pre~ention. Paper explains
how organic amines can neutralize
acidity, thus preventing corrosion in
boiler systems. Title is, "Selection of
Neutralizing Amines for Condensate
Systems." Wright Chemical Corp.

184

Analysis. Catalog announces the
availability of equipment and supplies
for chromatographic analysis-gas
and liquid. Data handling is also in­
cluded. Varian 185
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Filter presses. Publication 315-181
describes fully automated diaphragm
filter presses for dewatering sludge.
Filtration cycle times is 15-30 min.
Envirex 186

Sludge dewatering. Brochure tells
about unique dewatering system with
low head layout and no need for a
vertical section. Cake can be dis­
charged to incinerators. Solids some­
times as high as 44%. Ashbrook­
Simon-Hartley 188

Pollution control bacteria. Case studies
show how mutant bacteria can speed
recovery of lagoons after aerator
breakdowns, and after spillages of
toxic chemicals. Polybac Corp. 189

FGD cost cutting. Article, "Minimiz­
ing Operating Costs of Lime/Lime­
stone FGD Systems explains impor­
tance of design and operating condi­
tions to successful flue gas desulfuri­
zation (FGD). Cost factors are iden­
tified. Peabody Process Systems 190

Gas cleaning. Brochure JV-I describes
new dry S02 and particulate removal
system for cleaning boiler flue gas.
Low capital costs and simple opera­
tion; flow diagram is included.
Wheelabrator-Frye 191

Particle-size analysis. Information is
available concerning particle-size
analysis systems, including MICRO­
TRAC Monitor for dry-powder pro­
cesses. Leeds & Northrup 192

Water analysis. Brochure discusses
services offered by the company's
water analysis laboratories, which
serve individuals, governmcnt, and
industry. The Resource Sciences Corp.

193

Oil in ground water. Brochure tells
about the "first and only" method de·
vised to remove infiltrated hydrocar­
bon wastes from the water table and
surrounding soil. The key is biorec­
lamation. Suntech 194

Sludge treatment. "Info-Pak" de­
scribes versatility and cost-effective­
ness of the PURIFAX sludge treat­
ment processes of rapid chemical oxi­
dation. Advantages and applications
are listed in detail. B I F 195

2,4-D herbicide assay. "Columns",
Vol. 3, No.3, explains how problems
in assaying 2,4-D herbicide products
are solved. Chromatography is the key.
Whatman, Inc. 196

Cement industry ape. Bulletin ES-I­
261 describes capabilities in air pol­
lution control (apc) for the cement
industry in all aspects. American Air
Filter Co., Inc. 197

Effluent toxicity. "Methods for Mea­
suring the Acute Toxicity of Effluents
to Aquatic Organisms". EPA-600/
4-78-012. Environmental Monitoring
and Support Laboratory, U.S. EPA,
Cincinnati, OH 45268 (write direct).

Oil-polluted groundwater. Best ways to
collect oil-polluted groundwater.
CONCAWE Report 13/77. Decem­
ber 1977. CONCA WE, Van Hogen­
houcklaan 60, The Hague 2018, The
Netherlands (write direct).

Oil toxicity. Booklet sets forth prop­
erties of fuel oils that might harm the
marine environment. "Chemical and
Physical Properties of Refined Petro­
leum Products". Office of Public Af­
fairs, NOAA, Boulder, CO 80302
(write direct).

Power plant sludges. Report FP-671,
"State of the Art of FGD Sludge
Fixation" (RP-786-1). Research Re­
ports Center, EPRI, P.O. Box 10090,
Palo Alto, CA 94303 (write direct).

"The Testing World." Environmental
articles include soil testing, mobile
laboratories, and the like. Issue 0.27.
Soiltest, Inc., 2205 Lee Street, Evan­
ston, IL 60202 (write direct).

Land disposal and the law. "Land Ap­
plication of Wastewater and State
Water Law: An Overview," Vol. I.
Limited number of copies available.
Robert S. Kerr Environmental Re­
search Laboratory, U.S. EPA, Ada,
OK 74820 (write direct).

Pollution monitoring. "Quality Control
for Environmental Measurements
Using Gamma-Ray Spectrometry."
Environmental Monitoring and Sup­
port Laboratory, U.S. EPA, Las
Vegas, NV 89114 (write direct).

The USGS. "A Guide to Obtaining
Information from the USGS 1978."
Geological Survey Circular 777. U.S.
Geological Survey, Branch of Distri­
bution, 1200 South Eads St., Arling­
ton, VA 22202 (write direct).

Oil shale. "Oil Shale and the Envi­
ronment." EPA.600/9-77-033. Re­
search and Development Technical
Information Staff, U.S. EPA, Cin­
cinnati, OH 45268 (write direct).



BOOKS

Chemicals from Pulp and Wood
Waste: Production and Applications.
G. T. Maloney. 'xi + 289 pages. Noyes
Data Corp., Mill Rd., at Grand Ave·.~

Park Ridge, NJ 07656. 1978. $42,
hard cover.

Pulp and wood wastes are poten­
tially rich chemical sources. For in­
stance, one can make methanol, etha­
nol, activated carbon, and many other
products. Here, the latest patents,
company and government research,
and commercial utilization is ex­
plained in detail.

Topics and Terms in Environmental
Problems. John R. Holum. x + 729
pages. John Wiley & Sons, Inc., 605
Third Ave., New York, NY 10016.
1978. $24, hard cover.

What is acid mine drainage? A
breeder reactor? NOx? This book ex­
haustively defines 239 main terms
from acaricide to weathering, and,
where appropriate, presents technical
discussions of these su bjects.

Electrotechnology. Volume 1, Waste­
water Treatment and Separation
Methods. Robert P. Ouellette et aI.,
Eds. xiii + 609 pages. Ann Arbor
Sciences Publishers Inc., P.O. Box
1425, Aim Arbor, MI 48106. 1978.
$39.95, hard cover.

Electrotechnology is widely used in
wastewater treatment and separation,
and this book presents a state-of-the­
art survey of these uses. Major tech­
niques discussed include reverse os­
mosis, ultrafiltration, electrodialysis,
and similar advanced techniques.
Materials recovery, ozone, gamma ray
treatment, and many other pertinent
topics are also covered.

National Coal Utilization Assessment.
Compiled by John B. Burnham. vii +
275 pages. National Technicallnfor­
mation Center, 5285 Port Royal Road,
Springfield, VA 22151. 1978. $10.25,
paper.

This assessment was made by Bat­
telle Memorial Institute for the U.S.
Department of Energy. Among other
considerations, it looks closely at air
quality, ecosystem impact, land use,
health effects, and many related
problems.

Water: The Universal Solvent. Frank
N. Kemmer. 155 pages. The Universal
Solvent, Nalco Chemical Co., 2901
Butterfield Road, Oak Brook, IL
60521. 1978. $5, paper.

This timely book examines many
aspects of water. Among topics cov­
ered are water chemistry, analysis,
contaminants and their treatment,
sampling, and types of water use.
Much "how to" information is pre­
sented.

Environmental Mediation: An Effective
Alternative? 55 pages. RESOLVE,
360 Bryant St., Palo Alto, CA 94301.
1978. $3, paper.

Much environmental activity in the
U.S. has been of an adversary nature,
involving court cases. Could this sit­
uation not be mitigated through me­
diation? Could better communications
between industry be established?
Perhaps so, but it will take much ef­
fort. A start in that direction has been
made through a conference on this
subject, presented in this book, and
held at Reston, Va., in January. The
foreword is by Russell Train and John
Busterud. Proposed approaches to
mediation are presented.

Energy Technology V-Challenges to
Technology. 1000 pages. Government
Institutes, Inc., 4733 Bethesda Ave.,
Washington, DC.20014. 1978. $38.

This work covers the 5th Energy
Technology Conference, held in Feb­
ruary at Washington, DC. It contains
papers concerning coal, solar, nuclear,
conservation, environmental controls,
new technologies, and numerous other
pertinent topics.

Toxic Substances Control Sourcebook.
The Center for Compliance Informa­
tion, Aspen Systems Corp., 20010
Century Blvd., Germantown, MD
20767.1978. $59.50, hard cover.

This large work offers complete
coverage of toxic substances, and what
requirements concerning them are,
and are expected. Examples of topics
include vinyl chloride, all applicable
laws (federal), management, testing,
asbestos, impacts on industry, and
other such considerations. Reporting
and registration requirements are also
discussed.

Your second
best guide

to the 1977
Clean Air Act
Amendments

The best guides
wrote the book

ERT experts recognized this new law
makes complex new demands on industry,
so they wrote this guidebook for a series
of workshops presented to industry lead­
ers nationwide.

This book presents the business and
technical strategies you need to meet the
requirements for stationary sources. The
guidebook gives you immediate, detailed
reference on the subjects of greatest
concern to you: Pre-construction per­
mits, Nonattainment and PSD, lead time
for monitoring and modeling, New Source
Performance Standards and fuels l)1an­
agement. and more, plus the amended law
itself.

"Well organized, excellent," "will be
invaluable," "worthwhile for review and
reference"-that's how Workshop atten­
dees responded to the book, probably
because It was written by the experts
who worked on the amendments three
years and analyzed every version of the
law for impacts on Industry-utilities,
paper and petroleum.

Read the gUidebook. If you're still
stumped, and you need more details to
help you with your specific project or
problem, call the best guides: Dr. James
Mahoney, Michael Deland, Esq., Dr. Rob­
ert Dunlap, Dr. Alan Eschenroeder. Dr.
8rian Murphy.

400 pages, 8'12 x 11, $95.

For the very latest
word, our revised

post-regulations edition,

Send remittance for the EAT workshop
on the 1977 Clean Air Act Amendments
to K. C. Repucci (617) 861-7700

ERT
Environmental Research &
Technology, Inc.
696 Virginia Road, Concord, MA 01742
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Name

Collected Accounts of

SIS/American Chemical Society
1155 16th St., N.W.lWash., D.C. 20036

ZipSlate

John T. Maynard

CONTENTS

146 pages (1978) $12.50 clothbound
LC 77-28097 ISBN 0-8412-0347-4

Address

Understanding
Chemical Patents
AGuide for the Inventor

Introduction: the purposes of patents. How to read a
patent. Patents as an information source. Deciding
whether to file a palent appticahon • Obtaining patent
protection: the Independent inventor. Preparation of
the patent application; determination of inventorship •
Prosecuting the patent application. Interferences: the
Importance of records. Patent infringement:
understanding patent claims. Making use of patents:
enforcement and licensing. The employed inventor:
assignments and employment agreements.
Copyrights. trademarks, and trade secrets; design and
plant patents. Trends in palent law

SIS/American Chemical Society
1155 16th St., NW.lWash., D.C. 20036

Name

During their professional careers, many
scientists will invent a process or object
which can be protected under a patent.
This practical volume, written from the
chemist's point of view, covers everything
a working chemist or chemical engineer
needs to know about this complex
subject: how to read and understand
patents, how to use patents as a source of
information, how to recognize that an
invention has been made, how to work
with attorneys in seeking patent
protection for an invention, how to keep
adequate notebook records, how to watch
for infringement, and many other practical
suggestions. The special jargon used in
patents is explained to facilitate dealings
with patent attorneys, agents, and
technical liason personnet.

Dr. Maynard is an authority on patents,
having been Chairman of the American
Chemical Society Committee on Patent
Matters and Division Head of Patents and
Technical Information for E.!. duPont de
Nemours and Co. He has drawn on over
20 year's experience in the field of patents
to produce this clearly written, informative
guide for the inventor.

Cny

Please send copies 01 Undersfanding
Chemical Patents al $12.50 per copy.

o Check enclosed lor S . 0 Bill me.
Postpaid in U.S. and Canada. plus 40 cenls elsewhere.

The Synthetic Fuels Data Handbook.
Cameron Engineers, Inc., 1315 South
Clarkson St., Denver, CO 80210.
1978. $85.

Oil shale. Liquids from coal. Oil
from tar sands. In situ recovery
methods. These and many other re­
lated subjects are dealt with in this
book, which is published by a firm with
years of experience in these fields.

Cancer and the Worker. 77 pages. New
York Academy of Sciences, 2 East
63rd St., New York, NY J0021. 1978.
$2.

This book was written to provide
information to workers and plant
managers about what is known-and
not known-about cancer risks in the
workplace.

Energy: A Guide to Organizations and
Information Resources in the United
States. 221 pages. Public Affairs
Clearinghouse, P.O. Box 30, Clare­
mont, CA 91711. 1978. $20.

This is an update of "Energy: A
Guide", published in 1974. It is orga­
nized by subject, such as coal, water
power, environmental impacts, and so
on. Detailed coverage of government
energy agencies is given, and many
programs are described. Energy
agencies of state and local govern­
ments, and trade, professional and
citizen's groups are also enumerated
and described.

Part C: Environmental Health Sciences
(Journal of Environmental Science and
Health), Volume CI3, Number I.
Robert J. Rubin, Ed. 4 issues per vol­
ume. Marcel Dekker, Inc., 270 Madi­
son Ave., New York, NY 10016. 1978.
$44/volume; add $5.40 for postage
outside U.S.

This journal deals with biological
effects of natural and synthetic
chemicals being added to the human
environment daily. The focus is gen­
erally on toxicology, and more specif­
ically on carcinogenesis, mutagenesis,
and teratogenesis. Guides for regula­
tory decisions needed to protect public
health are also discussed.

A Dictionary of the Environment. Mi­
chael Allaby, Ed. 532 pages. Van
Nostrand Reinhold, 135 W. 50th St.,
New York, NY 10020. 1978.
$17.95.

This book defines and explains some
6000 words and phrases used in all
environment-related sciences. It was
researched and compiled by an inter­
disciplinary panel of distinguished
specialists.

Zip$late

Address

Volume II

An ACS Reprint Collection

Fred Basolo, Joseph F.
Bunnf'tt, Jack Halpern, Editors

Cily

Vol. I 250 pages (1973) LC 72-95642
ISBN 0-8412-01 S8-7 Hardback $8.75
ISBN 0-8412-0240-0 Paperback $4.95

To provide the fullest, most
up-to-date information on the
subject, most of the authors have
contributed a short addendum to
their papers.

Please send __ copies of Transi!ion
Metal Chemistry.

Vol. I Vol. II

o ($8.7S hardback) 0 ($12.S0 hardback)

0($4.95 paperl 0 ($ 8.50 paper)

This new collection of selected
survey articles continues the
coverage of the field started by
Volume I. It will be extremely
valuable for seminar and reference
use by students, research chemists,
and those seeking an introduction to
the state of the art.

The collection leads off with twelve
papers surveying synthesis, structure,
and bonding. Three articles consider
redox chemistry while the next seven
examine organometallic reactions
and catalytic applications. Four
articles discuss applications to
organic synthesis, and the final six
deal with transition metal chemistry
of biological interest.

o Check enclosed for $ . 0 Bill me.
Postpaid in U.S. and Canada, plus 40 cents
elsewhere.

Comprising 32 articles
reprinted from Volumes 5-8,
Accounts oi Chemical
Rf'search

TRANSITION
METAL
CHEMISTRY

Vol. II 265 pages (1976) LC 72-95642
ISBN 0-8412-0348-2 Hardback $12.50
ISBN 0-8412-0356-3 Paperback $ 8.50
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MEETINGS
July 23-28 Henniker, N.H.
Economic Impact of Energy Conser­
vation Measures. The Engineering
Foundation

Write: The Engineering Foundation,
345 E. 47th St., New York, N.Y. 10017

July 23-28 Cambridge, Mass.
International User's Conference on
Computer Mapping Software and Data
Bases. Harvard University's Labora­
tory for Computer Graphics and Spa­
tial Analysis

Computer mapping in environmental
and energy applications will be discussed.
Write: Peggy Kilburn, Center for Man­
agement Research, 850 Boylston St.,
Chestnut Hill, Mass. 02167

July 24-28 Chicago, Ill.
Hydrogen Production and Utilization
for Energy Distribution. Institute of
Gas Technology (IGT)

Write: Ms. Kathy Fisher, IGT, 3424 S.
State St., Chicago, III. 60616

. July 24-28 Denver, Colo.
1st International Symposium on the
Transfer and Utilization of Particulate
Control Technology. EPA

Write: Fred P. Venditti, program
chairman, Denver Research Institute,
University of Denver, P.O. Box 10127,
Denver, Colo. 80208

July 31-August 4 Ann Arbor,
Mich.
Resource Recovery from Municipal
Solid Waste. University of Michigan

Write: Continuing Engineering Educa­
tion, University of Michigan/College of
Engineering, 300 Chrysler Center, North
Campus, Ann Arbor, Mich. 48109

August 1-4 Denver, Colo.
27th Annual Denver Conference on
Applications of X-Ray Analysis. Uni­
versity of Denver and others

Write: Denver Research Institute,
University of Denver, Denver, Colo.
80208

August 7-9 Washington, D.C.
1978 NIH Annual Symposium/
Washington-National Instrumentation
Exposition. National Institutes of
Health, American Chemical Society
and others

Write: Richard L. Greene, Trade As­
sociates, Inc., 5454 Wisconsin Ave., N.W.,
Suite 1025, Washington, D.C. 20015

August 13-18 Henniker, N.H.
Waste Heat Utilization. The Engi­
neering Foundation

Write: The Engineering Foundation,
345 E. 47th St., New York, N.Y. 10017

August 14-16 Gaithersburg, Md.
5th International Symposium on Con­
trolled Release of Bioactive Materials.
National Bureau of Standards

Among the topics to be discussed will be
those on aquatic and terrestrial pesticides.
Write: Ronald B. Johnson, Materials
Building, Room B-348, National Bureau
of Standards, Washington, D.C. 20234

(contillued 011 page 856)

If you can't believe the
price tag, pretend they're

$500 more.

·{9141235·1020

SCOUT II
AC/DC
Portable
Sampler

N-CON Systems Company. Inc New Rochelle. N Y 10801

CIRCLE 21 ON READER SERVICE CARD

Volume 12, Number 7, July 1978 855
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~STElINEI

• Automatic shut-off whcn
bottle is full

• Individual sample
adjustment 50-500 ml

• Purgc cycle before, after,
or both bcfore and after
each sample

• Widc sampling frequcncy
7'12 minutes-3 hours

• Entire sampler including
sample container
and optional battery
housed in a lockable,
fiberglass case

o
We Know Laboratories.

u.s. PriceRange

Fisher Scientific Co.
711 Forbes Avenue
Pittsbur9h, PA 15219
(412) 562-8543

CIRCLE 18 ON READER SERVICE CARD

Model

A-20 20g (O.lXl1g1 $995
A-2oo 200g (0.01g1 $795
A-2000 2000g (0.1g1 $1095
A-200BP 200g (0.01g1 $950
battery·operaled

A-200BCO 200g (0.01g1 $1795
printing balance

No-nonsense FisherlAinsworth toploaders. We introduced our
first in 1976. Today there are five: 20, 200 and 2000g balances
plus a compact printing balance and the lab world's first battery­
pack portable! Each remarkably rugged and lightweight, with
single touchbar operation. Each a solid example of American
electronic technology and innovative manufacturing. Result: you,
save up to 40%. Send for data today!



Fourth Joint
Conference on
Sensing of
Environmental
Pollutants

Conference Proceedings
1977
Genera/ Chairman:
Herbert G. Stewart, Jr., Special
Assistant, Office of the Director, U.S.
Geological Survey, Reston, Virginia

An intersocietyconference hostedby the
American Chemical Society.
Because of the importance of communi·
cation among those involved in the scien­
tific, engineering, governmental and pub­
lic aspects of environmental problems,
the technical sessions for the conference
featured information exchange on the in­
terrelationship of sensing methodologies
and the definition and evaluation of the
consequences of man's interaction with
his environment. The objective was to
create dialogues among those who set
standards, those who perform measure­
ments, and the scientists and engineers
who develop measurement and design
instruments.
CONTENTS
Current and Future Problems 01 Environmental Chemis­
try • Sulfur Measurements and ENects on Air Quality.

~;e~~~:~~~edn~~b~I~~~n~~~~~~~~~er~~;r~;~
Environmental Indicators. Standards and Quality
Assurance-I. Remote Sensing of Air Pollution by
Satellite·l. Weather and Climate Modification by Pollu­
tion. Value of Baseline Studies in Impact Assessment.
Environmental Contaminants. Standards and Quality
Assurance-II. Netwol1< Design and Dala Systems.
Remote Sensing of Air Pollution by Satellite-It. Pollu­
tion Meleorok>gy • Local, Regional. and Global

~;~r~:~~~t'~~I~~:~o~~t:~a~;:~~~O~~lft~
Assurance·1II • Individual Ellposure Monitoring. Re·
mote Sensing of Air Pollution· I • Air Quality: Empirical
and Quantitative Modeling. Local, Regional, and
Global Assessment·1I • Disposal of Hazardous and
NontOllic Materials. Sensing and Assessment of Water
Quality. Biological and Health Effects of Pollution •

~~~~:;e~~~~nga~~::h~~~~~I~~~vue~o£~~~~ ~
Pollution Source Monitoring. New Analytical Tech·
niques for Environmental Sensing and AssessmenH •
Sensing of Waler and Land Pollution in the Coastal
Zone. Environmenlal Implications of Upper Air Com·
position Changes. Analytical Techniques for Aerosol
Composition and Concentrations. Assessmenl of
Some Environmental Impacts of Fossil and Nuclear
Fuels. New Analytical Techniques lor Environmental
Sensing and AssessmenHI. Remole Sensing of Water
and Land Pollution. Urban and Rural Sensing and
Assessment. Air Qualily: Aerosol Characterization and
Vegetative Hydrocarbons. Impact Assessment of Air
Pollution: Lake Michigan Study. Controversial Topics:
Transport of Radioactive Materials Through Urban
Areas. Florida Phosphale Industry. Asbestos. Tobacco
Smoke. Ozone Trend Detectability Thresholds. Re·
mote Sensing of Waler and Land Pollution by Satellite.

~t~~~h~~~~~~~~~~~r~~ng~~t(~~~i~~~I~~~~~~~~i~~•
Author Indell • Key Word Indell • List of Registrants

945 pages (1978) paperbound $50.00
ISBN O·8412·Q411·X

SIS/American Chemical Society
1155 16th St., NW./Wash., D.C. 20036
Please send _ copies of the Fourth Joint
Conference on Sensing 01 Environmental Pollutants at
$50.00 per copy.

o Check enclosed lor $ _ _ . (] Bill me.
Postpaid in U.S. and Canada piuS 75 cents elsewhere.

Name

Address

MEETINGS (continued)

August 14-16 Rockville, Md.
Coastal Mapping Symposium. Amer­
ican Society of Photogrammetry

Write: Peter N. Gibson, chairman,
publicity committee, 11624 Bedford Court,
Germantown, Md. 20767

August 14-17 Washington, D.C.
Energy from Biomass and Wastes.
Institute of Gas Technology

Write: Ms. Kathy Fisher, Institute of
Gas Technology, 3424 S. State St., Chi­
cago, 111.60616

August 20-25 Geneva, N.V.
Symposium for Innovation in Mea­
surement Science. Instrument Society
of America

There will be a session on environmental
monitoring. Write: Peter Vestal, Instru­
ment So<"~' y of America, 400 Stanwix St.,
Pittsburgh, Pa. 15222

August 20-25 San Diego, Calif.
Intersociety Energy Conversion Con­
ference. American Society for Testing
and Materials and the Society for
Automotive Engineering

Write: Peter Fromme, manager, power
department, ASME, 345 E. 47th St., New
York, N.Y. 10017

August 21-25 Colorado Springs,
Colo.
Energy Modeling and Net Energy
Analysis. Institute of Gas Technology
(IGT)

Write: Ms. Kathy Fisher, IGT, 3424 S.
StateSt.,Chicago, III. 60616

August 22-24 Minneapolis, Minn.
National Conference on Lake Resto­
ration. U.S. EPA

Write: Susan Armstrong, Battelle's
Columbus Laboratories, 505 King Ave.,
Columbus, Ohio 43201

September 9- 13 Corpus Christi,
Tex.
1978 Uranium Mining Seminar.
American Institute of Mining, Met­
allurgical and Petroleum Engineers

Write: Glen R. Davis, South Texas
Minerals Section, AIME, 1400 Bank and
Trust Tower, B & T Box 175, Corpus
Christi, Tex. 78477

September 10-13 Washington, D.C.
4th International Symposium on Con­
tamination Control. International
Committee of Contamination Control
Societies

Write: Mrs. Betty Peterson, executive
director, Institute of Environmental Sci­
ences, 940 E. Northwest Highway, Mt.
Prospect, III. 60056

September 10-12 Madison, Wis.
First Annual Conference of Applied
Research and Practice on Municipal
and Industrial Waste. Saint Croix
Research

Write: Conference Committee, Box
5571, Madison, Wis. 53705

Courses

July 24-28 Nashville, Tenn.
Pollution Evaluation: Meeting EPA
and OSHA Standards through IR and
GC Techniques. Fisk Institute/Fisk
University

Fcc: $250. Write: Director, Fisk Insti­
tute, Box 8, Fisk University. Nashville,
Tenn. 37203

July 24-28 Athens, Ga.
Estuary Studies, Course No. 161.3.
EPA

Fee: $110. Write: Instructional Re­
sources Center, National Training and
Operational Technology Center, U.S.
EPA, Cincinnati, Ohio 45268

July 24-28 Indianapolis, Ind.
Combustion Evaluation, Course No.
427. Air Pollution Training Institute

Fee: $110. Write: Air Pollution Training
Institute, MD-20, Environmental Research
Center, Research Triangle Park, .c.
27711

August 7-8 Cincinnati, Ohio
Atomic Absorption: Applications
Technology in Environmental Control,
Course No. 107.5. EPA

Fee: $44. Write: Instructional Resources
Center, National Training and Operational
Technology Center, U.S. EPA, Cincinnati,
Ohio 45268

August 7-1 I Fort Collins, Colo.
Recognition of Occupational Health
Hazards, Course No. 510. N lOS H/
AIHA

Fee: $250. Write: American Industrial
Hygiene Association, 66 S. Miller Rd ..
Akron, Ohio 44313

August 7-1 I Research Triangle
Park, N.C.
Principles and Practice of Air Polution
Control. Air Pollution Training Insti­
tute

Fcc: $99. Write: Air Pollution Training
Institute. MD-20. Environmental Research
Center, Research Triangle Park, .c.
27711

Stale Zip
(CUfllilllled 011 page 858)
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professional consulting services directory

,"".,~~~,- COMPLETE ENVIRONMENTAL SERVICES:
....~..._.... ,.' Environmental impact assessments _ .. Pollutant em is-

Slearns-R .. ' sion, air quality & water quality monitoring ... Dis·
persion estimates ... Ecological consulting ...

Meteorological field studies & consulting services. Contact

ENVIRONMENTAL SCIENCES DIVISION
(303) 758·1122

P. O. Box 5888
Denver, ColoradO 80217

NAlCO ENVIRONMENTAL SCIENCES/NAlCO l':HEM1CAl COMPANY
I!IOCI FRONT ....GE ROAD NORtH6RCXlK IlliNOlS6IlO61 AREA JIl56<1·01oo
SytKlJ$O!' NY(3ISl43f.M5/J b",*, N8!40114f0241r aur~~ CA!"St692·6'"

Oc~anogt"pny
~nIIS<:oe<o:n

Soco-Econonw;~'Y'e'

W*'I"",EtDlOgy

.IECHNle.-.lSPECl.f,lllAfIONS
,f,Qt..oJICEtOlOgy GeoIo;y
8GIloU\'S Me_Qloo;ll ..." 0\.0;1101'.
Oo!'m.,..y Mo:'CIClOIogo,
FI$I\efOl!'$ N"':lNr SCoences

• lANO....IR.-.NO w.... ,E.R SruOlES
• SinN(; IMPACT PRHlPERATlON.f,l.

'-NO QP£RATlON.... l MONUORING
• ENVIRONM(;NT.f,l REPORT PFlEP....Rot.T1()l\l
• OUAU tv ASSURANCE PROGR.t..IAS

N
NALCO

ENVIRONMENTAL
CONSULTING

Engineering & Testing Consullonfs
1999 Rt. 70, Cherry Hill, N.J. 08003

(609) 424·4440
250 Arizona Ave.. N.E. Atlanta, Ga. 30307

(404) 377-4248. 4249

AIR & WATER

STACK & EXHAUST TESTS
CONSULTING. LABORATORY

Particulates. Aerosols. Odor. Smoke

Ora~~i.C~h:~~:rA::li:sSe~jo~s~~,~t.S.
"TEST IT FIRST SO YOU REALLY
KNOW WHAT THE PROBLFM IS"

ROSSNAGEL & ASSOC.

TREATING WATER ... IN-USE,
RE-USE and USED I!IJIt
OAKITE PRODUCTS, INC. I I

Berkeley Heights. NJ 07922 ,
Offices in principal cities

,..

Monsanto
Environmental Services

• AMBIENT & SOURCE TESTlNG

• PARllCtf SIZE DISTRIBUTIONS

• DISPERSION MQOEUNG

• INDUSTRIAL HYGIENE MEASUREMENTS

• AIHA ACCREDITED LABORATORY

• GClMS - OSHA, EPA PRIORITY POllUTANTS

• B IQASSAY LABORATORY

MONSANTO RES£ARCH CORPORATION
BOX 8. STATION B
DAYT(lN. OHIO 45407
ATTN 0 B NELSON ISIJ) 2683411

r Woodward·Clyde~ .....
Consultants ~

...,
L"bOralo,y "nd Process Developmen1

Indus1rl,,! W"sle Willer Conlrol
liqUid dnd Solid IncmC'(lllon

Air pollullon Control

In pldn, Conlrol <lnd ProceS" Modll'C<lIIOnS

Oes.llln,tlion

CATALYTIC
INC.

CAMP DRESSER & McKEE INC.
Othces TnroughOul me US

One Cenlel Plaza
BasIon Mas3acnusells 02106

CDM
• Site Selection Studies
• Impact Assessment

Evaluation
• Decision and Risk Analyses
• Environmental Field and

Laboratory Studies

Environmental Systems DIVISion
Headquarters San FranCISco. CA

•Other offices In Cllllon, NJ e WasfJlngton. D C
~ Anchorage, AK e San DIego. CA ~

~ .a"iraam.a'a' ,,·i.a"·
~ and f'lIgitu'f'rillg. in,..

TOTAL ENYIRONMENTAl SERYICES

PO 80' 'J'~'.G"t"!SV",t '\QM,O".llolO.·P'''l)O<1 <}(). jJlll'@
41\ .... ' •• ;"CkSOO<. J ..c.. '\O"~'~l1 ...,.... , • I ..... '>•• S! IOU'S

~..kt&.4R
LABORATORIES INC.

545 Commrrcr St Frdnklln ldkrs, N J 07417
201·337••77. 201·891·8787

• Atomic AbtorpUon • Optical Emlliion
• Chemical • X.ray Spectrometry

Complrlt Andlytlcol Sl'rvlcn for
Envlronmentdl Studll's &. PollutIon Co"trol

.. WALK, HAYDEL &ASSOCIATES. INC.

COMPLETE ENVIRONMENTAL SERVICES
Relmertes, Chemical Plants,

FertIlIZer Facilities. Plpelmes, Docks,
01' & Gas Of/shore rae""les, Termmals

162 ailronne Sueel New OrleanS,lOU'S'il""" 10113
!i().4~·8'"

CIII1"wLlIlt .... [nl.:"1('(·''>. Constructors
(nYllonme-nl<t1 SvslPms DIVISIon

C.~nllt" SQU.il{' ~';e')l Il)()() 11.1,01"-(-1 StrPfOI
Ptul"delpIM 1',1 19102 ll~-86d B(X)()

Itrrrr.... Ch,tdotk C 1B209 7()4-S2S B1ZU ~

~1Thwn1l'm)/e(ViCe®
Programs

• Consulting engineering
water. air. solid waste

• Air testing
• Analytical lab services

CHAGRIN FALLS. OHIO 44022
(216)247-5000

Arlington. TX Charlotte. NCr:::Jj los Angeles. CA - Minneapolis. MN
, Portland. OR Windsor, CT

• ~TiiHEiiMO<iiiiiiiiiUiiL(iiiORiiPORiiiiiiiiAT~ION~

enVlfonmental engmeers. SCIentIsts,
planners, & management consultants

enVlrODvne
enGineerS

222 We,l Adam, Sl.- Chicago, Illinoi. 60606

(312)263-0114

A Profession,1 Consulting Services Fi,m

Transportation. Environmental

Food Engineering. Energy. Civil/Sanitary

Systems Studies and Design

ollie., in principal U.S. titie$

NUS
CORPORATION

Environmental services.
air and water pollution
control engineering
and consulting

4 Research Place
Rockville. Md. 20850
301/948· 7010
TWX: 710·828'·0540
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professional consulting services directory MEETINGS (continued)

BAI,/UNGU, NESEARCH COMPLETE ENVIRONMENTAL ANALYSES
• Water. wastewater. sediments. sludges. soils. slags. rocks
• Trace analysis to major constituent analysis of metals and anions
• Aerosols and particulates: collection and analyses
• Plume dispersal mapping: S02. N02. particulates (multi-element)
304 Carlingview Drive. Rexdale. Ontario M9W 5G2 (416) 675-3870
6869 South Emporia. Englewood. Colorado 80110 (303) 770-1990

98 VANADIUM ROAD. BRIDGEVIllE. PA. lSOl7
(412) 563·6100

SCHNEIDER
CONSULTING
ENGINEERS

August 7-11 Ann Arbor, Mich.
Solar Energy Measurements and In­
strumentation, Course No. 7835. Uni­
versity of Michigan

Fee: $375. Write: Continuing Engi­
neering Education, University of Michi­
gan, 300 Chrysler Center, orth Campus,
Ann Arbor. Mich. 48109

August 9-10 Cincinnati, Ohio
Gas Chromatography: Applications
Technology in Environmentlll Control,
Course No. 107.6. EPA

Fee: $44. Write: Instruction~1 Resources
Center, National Training and Operational
Technology Center, U.S. EPA, Cincinnati,
Ohio 45268

August 7-11 Cambridge, Mass.
Interpretation of Gas Chromatographic
Mass Spectrometric Data: Environ­
mental Applications. Massachusetts
Institute of Technology

Fee: $580. Write: Director of the Sum­
mer Session, Massachusetts Institute of
Technology, Room E19-356, Cambridge,
Mass. 02139

*ENVIRONMENTAL AND FACILITIES
PLANNING. DESIGN. AND CONSTRUCTION MANAGEMENT

FOR INDUSTRY AND GOVERNMENT

AIR & WATER ANALYSIS
TOTAL SOURCE TESTING & DATA ANALYSIS
FEATURING: IN-SITU PARTICLE SIZING

& RESISTIVITY MEASUREMENTS

EnviROnmEnTAL
TSTlnG SERVICES 1/lC.

2141 PATTERSON AVE .. ROANOKE. VA. '1703) 342·3171

CHARLES R VELZY
ASSOCIATES, INC.

CONSULTING ENGINEERS
WATER POLLUTION COIHROL. SOLID
WASTE DISPOSAL. AIR POLLUTION
CONTROL. INDUSTRIAL WASTES.

DRAINAGE. WATER SUPPLY
355 Main Street
Armonk, N.Y. 10504

Mineola New York Babylon New York

Treatability & Pilot Plant Studies

Mathematical Modeling of

Nal1A"31 Waters

Classical & Modern

"'''''''''01
Laboratory Analysis

En.in ..uilljl Sol"li"n~ to
F.n~irUl"n..nt'..1 Pnlbl..m~

WRITE FOR CATALOG

ENVIRONMENTAL ENGINEERING

August 10-11 Chicago, III.
Industrial Noise Control and Its Man­
agement. New York University

Fee: $465. Write: Registrar, 14th FI.,
New York University Conference Center,
360 Lexington Ave., New York, N.Y.
10017

August 14-18 Cambridge, Mass.
Concepts and Techniques in Experi­
mental Pathology and Toxicology of
Natural and Man-Made Agents.
Massachusetts Institute of Technolo­
gy

Fee: $600. Write: Director of Summer
Session, Room EI9·365, Massachusetts
Institute of Technology, Cambridge, Mass.
02139

GREEL.EY AND HANSEN

STUOIt:S.lll Sll,N', 1\-"".1
r:()I'>JSTI-lUCTIl)"\,I nr f~VI(1 <> I Ull WAll Il

WA<;TTWI\ITR I\NIJ ';fh dJ INI\<;I\ S

l.N(.I"\J1 tR">

222 S RIVI'r""u~ P:,lIot . O"l dqO IL bOti06 . 11121 b48 11~~

\jl'W '1'01'- 1()(X)7 Ph',llt·lut",1 19103
11.,hm0f1(l 232:30 '.lIllO.• 1;Jf10/

Engln..... Sine. 1102 An Empk),.. OW"" CamPi"'

Complete Design of
Environmental Facilities

USA: GreenVille. SC 29606 • Houslon. TEX. 77027
Raleigh. NC 27607 0 Riyadh. Saudi Arabla

CA 94596

141!)19319010

150 1 N BH);od"",~V

WdlnUl C.«kBROWN
AND CALDWELL
CONSUL TING ENGINEERS

Source Control .. Wasw TrC<ltmcn! .. Solids Harldlin~

ReI;l<imallon .. Enl1lgV amJ R~'SOUfCC Recuverv

Operations Consullatlon Labo.atory Analyses
and T,aimng $mce 1947 and Smvtys

SlAlfll EUGENE

•
HAVENSAND
EMERSON, INC.
Environmental Engineers

Cleveland.OH Saddle Brook. NJ

Atlanta. GA SI. Louis. MO

~®1'~~1
Cleveland. DH/ConcorC!, NH/Oecatur, GA

Houston. TX/Los Angeles. CAl Metairie, LA
Nashville. TN/Oklahoma City, OK/Richmond. VA
Roslyn, NY/Silver Spring. MD/West Chester. PA

Wilmette.IL

August 15-18 Golden, Colo.
Sewage and Industrial Wastes: Con­
version and Treatment. Colorado
School of Mines

Fee: $400. Write: W. E. Leckie, Director
of Continuing Education, Colorado School
of Mines, Golden, Colo. 8040 I

Diane C. ~kGrath

ENVIRONMENTAL SCIENCE & TECHNOLOGY

USE THE CONSULTANTS' DIRECTORY
HATES PER ISSUE

August 21-25 Nashville, Tenn.
Upgrading of Wastewater Treatment
Plants. Vanderbilt University

Fee: $400. Write: Prof. W. W. Ecken­
felder, Jr., Vanderbilt University, Box
6222, Station B, Nashville, Tenn. 37235

August 21-25 Cambridge, Mass.
Ecodynamic Analysis of Environmental
Systems. Massachusetts Institute of
Technology

Fee: $650. Write: Director of the Sum­
mer Session, Room EI9-356, Massachu­
setts Institute of Technology, Cambridge,
Mass. 02139

Your f.:ard may appear in
every issue for one year.
every issue for six months
(consecutive issues), or
every other issue for one
year (alternate issues).
!){'nd your copy to:

Six Twclvt'
Issues Issues

S 33 S 31
65 61
96 86
65 61

123 111
123 111

UNIT
I~ y 1 col.
J~ ,( 2·col.
l~~ 3 col.
2~Ylcol.

2~ / 2eol.
·I~ x I col.

25 Sylvan Rd. South Westport, CT. 06880

or call her at 203·226·7131.
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CLASSIFIED SECTION • POSITIONS OPEN

Air Quality

Policy Analyst

Work with interdisciplinary team in programs to

develop and evaluate alternative air quality man­

agement policies. Develop and apply analysis

methodologies to provide decision-makers with

data and evaluate lools. Outputs include policy

recommendations, new data bases, and planning

procedures. Experience should include emissions

inventory development; air quality dala analysis:

control strategy development; familiarity with

dispersion modeling, and air pollution management

techniques and concepts. Applicants must have

an M.S. or Ph.D. in physics; chemistry; mechanical,

chemical, civil, or environmental engineering; or

equivalent experience.

To apply for this position, send resume 10: Mr.

Walter D. McFall.

ARGONNE
NATIONAL LABORATORY

9700 S. Cass Avenue
Argonne, Il 60439

PROJECT MANAGER
ENVIRONMENTAL ASSESSMENT

(AIR QUALITY)
International firm specializing exclusively in environmental consulting services has an immediate opening in
its Detroit, Michigan office for a Project Manager experienced in the area of environmental assessment and
air quality.

The Project Manager will be in charge of activities for the firm's Environmental Planning Division in the midwestern
United States reporting directly to the Division President.

Minimum position requirements Include:
Four years of technical experience in planning, design. and construction of air quality controls. diffusion
modelling and predictive analyses. and three years of technical experience preparing environmental as­
sessments.

Knowledge and familiarity with sludge, refuse and wastewater environmental engineering projects.

Professional engineering registration (preferred).

B.S. degree in Engineering or an Engineering Science.

M.S. degree in either Engineering, Environmental Science, Planning or a Natural Science.

Proven project management and new business development ability.

Proven writing skills.

For immediate consideration, qualified applicants are requested to send a detailed resume specifying salary
history and requirements to:

CAMP DRESSER & McKEE INC.

An equal opportunity employer M/F, HDCPO One Center Plaza Boston, MA 02108 Tel. (617) 742·5151

CLASSIFIED ADVERTISING RATES

CHICAGO DEPARTMENT OF PUBLIC WORKS
Research/Planning Analyst $13-17,000
Our Project Development Section seeks candidates for stall positions in its
environmental impact analysis group. Responsibilities will include the review,
identification, prediCtion and measurement of impacts resulting from proposed
public works capital improvements, especially relating to transportation projects.
Studies are done under general supervision in an interdisciplinary atmosphere.
Independent judgment and initiative are essential. Qualifying candidates will
possess a Master's degree or equivalent in transportation, environmental, or
civil engineering, public health, or other related field. Experience in air quality,
noise or transportation system analysis desirable. Knowledge of impact pre­
diction techniques a must. Selected candidates must reside within corporate
limits of the City of Chicago at the time of employment. Send resume and salary
requirements to: s. P. Tokarz, Department of Public Works, PersQnnel Section,
Room 600, 320 North Clark Streel, Chicago, illinois 60610.

environmental engineers. scientists.
planners. & management consultants

Send all material to
(nvlronmental Sclence I Tectlnologr

CI...lfled Ad,ertltmg Department
2~ Swl".,n Rd. Soulh. W.ttporl. CT. 01110

(('heck Classified Advertising Department for
rates if advertisement is !ar.:er than IO~ ,j

SHIPPING INSTRUCTKlNS:

CDM
an equal opporlunily employer

Unit l·T 3-T 6-T 12-T 24·T
1 inch $59 $57 $55 $53 $51

Hate hased on number of insertions used within
12 mc,nths fn>m date of first insertiun and nCll .m
t hf' numhl'f of inches used. Space in das~ified

i1dvf'rtisinl! (·annc)t. be comhinE>d (\Ir (t1>~uency

~~:J~t.~:?nPi ,:I(~~V~~~Jii~II~)'~S(; ~:~l;~ fi Nt ad ve rtis I nl! ac·

ENVIRONMENTAL CHEMIST

North Texas State University invites applications
for the following positions. which are authorized
or expected to be authorized. Complete resume
with 3 references should accompany application.
Send to: Search Committee, lAS/North Texas
State University, N.T. Box 5057, Denton, TX
76203.
ENVIRONMENTAL HEAlTH-a program direc­
tor level position in Environmental Health and
Toxicology requiring terminal degree in bio­
chemistry, toxicology, or related area. Experience
in research development of toxicological meth­
ods; ability to develop a strong research program
essential.
ENVIRONMENTAL CHEMISTRY-Research
Scientist in Environmental Chemistry Program
requiring a Ph.D. in chemistry or chemical engi­
neering with expertise in analytical methods ap­
plied to organic pollutants.
ENVIRONMENTAL ENGINEER (Ph.D.I-Re­
sponsibilities require understanding of biological
and chemical processes of potable and waste­
water treatment. Bench scale or pilot plant ex­
perience andlor scholarly achievement essential.
Teach halftime, develop research and graduate
program in sanitary biology or microbiological
processes associated with water treatment. Ex­
pertise in dynamic flow modeling and systems
analysis highly desirable. Salary and r:ink open.

Tenure-track Assistant or Associate Professorship.
Beginning January or September, 1979 in an A.C.S.
accredited Department with 10 Chemists. Duties
include teaching undergraduate environmental
chemistry. quantitative analysis and participating in
lower division environmental science and chemistry
courses. Ph.D. required. Post-doctoral experience
desired. Strong commitment to teaching and ability
to develop a research program expected. Send ap­
plication. 3 letters of recommendation and transcripts
to: Faculty Search Secretary, College 01 Arts,
Sciences and Letters. The University of Michi­
gan-Dearborn. Dearborn, MI 48128. A nondiscri­
minatory, affirmative action. Title IX employer.
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INDEX TO THE ADVERTISERS IN THIS ISSUE

PROFESSORS WITH
ENERGY AND ENVIRONMENTAL

INTERESTS

•
Like to work on challenging "real world"

problems involving energy and the environ­

ment? Interested in learning about and con­
tributing to government research in these
areas? If so, you're the person we're looking
for. EPA-Cincinnati needs a well-qualified
sc!entist or engineer to accept an Intergo­
vernmental Personnel Act assignment for up
to two years in length.

We have a broad program on environmental
aspects. both pro and con, of energy tech­
nologies in all sectors of the economy. Ap­
plicants should have a strong background and
research interests in engineering science
fundamentals related to energy and the envi­
ronment, and desire to serve in a broad over­
view capacity related to: program priorities;
program report and paper review; social,
economic, legal and institutional problems;
and the tie between EPA research and its im­
plementation through environmental regula­
tion.

We are an equal opportunity employer. In­
terested parties should send a recent resume

and any further questions to: Dr. Harry E.
Bostian, Chief, Power Technology and Con­
servation Branch, U. S. Environmental Pro·
lectlon Agency, Clnclnnall, Ohio 45268.

Energy and Environmental Analysis (EEA)

has several positions available for highly
qualified air pollution engineers. Applicants
must have an M.S. in mechanical, chemical,
or environmental engineering and 2-4 years

of industrial or governmental experience.
Negotiable salaries. EEA offers challenge
within a rapidly growing consulting company

located in the Washington, D.C. area. Send
resume, salary requirement to: M. Helsel,
EEA,lnc., 1111 North 19th Street, Arlington,
Virginia 22209. An Equal Opportunity Em­
ployer.

FACULTV POSITION-Environmental Health
with specialization in Environmental Epidem­
iology coupled with a strong background in the
toxicology of chemical pollutants and envi­
ronmental chemistry. Rank: Assistant Pro­
fessor, 12 month's appointment with %
teaching and 1fJ research effort beginning
Sept. 1978. Salary competitive. For additional
information, contact Dr. Samuel D. Faust,
Chairman, Search Committee, Rutgers Uni­
versity, P.O. Box 231, Department 0' Envi­
ronmental Sciences, New Brunswick, N.J.
08903. RUlgers University is an equal oppor­
tunity, an affirmative action employer, and will
consider all qualified applicanls without regard
to sex, race, creed or religion, color, national
origin, age, ancestry, handicaps, veteran's or
marital status.
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Kemron.The answer 10 induslrys need lor a 10lalsyslem
01 environmenlal analysis.

At Kemron SM environmental services.
we occurotely ossess the industrial
environment. Inside ... and out.
From ambient and emission air
monitoring ... to occupational health
and safety evaluations. From waste
effluent analysis ... to toxicological
determinations We have the highly
qualified personnel. the most
sensitive instrumentation and the
experience to meet industry's special
environmental requirements.
Thoroughly. Accurately. Confidentially.

This multi-faceted capability is
the result of our joining the foremost
laboratories in their respective fields
to give you a single source of expert
consultation and evaluation in
virtually every area of environmental

quality.
And in a business where timely

results are critical. we can give you
the answers even before the question.
With Kemputer SM . A computerized.
data monitoring networl<. Kemputer
has redefined the state of the ort in
environmental monitoring technology.
8esides the foil-safe capability for
accurate retrieval of all monitored
data. Kemputer can notify you when
excursions occur. Immediately.
Anytime of the day or night. And a
full report with all the information
you need for operating decisions is
ready in the morning.

You'lI find that same I<ind of
thinl<ing in all Kemron services. Well
planned. efficiently executed. [losed

KemRon

(\org-Worner Corporation

CIRCLE 9 ON READER SERVICE CARD

on clients' specific needs. Whether
it's determining air and water
quality ... helping industry evaluate
product safety ... or analYZing
employee exposures to hazardous
chemicals. dusts. mists and vapors,
Kemron does it precisely.

To find out more about our total
system of measuring the quality of
the environment, call us at
614/374-2222, or write KEMRON,
235 Second Street, Dept. EST,
Marietta, Ohio 45750,

Kemron laboratories ore located in Ooton
f\ouge. Louisiana; Chicago. Illinois;
Farmington Hills. Michigan; and Port
Neches, Texas.

SMKemron and Kemputer are servlcemorl~sof
3Ofg-Worner Corporation
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Churning throughout the earth's atmosphere are
substances that could change the climate of tomorrow.
One way in which scientists the world over try to
anticipate the possible effects of these substances is via
mathematical modeling. That's the approach we've
been taking here at the General Motors Research
Laboratories.

Our ,scientists started with one of the most com­
plex atmospheric representations in existence: the
radiative-convective model developed at Princeton Uni­
versity. They then reformulated it to include airborne
particles. '

Among the early 'uses of this new tool was an
attempt to correlate an ice buildup in the Far North in rlobal

1971 with a reported U
jump in particle abun-

dance. Just prior to the temperaturejump, four volcanoes had _
erupted in this region. _ _
Calcul~ti~ns with the 'looking,
model mdicated that the _'

~~cl~a~~r~~:r~~ul~~~-'-rOward :2001
perature, thus delaying, _: -
the spring melt and has­
tening the fall freeze (see
graph). .

In other experi­
ments, we studied over

RELATIVE PARTICLE ABUNDANCE 30 parameters . . . gas
, concentrations, albedos'

(reflectiVities-ofthe earth's surfaces), cloud and particle
abundances, Rayleigh scattering coefficients: The goal
has been to understand global temperature response to
changes in °3 , CO2, particles, and the chloro­
fluoromethanes.

So far, our findings lead to these main conclusions:

• Surface albedo exerts the most influence on global
temperature change. Next in importance are
Rayleigh scattering, humidity of the lower tropo­
sphere, and CO

2
,

• Atnlospheric particles work against the tempera­
ture increase attributed to CO

2
(the greenhouse

effect).

Global temperature modeling: One of the many ways
we're helping to explain, and maintain, this planet Earth.
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